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Résumé

En 1916, Albert Einstein publie la théorie de la Relativité Générale dans laquelle il prédit l'existence des ondes gravitationnelles. Elles sont définies comme des perturbations de la métrique de l'espace-temps se propageant à la vitesse de la lumière causées par des objets massifs accélérés. L'amplitude de ces ondes est extrêmement faible et seules des sources astrophysiques peuvent avoir des effets détectables sur Terre.

Depuis la première détection directe d'une onde gravitationnelle le 14 septembre 2015 (appelée GW150914), de nombreuses autres ont été détectées avec des fréquences allant de quelques dizaines de hertz à quelques kilohertz grâce aux interféromètres kilométriques des collaborations LIGO et Virgo. Les sources astrophysiques qui ont été détectées pendant les périodes d'observation O1, O2 et O3 sont des coalescences de binaires compactes qui se répartissent principalement en trois familles: les binaires de trous noirs (BBH), les binaires d'étoiles à neutrons (BNS) et les binaires étoile à neutron -trou noir (NSBH) avec des rapports signal sur bruit allant typiquement de 8 à 30. Le principe de détection est basé sur la mesure des variations différentielles de longueur entre des masses tests suspendues provoquées par le passage d'une onde gravitationnelle à travers le détecteur. Cependant, leur détection directe est un défi car ces variations de longueur sont de l'ordre de 10 -18 m. Les détecteurs alternent donc entre des périodes d'améliorations et des périodes d'observations pour atteindre leur meilleure sensibilité possible et détecter plus de signaux.

L'analyse des signaux d'ondes gravitationnelles est faite en coïncidence avec les détecteurs LIGO et Virgo. Cette stratégie d'observation permet de confirmer ou d'infirmer la présence d'un candidat d'onde gravitationnelle dans les données. De plus, l'utilisation de plusieurs détecteurs permet de mieux contraindre la localisation des sources astrophysiques dans le ciel pour envoyer des alertes aux télescopes afin d'obtenir une potentielle analyse multi-messager des sources.

Mes travaux de thèse ont débuté en avril 2017, quelques mois avant que Virgo rejoigne LIGO pour la période d'observation O2. Pendant cette période, Virgo a eu sa première détection d'onde gravitationnelle de BBH en coïncidence avec les détecteurs LIGO (GW140817) et la première BNS (GW170817) a aussi été détectée avec une contrepartie électromagnétique, ce qui a marqué le début de l'astronomie multi-messager avec les ondes gravitationnelles. La Figure 1 montre le signal GW170817 en fonction du temps et de la fréquence dans le détecteur LIGO-Livingston. Cet événement particulier, associé à un sursaut gamma court ainsi qu'à une kilonova par la suite, a permis de confirmer qu'une partie des sursauts gamma courts est provoquée par des fusions d'étoiles à neutrons mais aussi d'apporter de précieuses informations sur la nucléosynthèse des éléments lourds. Il a aussi été possible de contraindre la vitesse de propagation des ondes gravitationnelles et d'exclure certaines théories de gravitation modifiée. Enfin, la constante de Hubble a pu être mesurée avec les ondes grav-1 2 RESUME itationnelles pour la première fois grâce à cet événement. Plus généralement, les dizaines d'événements détectés entre 2015 et 2019 ont permis de contraindre la population des binaires de trous noirs et mettre en évidence l'existence de trous noirs de quelques dizaines de masses solaires ce qui n'avait jamais été observé jusqu'alors.

Fréquence (Hz)

Temps (s) La recherche des ondes gravitationnelles est faite en ligne avec des données, que l'on nomme h(t), qui sont continuellement produites par chaque détecteur en observation. Comme le nombre de détections d'ondes gravitationnelles augmente, il est de plus en plus nécessaire de recontruire les données h(t) des détecteurs avec la meilleure précision possible pour ne pas biaiser les analyses ; c'est le rôle de l'étalonnage. La difficulté principale de la reconstruction en ligne de h(t) est de connaître précisément, en temps réel, les déplacements des miroirs de l'interféromètre pour pouvoir détecter un candidat potentiel d'onde gravitationnelle. Jusqu'à la période d'observation O2, l'étalonnage d'Advanced Virgo utilisait seulement les actionneurs électromagnétiques des miroirs pour déplacer ces derniers et mesurer la réponse du détecteur à une onde gravitationnelle pour déterminer h(t). Une nouvelle technique d'étalonnage basée sur la pression de radiation de lasers auxiliaires a été utilisée pour Advanced Virgo durant la période d'observation O3. Cette méthode était déjà en place depuis quelques années pour les détecteurs LIGO et ce dispositif avait été utilisé sur Virgo pour vérifier la reconstruction du signal h(t).

Les travaux présentés dans cette thèse s'articulent autour de l'amélioration et de l'implémentation des calibrateurs optiques (PCal) qui sont les dispositifs optiques utilisant la pression de radiation pour déplacer des miroirs de l'interféromètre.

Le Chapitre 1 décrit succinctement la physique des ondes gravitationnelles d'un point de vue théorique jusqu'à leurs détections actuelles et futures en mettant l'accent sur les événements d'onde gravitationnelle de O1 et de O2.

Le Chapitre 2 présente ensuite le détecteur Advanced Virgo et sa configuration optique avec un aperçu des sources de bruit principales qui limitent sa sensibilité ainsi qu'une description rapide de son système de contrôle. En effet, le détecteur fonctionne de telle sorte que la RESUME 3 sortie de l'interféromètre soit proche d'une frange noire. Ceci est réalisé par l'asservissement en position des miroirs et marionnettes de l'interféromètre.

Dans le Chapitre 3, trois types d'actionneurs utilisés sur Advanced Virgo pour déplacer longitudinalement les miroirs sont décrits. Les actionneurs électromagnétiques utilisés pour le contrôle de la position des miroirs sont les éléments essentiels à étalonner car ils sont utilisés dans l'algorithme de reconstruction de h(t). Le principe des calibrateurs optiques servant à étalonner les actionneurs électromagnétiques y est aussi présenté. Enfin une description d'un troisième type d'actionneur utilisant la force gravitationnelle Newtonienne (NCal) produite par deux masses en rotation autour d'un axe fixe permettant de vérifier la reconstruction du signal h(t) est présentée.

Le Chapitre 4 fournit un résumé de l'étalonnage et de la reconstruction du signal h(t) pendant O2 (août 2017). L'algorithme de reconstruction de h(t) soustrait au signal de sortie de l'interféromètre les signaux de contrôles envoyés aux actionneurs électromagnétiques des miroirs et des marionnettes. En effet, le détecteur étant asservi proche d'une frange noire, la majeure partie de l'information du passage d'une onde gravitationnelle se trouve dans les signaux de contrôle. Un étalonnage précis des actionneurs électromagnétiques est donc nécessaire et permet d'estimer les incertitudes sur la reconstruction du signal h(t). L'estimation des incertitudes systématiques sur le signal h(t) reconstruit en ligne pour O2 était de +14/ -8% sur l'amplitude, 100 mrad sur la phase et 20 µs sur l'étalonnage temporel. De plus un biais de 116 µs sur l'étalonnage temporel a été détecté lors de mesures de vérification de la reconstruction. Lors d'analyses hors ligne plus poussées de l'étalonnage et de la reconstruction il a été possible de produire deux nouveaux flux de données h(t) avec un meilleur étalonnage. La Figure 2 montre la fonction de transfert entre un signal connu et injecté dans l'interféromètre avec le signal h(t) reconstruit. Cette fonction de transfert permet d'estimer les incertitudes finales sur le signal h(t) reconstruit en y additionnant les incertitudes systématiques liées aux mesures d'étalonnage. Les valeurs des incertitudes finales sur h(t) utilisé pour les événements d'onde gravitationnelle de O2 ont été estimées à ±5.1% sur l'amplitude, 40 mrad sur la phase et 20 µs sur l'étalonnage temporel. Une première version d'un calibrateur optique avait été installée pendant O2 mais son utilisation a été principalement limitée à des vérifications relatives de la reconstruction de h(t) à cause de problèmes de variations d'étalonnage en puissance du laser.

L'amélioration des calibrateurs optiques d'Advanced Virgo ainsi que leur implémentation entre O2 et O3 sont décrites dans le Chapitre 5. Le problème observé pendant la période d'observation O2 était principalement un problème de polarisation du laser provoquant des variations d'étalonnage en puissance du laser de plus de 15%. En effet, le laser n'étant pas parfaitement polarisé s, une partie de la polarisation p qui varie dans le temps était transmise jusqu'aux photodiodes causant des variations de puissance non négligeables étant donné que la partie polarisée s était fortement atténuée, passant de 2 W en entrée à environ 3 mW sur les photodiodes. Un dispositif PCal a donc été installé au LAPP pour améliorer la stabilité de l'étalonnage en puissance des photodiodes. Une solution utilisant un cube séparateur de polarisation en entrée du dispositif optique a permis de s'affranchir des effets des fluctuations de polarisation p sur les photodiodes et de gagner en stabilité. L'ajout d'une lentille sur le banc optique en réflexion a permis de réduire la taille du faisceau incident sur la photodiode et d'éviter au maximum une coupure du faisceau. L'implémentation de capteurs thermiques et hygrométriques sur le site ont aussi permis d'avoir un suivi de l'environnement des PCals Les lignes rouges donnent l'incertitude systématique sur le signal h(t) reconstruit à la fois en amplitude (±4%) et en phase (±35 mrad).

et de pouvoir corréler ou non les variations environnementales avec celles de l'étalonnage en puissance. Une LED permettant d'envoyer un signal à un pulse par seconde sur les photodiodes a servi à étalonner temporellement le chaîne d'acquisition des PCals pendant O3. Enfin, le laser étant injecté directement sur un miroir de l'interféromètre, son bruit en puissance limite la sensibilité du détecteur. Une boucle numérique de contrôle rapide a donc été implémentée dans le but de réduire le bruit en puissance afin qu'il ne limite pas la sensibilité d'Advanced Virgo et aussi de stabiliser la puissance d'entrée du laser. La Figure 3 montre l'effet de la boucle de contrôle sur le bruit en puissance du laser des PCals. Ce bruit a une contribution inférieure à 10% de la courbe de sensibilité nominale pour O3.

Une fois les dispositifs PCals installés, il est nécessaire de les étalonner en puissance et temporellement pour pouvoir les utiliser en tant que référence d'étalonnage du détecteur Advanced Virgo. Ce travail est l'objet du Chapitre 6. Le mouvement d'un miroir d'Advanced Virgo induit par un PCal est proportionnel à la puissance réfléchie par ce miroir. Celle-ci est estimée à partir de la puissance mesurée sur deux photodiodes; une placée sur le banc d'injection (avant le miroir) et une placée sur le banc de réflexion (après le miroir). Il est donc nécessaire d'étalonner précisément la puissance reçue par une photodiode. Pour ce faire, une sphère intégrante servant de référence est utilisée pour mesurer la puissance du laser sur le banc d'injection et le banc de réflexion des PCals. En supposant que les pertes optiques avant et après le miroir sont les mêmes, il est possible de moyenner ces mesures pour obtenir la puissance réfléchie par le miroir. En comparant ces mesures simultanément avec la puissance lue par les photodiodes, un facteur de conversion des photodiodes peut être déterminé pour estimer la puissance réfléchie à partir du signal des photodiodes. Les PCals étant aussi utilisés par LIGO en tant que référence d'étalonnage des détecteurs, il est intéressant de baser l'étalonnage en puissance des PCals de Virgo sur la référence absolue utilisée par LIGO pour s'affranchir d'un biais potentiel d'étalonnage entre les détecteurs LIGO et Virgo. Pour la première, un travail d'inter-étalonnage entre LIGO et Virgo a donc été réalisé à LIGO Hanford Observatory (LHO). La méthode consiste à comparer la puissance laser mesurée avec la référence absolue d'étalonnage de LIGO et la sphère intégrante de Virgo. Les résultats ont montré une différence entre les puissances mesurées par les deux sphères de 3.92%. Cette différence a donc été corrigée à la sphère intégrante de Virgo pour s'affranchir d'un biais systématique entre les détecteurs. De plus, pour s'assurer de la stabilité de ce résultat dans le temps, une autre sphère intégrante similaire à celles utilisées par LIGO a été montée à LHO puis ramenée au LAPP pour pouvoir comparer ses mesures de puissance à la sphère de Virgo à n'importe quel moment pendant la période d'observation.

Les mesures entre ces deux sphères ont permis d'estimer une incertitude de 0.5% sur la stabilité de l'inter-étalonnage des détecteurs. Une fois l'étalonnage de la sphère de Virgo réalisé, il est possible d'étalonner les photodiodes des PCals de Virgo. Le problème majeur rencontré lors de l'étalonnage des photodiodes est la variation de la mesure de puissance laser par la sphère intégrante en fonction de sa position sur le banc optique. Cette incertitude s'élève à 1% et est la plus grande contribution à l'incertitude totale de l'étalonnage des PCals. Une autre partie des incertitudes provient des paramètres géométriques du PCal qui ont étaient estimés à un total de 0.13%. Le faisceau laser du PCal se réfléchissant au centre d'un des miroirs d'Advanced Virgo, il est nécessaire de prendre en compte la déformation mécanique du miroir dû à l'excitation de ses modes axisymétriques. Cette réponse mécanique a été mesurée avec une incertitude inférieure à 0.15% jusqu'à 1 kHz. Pendant O3a, nous avons remarqué que l'étalonnage en puissance de certaines photodiodes des PCals variait en fonction de l'humidité environnante. Ces variations ont contribué à l'incertitude totale des PCals à hauteur de 0.5% pendant O3a. La Une fois les PCals étalonnés, il est possible d'étalonner le détecteur Advanced Virgo en les utilisant comme référence. Le chapitre 7 porte donc sur une nouvelle stratégie d'étalonnage avec les PCals que j'ai implémentée pour la période d'observation O3. Le principe est de mesurer la réponse des actionneurs électromagnétiques en mètre par volt pour chaque miroir et marionnette de l'interféromètre et de pouvoir ainsi convertir un signal mesuré en volt en un déplacement en mètre d'un miroir à un certain temps GPS. Pour ce faire, un signal injecté par un PCal sur un miroir à étalonner est comparé à un signal injecté directement par l'actionneur électromagnétique du même miroir. Jusqu'à la période d'observation O2, une autre technique appelée Free Swinging Michelson utilisant la longeur d'onde du laser de l'interféromètre en tant que référence était utilisée pour étalonner le détecteur. Pendant O3, cette technique n'a été utilisée que pour vérifier la cohérence des résultats de l'étalonnage. Le choix de passer aux PCals a été motivé par des erreurs systématiques mieux contrôlées et la possibilité d'inter-étalonner les détecteurs de LIGO et de Virgo sur une référence commune. L'incertitude finale sur les actionneurs électromagnétiques prend en compte de manière conservative la différence entre les résultats des deux techniques de mesures indépendantes. La Figure 4 montre la réponse de l'actionneur du miroir WE pour O3a mesurée par le PCal de WE. Au total, six réponses d'actionneurs de miroirs et trois réponses d'actionneurs de marionnettes doivent être étalonnées de manière hebdomadaire tout au long de la période d'observation. Pour O3a, la contribution de l'incertitude systématique des actionneurs électromagnétiques sur l'incertitude du signal h(t) reconstruit était de 2.55% en amplitude et 1µs sur l'étalonnage temporel.

Le Chapitre 8 porte sur l'estimation des incertitudes systématiques du signal h(t) reconstruit dans la bande de fréquence 20 Hz -2 kHz. Le signal h(t) étant fourni en ligne pour les analyses de données de signaux d'ondes gravitationnelles, un biais dans la reconstruction pourrait impacter l'estimation des paramètres des sources astrophysiques. Il est donc néces- saire de vérifier cette reconstruction et de fournir les incertitudes qui l'accompagnent. La vérification de la reconstruction est faite en comparant un signal injecté dans l'interféromètre avec les PCals ou les actionneurs électromagnétiques au signal reconstruit par l'algorithme de reconstruction du signal d'ondes gravitationnelles. La Figure 5 montre la fonction de transfert entre les signaux injectés par les PCals (et par les actionneurs électromagnétiques des miroirs WE et NE) et les signaux reconstruits en sortie de l'interféromètre. Si la reconstruction était parfaite, la fonction de transfert devrait avoir une amplitude égale à 1 et une phase égale à 0 à toutes les fréquences. En réalité ce n'est pas le cas et les valeurs extrémales de l'amplitude (3.5%) et de la phase (30 mrad et 7µs) nous permettent d'estimer de manière conservative l'incertitude sur la reconstruction du signal h(t). Au total, en ajoutant quadratiquement l'incertitude sur le PCal, l'incertitude sur les actionneurs électromagnétiques et l'incertitude estimée lors de la vérification de la reconstruction, on obtient l'incertitude finale sur le signal h(t) reconstruit pour O3a. Cette incertitude est de 5% en amplitude, 35 mrad en phase et 10 µs en étalonnage temporel. La vérification du signal h(t) reconstruit pourrait aussi être faite au delà de 2 kHz en utilisant un modèle plus complexe pour la réponse mécanique des PCals incluant des modes d'ordres supérieurs de déformation des miroirs. Les résultats sont actuellement limités par la capacité à générer des excitations sinusoïdales sur un miroir avec un PCal autour de 8 kHz et mieux contraindre le gain statique des modes d'ordres supérieurs dans cette région des fréquences. Une meilleure modèlisation de la réponse mécanique des PCals serait possible grâce à une plus grande modulation en puissance laser jusqu'à quelques dizaines de hertz pour les mesures. Aussi, l'approximation de la réponse optique de l'interféromètre à hautes fréquences n'est pas valide et des hypothèses sur les paramètres de la réponse optique réelle doivent être faites pour pouvoir corriger les données de ce biais. Nous avons finalement montré que l'incertitude sur h(t) reconstruit peut être étendue de 2 kHz à 7 kHz en donnant 15% sur l'amplitude et en gardant les mêmes incertitudes qu'à plus basses fréquences sur la phase.

Pendant la période d'observation O3, l'incertitude systématique liée à la vérification de la reconstruction de h(t) rend compte d'une dépendance en fréquence stable au cours du temps. Une potentielle source de biais qui pourrait causer en partie cet effet serait l'approximation de la réponse optique de l'interféromètre utilisée dans l'algorithme de reconstruction. Le Chapitre 9 décrit une nouvelle technique utilisant les PCals pour mesure cette réponse optique. Les mesures réalisées pendant O3 mettent en évidence un effet à basse fréquence (en dessous de 20 Hz) s'écartant du modèle de pôle simple utilisé pour la réponse optique dans l'algorithme de reconstruction de h(t). La Figure 6 est un exemple de mesure de la réponse optique de l'interféromètre à un mouvement d'un miroir de bout de bras comparée à un modèle de pôle simple. L'origine de cet effet est encore inconnu mais devra être pris en compte lors des prochaines périodes d'observation.

Dans les chapitres précédemment cités, de nouvelles techniques d'étalonnage ainsi que l'interétalonnage entre LIGO et Virgo ont été décrites pour estimer précisément l'incertitude sur la reconstruction du signal d'ondes gravitationnelles h(t). L'estimation des paramètres astrophysique de coalescences de binaires compactes est non seulement impactée par le rapport signal sur bruit dans le détecteur mais aussi par la connaissance des modèles utilisés pour les signaux d'ondes gravitationnelles (les templates) ainsi que par les erreurs d'étalonnage des détecteurs. Pour les dernières périodes d'observation en date, l'étalonnage d'Advanced Virgo n'était pas un facteur limitant pour l'estimation des paramètres des sources astrophysiques car le rapport signal sur bruit des événements n'excède pas quelques dizaines. Cependant au Chapitre 10, nous nous sommes intéressés, à évaluer le poids des incertitudes d'étalonnage d'Advanced Virgo pendant O3 sur l'estimation de la distance de luminosité et l'inclinaison orbitale d'une source de type BNS simulée à l'endroit le plus favorable du ciel (en terme de rapport sur bruit) pour le détecteur Advanced Virgo. Cette étude a été réalisée par une approche analytique est a montré que les incertitudes d'étalonnage du détecteur restent encore petites comparées aux incertitudes typiques données sur les paramètres des sources par une analyse MCMC complète. L'incertitude sur les paramètres est principalement dominée par le rapport signal sur bruit de la détection qui ne permet pas de contraindre assez précisément la distance de luminosité de la source. Aussi l'estimation de la distance est corrélée à l'inclinaison de la source par la difficulté à résoudre les polarisations "plus" et "croix" des ondes gravitationnelles. En revanche, l'étalonnage relatif entre les détecteurs LIGO et Virgo est un paramètre critique. Un mauvais inter-étalonnage entre les détecteurs impacte directement l'amplitude du signal d'onde gravitationnelle reconstruit. Il est donc nécessaire de continuer à inter-étalonner les PCals de LIGO et Virgo à partir de la même référence absolue pour éviter d'introduire un biais entre les détecteurs. Plus le rapport signal sur bruit des événements d'ondes gravitationnelles va augmenter avec l'amélioration de la sensibilité des détecteurs, plus il va être nécessaire de réduire les incertitudes provenant de l'étalonnage des détecteurs et de choisir la meilleure référence absolue pour le réseau.

Enfin, le Chapitre 11 décrit les perspectives d'améliorations futures pour l'étalonnage du détecteur Advanced Virgo+ et la reconstruction du signal h(t). Les PCals devront être améliorés pour être moins sensibles aux variations d'humidité environnantes qui participent à détériorer la stabilité au cours du temps de l'étalonnage des PCals. De plus, une meilleure caractérisation de la sphère intégrante utilisée pour les PCals de Virgo devra être réalisée pour minimiser l'impact du positionnement de la sphère sur la mesure en puissance du faisceau laser. L'étalonnage d'Advanced Virgo+ devra être adapté à la nouvelle configuration RESUME optique de l'interféromètre avec l'ajout d'un miroir supplémentaire (Signal Recycling) et l'algorithme de reconstruction de h(t) devra aussi être mis à jour pour prendre en compte ce changement.

En conclusion, depuis la première détection d'un signal d'onde gravitationnelle GW150914 par la collaboration LIGO-Virgo en 2015 pendant la période d'observation O1, plusieurs dizaines de signaux d'onde gravitationnelle ont été détectés jusqu'à la fin de la période d'observation O3. Les sources astrophysiques concernées sont toutes des coalescences de binaires compactes impliquant trous noirs et/ou étoiles à neutrons. L'étalonnage des détecteurs LIGO et Virgo est donc de plus en plus important au fur et à mesure que les sensibilités s'améliorent et que le nombre d'événements augmente.

Les travaux présentés dans cette thèse ont commencé à 2017 et ont fini en 2020. Ils ont donc couvert les cinq derniers mois de la période d'observation O2 jusqu'à la fin de la période d'observation O3. Le sujet principal de la thèse est l'amélioration et l'implémentation de calibrateurs optiques pour Advanced Virgo et leur utilisation pour l'étalonnage de l'interféromètre et la vérification de la reconstruction du signal d'onde gravitationnelle h(t).

Entre O2 et O3, de nombreuses améliorations ont été réalisées pour les PCals. Le problème de stabilité de l'étalonnage en puissance pendant O2 était principalement causé par des variations de polarisation du faisceau laser du PCal et a été résolu en ajoutant un cube séparateur de polarisation en entrée du montage optique. Pour O3, le bruit en puissance des PCals ne devait pas contribuer à plus de 10% de la sensibilité nominale du détecteur. Une boucle numérique de contrôle rapide a donc été implémentée pour satisfaire ces conditions et stabiliser la puissance du laser. Deux PCals ont été installés sur Advanced Virgo, un à chaque bout de bras de l'interféromètre. L'étalonnage en puissance des PCals a été réalisée au début de O3a et entre O3a et O3b. L'analyse des mesures a permis de donner une incertitude systématique de 1.34% sur le déplacement du miroir induit par pression de radiation pour O3a avec une contribution principale provenant de la dépendance en position de la sphère intégrante sur le banc optique lors des mesures d'étalonnage. La deuxième contribution la plus importante provient de la stabilité de l'étalonnage en puissance des PCals affectée par les variations d'humidité environnante. En effet, un suivi global de la stabilité de l'étalonnage en puissance des PCals en utilisant des lignes de calibrations permanentes a révélé des variations plus petites que le pourcent sur le PCal de WE mais de l'ordre de 6% sur le PCal de NE corrélées aux variations d'humidité. L'étalonnage temporel du déplacement du miroir avec le PCal a été estimé avec une incertitude de 3 µs et un suivi hebdomadaire pendant O3 a aussi été mis en place. Les perspectives pour l'étalonnage d'Advanced Virgo+ sont l'amélioration de l'étalonnage absolu de la puissance des PCals et l'amélioration de la stabilité temporelle de cet étalonnage par un meilleur contrôle des paramètres de la sphère intégrante et des changements optiques sur les bancs des PCals.

Les PCals d'Advanced Virgo et Advanced LIGO ont été inter-étalonnés pour la première fois avant O3 dans le but d'utiliser les PCals en tant que référence d'étalonnage pour Advanced Virgo. Les mesures ont révélé 3.92% de différence entre les puissances laser mesurées par LIGO et Virgo. Ce facteur a donc été pris en compte dans l'étalonnage de Virgo pour s'affranchir d'un biais d'étalonnage entre les détecteurs. Ce travail d'inter-étalonnage des détecteurs devra être poursuivi pour les prochaines périodes d'observation notamment avec l'ajout du détecteur KAGRA au réseau de détecteurs d'ondes gravitationnelles.

Grâce aux améliorations faites sur les PCals, une nouvelle stratégie d'étalonnage d'Advanced Virgo basée sur les PCals a été mise en place de manière à étalonner directement les actionneurs électromagnétiques des miroirs et marionnettes de bouts de bras de l'interféromètre. Les incertitudes sur ces actionneurs ont été réduites et les résultats sont en accord à mieux que 2.55% en amplitude et 1 µs sur l'étalonnage temporel avec une méthode plus ancienne d'étalonnage sur laquelle repose l'étalonnage de Virgo pendant O2 et les périodes d'observation précédentes.

Les PCals ont aussi servi à la vérification du signal h(t) reconstruit pendant O3 et ont permis d'atteindre une incertitude de 5% sur l'amplitude, 35 mrad sur la phase et 10 µs sur l'étalonnage temporel entre 20 Hz et 2 kHz. Ces résultats sont aussi en accord à mieux que 1% avec la vérification par les actionneurs électromagnétiques des miroirs. Depuis O2, une dépendance en fréquence est observée dans l'estimation des incertitudes sur h(t) reconstruit. Cette dépendance étant stable dans le temps, nous nous sommes notamment interrogés sur la validité du modèle utilisé pour la réponse optique de l'interféromètre dans l'algorithme de reconstruction. Nous avons mis en évidence, grâce à une nouvelle technique utilisant les PCals, un effet non modélisé dans la réponse optique de l'interféromètre en dessous de 20 Hz. C'est probablement une source de la dépendance en fréquence des incertitudes systématiques de la reconstruction. L'approximation faite sur la réponse optique de l'interféromètre devra être étudiée en détails et mieux caractérisée avec l'addition d'un miroir supplémentaire (Signal Recycling) pour O4. Il sera aussi possible d'améliorer l'estimation des incertitudes en la rendant dépendante de la fréquence et en donnant une enveloppe à 1σ pour le détecteur Advanced Virgo+. Cela sera utile pour l'estimation des paramètres astrophysiques de sources avec des détections à grands rapports signal sur bruit dans le but de mieux contraindre les résultats scientifiques qui en découleront.

Enfin, nous nous sommes intéressés à quel serait l'impact des incertitudes d'étalonnage d'Advanced Virgo et d'un mauvais inter-étalonnage de LIGO et Virgo pendant O3 sur la distance de luminosité et l'inclinaison orbitale d'une binaire d'étoiles à neutrons simulée et positionnée au maximum de la réponse d'antenne de Virgo. Cette étude réalisée à partir d'une méthode analytique a montré qu'un mauvais inter-étalonnage de ∼ 4% en amplitude des détecteurs LIGO et Virgo pourrait impacter la distance de luminosité jusqu'à 10% et directement impacter la mesure de la constante de Hubble par les ondes gravitationnelles. Nous avons aussi estimé quel serait le bénéfice d'utiliser des incertitudes dépendantes de la fréquence pour le h(t) reconstruit par Virgo pendant O3 et les résultats ont montré que l'amélioration sur l'estimation de la distance de luminosité de la source ne serait que de quelques fractions de pourcent pour des rapports signal sur bruit allant de 10 à 40.

La période de ma thèse a été riche en nouveaux résultats concernant l'astronomie des ondes gravitationnelles et les implications sur la physique fondamentale, l'astrophysique et la cosmologie. Entre la fin de la période d'observation O2 et la fin de la période d'observation O3, le nombre d'événements d'ondes gravitationnelles est passé de 11 à plus de 60. Ces événements ont donné des informations précieuses pour les études de populations astrophysiques et de nouvelles contraintes sur les scénarios de formation des binaires de trous noirs. La plupart des trous noirs détectés ont une masse plus grande que ceux qui avaient été observés en optique jusqu'alors. De plus, des objets dont la masse se situe dans le mass gap entre les étoiles à neutrons et les trous noirs ont été détectés apportant plus d'informations et

Introduction

In 1916, Albert Einstein published the prediction of the existence of gravitational waves within the theory of General Relativity. They are defined as space-time metric perturbations propagating at the speed of light induced by accelerated massive bodies. The amplitude of such waves is very small and only astrophysical sources can have detectable effects on Earth.

Since the first direct detection of a gravitational wave on September 14, 2015, (GW150914) it has been possible to detect many of them in a frequency range from a few tens of hertz to a few kilohertz using ground-based kilometer-scale interferometers built by LIGO and Virgo. The astrophysical sources that have been detected during the observing runs O1, O2 and O3 are compact binary coalescences which are split into three families: Binary Black Holes (BBH), Binary Neutron Stars (BNS) and Neutron Star -Black Hole (NSBH) with Signal-To-Noise ratio (SNR) typically ranging from ∼ 8 to ∼ 30. The principle of detection is based on measuring the length variations between suspended free test masses induced by gravitational waves passing through the detectors. However, their direct detection is very challenging since one needs to measure length variations of the order of 10 -18 m. The detectors have thus been alternating between upgrades and observing periods in order to achieve their best possible sensitivity to detect more signals.

The analysis of gravitational wave signals is done in coincidence with the LIGO and Virgo detectors. This observing strategy enables to confirm or not the presence of a gravitational wave candidate in the data. Moreover, using several detectors has the advantage of better constraining the sky-localization of an astrophysical source to send alerts to telescopes for a multi-messenger analysis. My thesis started in April 2017, a few months before Virgo joined LIGO for the O2 run. During this observing period, Virgo had its first detection of gravitational waves from a BBH in coincidence with LIGO detectors (GW140817) and the first BNS (GW170817) with electromagnetic counterpart was also detected which triggered multi-messenger astronomy with gravitational waves. This particular event, associated with a gamma-ray burst and a subsequent kilonova, allowed to confirm that at least some short gamma-ray bursts are due to neutron star mergers, with a good probability that they explain most of the heavy element nucleosynthesis. It also allowed to strongly constrain the speed of gravitational waves and exclude some important theories of modified gravity. In addition, the first measurement of the Hubble constant with gravitational waves was derived from this event. In general, the tens of events detected between 2015 and 2019 allowed to constrain binary black hole population, to discover black holes with tens of solar masses yet unknown up to now. The search for gravitational waves is done using online data, called h(t), continuously produced by each detector when observing. As the number of gravitational wave detections increases it is more and more necessary to reconstruct h(t) with the best possible precision in order not to bias the analysis; this is the role of calibration. The main difficulty of the online reconstruction of h(t) is to precisely know in real time the displacements of the mirrors of the interferometer to be able to detect a potential gravitational wave candidate. Until the INTRODUCTION observing run O2, the calibration of Advanced Virgo only used electromagnetic actuators to displace the mirrors in order to measure the detector's response to a gravitational wave used to determine h(t). A new technique of calibration for Advanced Virgo was used for O3 based on mirror displacements induced by radiation pressure with auxiliary lasers. This method has already been used in LIGO for a few years and it was previously used in Virgo to verify the reconstruction of h(t).

The work presented in this thesis focuses on the upgrade and the implementation of the photon calibrators (PCal) which are optical devices that use radiation pressure to displace the mirrors. Chapter 1 briefly describes gravitational waves from a theoretical point of view to their current and future detection and highlights the gravitational wave events of O1 and O2.

The Advanced Virgo detector is then presented in Chapter 2 with an overview of the most relevant noise sources that limit its sensitivity and the control system.

In Chapter 3 we describe the three types of actuators used in Advanced Virgo to induce a mirror longitudinal displacement. The electromagnetic actuators used to control the position of the mirrors are the key elements that need to be calibrated since they are used in the reconstruction algorithm of h(t). A summary of calibration and reconstruction of the gravitational wave signal h(t) during O2 (August 2017) is given in Chapter 4. The estimation of uncertainty on the reconstructed h(t) that were used for the gravitational wave detections during O2 are presented in this chapter. A first version of the PCal was installed on Advanced Virgo for O2 but it was only used for consistency check because of variations of the laser power calibration. In Chapter 5 we detail the upgrade and the implementation of Advanced Virgo PCals between O2 and O3 to tackle the issues experienced during O2. Then the laser power calibration of the PCals is described together with their timing calibration in Chapter 6. The uncertainty budget on a mirror displacement induced by radiation pressure is thus given. For O3, a first intercalibration of the Virgo and LIGO detectors have been done thanks to the PCals. A new strategy of calibration for the Advanced Virgo actuators using the PCals during O3 is described in Chapter 7. The models used for the mirrors and marionetta actuators for O3a and O3b are given and a comparison between the new technique of calibration with the PCals and the former technique is presented. Then, the final uncertainty on the reconstructed h(t) for O3a is given in Chapter 8. They were estimated both from the PCals and the electromagnetic actuators of the mirrors. The current uncertainties on h(t) are given from 20 Hz to 2 kHz. Since some analyses would need to use h(t) above 2 kHz, we discuss the possibility to verify h(t) at high frequency (above 2 kHz) with the PCal. A peculiar frequency depedendent systematic uncertainty on h(t) at low frequency is present since O2. A potential source for this uncertainty could be the model used for the optical response of the interferometer in the reconstruction algorithm which is an approximation. Chapter 9 describes a new technique to measure the optical response of the interferometer to a given mirror motion. Those measurements revealed a low frequency feature which is indeed not taken into account in the model used for the optical response of the interferometer in the reconstruction of h(t).

For the last observing periods, the Advanced Virgo calibration was not limiting the parameters estimation of astrophysical sources since the detected SNR of the gravitational wave events is not strong enough. An insight of what could be the impact of the current calibration errors given by LIGO and Virgo on the luminosity distance and the orbital inclination of a binary neutron stars source well-located for Virgo is presented in Chapter 10. The effect of an incorrect intercalibration between the detectors is also considered. As the SNR of the gravitational wave events will increase with the improvement of the detectors sensitivities it will be necessary to reduce the uncertainty coming from calibration. Chapter 11 deals with future prospects to improve the calibration and the reconstruction of h(t) for Advanced Virgo+ towards O4 and O5.

Chapter 1

Gravitational waves and their detection 

General relativity

In the theory of General Relativity [START_REF] Einstein | Die Grundlage der allgemeinen Relativitätstheorie[END_REF] published by Albert Einstein in 1916, space-time is defined as a four-dimensional space in which the invariant interval is given by:

ds 2 = g µν dx µ dx ν (1.1)
with g µν the metric tensor of the space-time which contains all the information about the curvature of this space. Contrary to the Newtonian theory of gravity where the gravitation is a force, the General Relativity enables to describe the gravitation as a modification of the space-time geometry which obeys the Einstein's equations:

R µν - 1 2 g µν R = - 8πG c 4 T µν (1.2)
with R µν the Ricci tensor, g µν the metric tensor, R the scalar curvature, G the gravitational constant, c the light speed and T µν the stress-energy tensor. Those equations describe the deformation of the space-time geometry (left term) due to a massive object or an energy distribution (right term).

Gravitational waves prediction

The Einstein's equations given by Eq. 1.2 are non-linear but can be linearized using the weak gravitational field approximation, meaning that the space-time curvature is small. Under this assumption, the metric can be written as:

g µν = η µν + h µν (1.3) 
with η µν = diag(-c 2 , 1, 1, 1) the Minkowski metric tensor and h µν a perturbative term with |h µν | 1. Expanding Eq. 1.2 to the first order with respect to h µν , introducing the tensor hµν = h µν -1 2 η µν h and choosing an adequate coordinate system called harmonic coordinates with ∂ µ hµ α = 0, the linearized Einstein's equations can be written as:

hµν = - 16πG c 4 T µν (1.4) with = η µν ∂ µ ∂ ν is the d'Alembert operator.
Far away from any source (T µν = 0), one can obtain the following wave equation:

hµν = 0 (1.5)
hµν thus represents a metric perturbation induced by a gravitational wave (GW) propagation. The solutions to Eq. 1.5 can be written as a superposition of monochromatic plane waves propagating at the speed of light:

hµν (x) = Re{A µν e ikαx α } (1.6)
with Re is the real part, A µν the waves amplitude and k α the wave vector.

A µν is a 4 × 4 symmetric matrix owning 10 independent elements but a gauge fixing called Transverse Traceless (TT) can be made to reduce the matrix to 2 independent elements which corresponds to the two gravitational waves polarizations. The TT gauge sets the following conditions:

A 0µ = 0 (1.7) A µ µ = 0 (1.8) ∂ µ A µν = 0 (1.9)
One can write hTT µν (x) = h T T µν (x) and consider the case in which the waves are only propagating along the z direction with k α = (ω, 0, 0, ω c ):

h T T µν (x) =     0 0 0 0 0 h + h × 0 0 h × -h + 0 0 0 0 0     e i ω c (z-ct)
(1.10) Figure 1.1 shows the effect of a GW on a free test masses circle for the h + and h × polarizations. The test masses are located into a transverse plane with respect to the direction of the wave propagation. The distance variation ∆L between two free test masses is proportional to the amplitude h of the GW:

h = 2 ∆L L 0 (1.11)
with L 0 the distance between two free test masses at rest. 

Gravitational waves emission

For a given source with a characteristic length R located at a large distance r from an observator (r R) and whose components move at a non-relativistic speed (v c), the solution to the linearized Einstein's equations Eq. 1.4 is:

hµν (t, x) = 4G rc 4 source T µν (t - r c , x ) d 3 x (1.12)
If the dimension R of the source is very small with respect to the gravitational wave wavelength λ g (R λ g ), one can do a multipoles expansion of hµν (t, x), and then by the stressenergy conservation, the first non zero term of the expansion is the quadrupole moment I ij given by:

I ij (t) = source T 00 (t, x)x i x j d 3 x (1.13)
with T 00 the energy density of the source. The gravitational radiation emitted by the source only depends on the second time derivative of the quadrupole moment and is expressed as:

hij (t) = 2G rc 4 Ïij (t - r c ) (1.14)
In order to obtain the GW expression in the TT gauge, it is necessary to suppress the longitudinal terms to the wave direction with the transverse projector Π ijkl :

Π ijkl ( x) = P ik P jl - 1 2 P ij P kl where P ij = δ ij -n i n j and n i = x i r (1.15)
then introducing the traceless quadrupole moment Q ij :

Q ij (t) = source T 00 (t, x) (x i x j - 1 3 δ ij x 2 ) d 3 x (1.16)
Eventually, the expression of the emission of gravitational waves by the source in the TT gauge is:

h T T ij (t, x) = 2G rc 4 Π ijkl ( x) Qkl (t - r c ) (1.17) 
Gravitational waves are thus generated by mass distributions with a non zero time dependent quadrupole moment; those sources are thus asymmetric objects. The amplitude of gravitational waves is inversely proportional to the distance to the source r and the factor G c 4 ∼ 10 -44 m -1 kg -1 s 2 implies a very weak effect of a GW if the source has not a high second quadrupole moment derivative.

Power of gravitational radiation

To determine the most powerful types of GW sources, one can study the gravitational radiation power given by:

dE dt = G 5c 5 ... Q ij ... Q ij (1.18)
Considering a source with a mass M , a characteristic dimension R, a pulsation ω and having an asymmetry factor such that 0 < < 1 ( = 0 for a spherical symmetry distribution) then ... Q ij ∼ M R 2 ω 3 and Eq. 1.18 is written as:

dE dt ∼ G c 5 2 M 2 R 4 ω 6 (1.19) Introducing the Schwarzschild radius R S = 2GM c 2
of the source and its characteristic speed v ∼ Rω, the equation becomes:

dE dt ∼ c 5 G 2 R S R 2 v c 6 (1.20)
Expression 1.20 indicates that the emission of gravitational waves will be stronger for asymmetric ( ∼ 1), compact ( R S R ∼ 1) and relativistic sources ( v c ∼ 1). The astrophysical sources and cataclysmic phenomena in the Universe are thus the most favorable objects to emit detectable GW on Earth. The various astrophysical sources of GW emitting in the 1 Hz-kHz band are classified in several categories depending on the nature of the emitted signals.

Compact binary coalescences

The compact binary systems are divided in three types depending on their composition:

• Binary Black Holes (BBH)

• Binary Neutron Stars (BNS)

• Neutron Star Black Hole (NSBH)
Those systems are strongly asymmetric and are thus ideal sources for the emission of gravitational waves. Their evolution in time is split in three phases:

1. Inspiral: the two objects are rotating around each other and the distance separating them diminishes due to the energy loss coming from the gravitational wave radiation.

2. Merger: the binary system merges into a new object.

3. Ringdown: the remnant settles down to a stationary state.

Following this description, it is possible to predict the gravitational waveform emitted by such a system and searched the signal in the data with a match filtering technique [START_REF] Samuel Finn | Observing binary inspiral in gravitational radiation: One interferometer[END_REF]. It can be shown that the GW signal emitted for an inspiralling BNS system in the wave propagation frame is given by [3]:

h + (t) = 1 + cos 2 (ι) 2D a(t) cos(ϕ(t)) (1.21a) h × (t) = - cos(ι) D a(t) sin(ϕ(t)) (1.21b) with a(t) = 5 1/4 (GM) 5/4 c 11/4 (t 0 -t) -1/4 (1.22) and ϕ(t) = 2φ 0 + 2 1 5 M -1 (t -t 0 ) 5/8 (1.23)
where ι is the orbital inclination of the source, D the luminosity distance of the source, φ 0 the phase at the time of the coalescence t 0 and M the chirp mass defined as:

M = (m 1 m 2 ) 3/5 (m 1 + m 2 ) 1/5 (1.24)
m 1 and m 2 are the masses of the neutron stars. 

Burst sources

This category of sources corresponds to unmodeled short gravitational wave signals. The search of these signals cannot be done by match filtering but by analyzing short high signalto-noise ratio events [4] [5].

For instance, those gravitational waves could be generated by supernovae which is the explosion and the process after the explosion of a dying star. When the nuclear reactions are not sufficient to compensate for the gravitational force, the object collapses and explodes. This phenomenon is thus favorable to the emission of gravitational waves with difficult waveforms to predict because of the limited knowledge on the process asymmetry and on the evolving frequencies from a few hertz to a few kilohertz.

Continuous wave sources

This category of sources is characterized by quasi-monochromatic gravitational waves emission with quasi-constant amplitude during their observation. For instance, fast rotating neutron stars are losing energy not only by electromagnetic emission but are also expected to emit gravitational waves [6] [7]. They are good candidates to emit such gravitational waves as their mass distribution is expected to be asymmetric but the expected amplitude is of the order of h ∼ 10 -25 . The estimated number of rotating neutron stars in our Galaxy is of the order of 10 8 [8]. Some of these are pulsars and there have been more than 1000 pulsars found so far in the Milky Way mostly detected in the radio range but also in gamma and X-rays.

Stochastic Compact Binary Coalescences (CBC) background

The stochastic CBC background is composed of many non coherent sources individually undetectable [9] [10]. The expected candidates to form such a background are far away compact binary coalescences.

GRAVITATIONAL WAVES DETECTION MOTIVATION

Gravitational waves detection motivation

The detection of gravitational waves from different types of sources is interesting for different domains in physics. A non-exhaustive list of the benefits related to gravitational waves detection in the 1 Hz-kHz band is given in the following items:

• Astrophysics: Detections of compact binary coalescences signals enable to study their populations and to have a better understanding on how they form [11] [12]. Moreover, the coincident detection of gravitational waves emitted from binary neutron stars with electromagnetic counterparts could explain better the origin of short Gamma Ray Bursts [START_REF] Abbott | Gravitational waves and gamma-rays from a binary neutron star merger: GW170817 and GRB 170817a[END_REF]. This is one illustration of the many benefits of multimessenger observation of the same astrophysical source which gives complementary intrinsic and extrinsic information on the source as well as explanations of astrophysical processes [14] [15]. The detection of gravitational waves emitted by supernovae would be of great interest to study the internal mechanisms at stake during the collapse of the stars [16] [17].

• Fundamental physics: Many tests of General Relativity in strong field can be made with gravitational waves [START_REF] Abbott | Tests of general relativity with the binary black hole signals from the LIGO-Virgo catalog gwtc-1[END_REF]. For instance, gravitational waves detections with several interferometers will put some constraints on the tensor, vector and scalar components of their polarization1 . Information on quantum chromodynamics can also be revealed by gravitational waves emitted from BNS or pulsars since the internal structure of the neutron is strongly related to the equation of state of neutron stars [START_REF] Abbott | Measurements of neutron star radii and equation of state[END_REF].

• Cosmology: Compact binary coalescence signals can provide direct measurement of the luminosity distance of the source and can be used as standard candles of the Universe. If the redshift z is also measured for the same source, one can measure the Hubble constant H 0 with an independent method and have more information about the evolution of the Universe [START_REF] Abbott | A gravitational-wave standard siren measurement of the Hubble constant[END_REF] [21].

Interferometric detection of gravitational waves

A gravitational waves detector has to be sensitive to the variations of distance between two free falling test masses which have to be converted into a measurable quantity. The interferometric detection is based on a Michelson interferometer in which the mirrors are suspended to a pendulum. For frequencies higher than the pendulum resonance, the mirrors act as free test masses sensitive to gravitational waves signals. A laser beam is used to measure the distance variation between the mirrors which translates into a power variation at the output port of the interferometer.

Michelson interferometer

A Michelson interferometer is composed of a laser beam hitting a beam splitter which reflects 50% of the light in the first arm and transmits the other 50% in the second arm. Both beams are then reflected by mirrors located at the end of the arms and interfere on the beamsplitter. The interference pattern can be then captured by a photodetector located at the output port of the interferometer. The apparatus is shown in Figure 1.3. When a gravitational wave passes through the detector the differential arms length is modified meaning that the phase difference between both beams has changed too. This phenomenon is characterized by a power variation on the photodiode located at the output port of the interferometer. In order to express the phase shift δφ between both beams as a function of the gravitational wave amplitude, one can consider a "+" polarized GW propagating in the z direction perpendicular to the (x,y) plane. Using Eq. 1.1, the invariant space-time interval can be expressed as:

ds 2 = η µν dx µ dx ν + h µν dx µ dx ν = -(cdt) 2 + (1 + h + )dx 2 + (1 -h + )dy 2 + dz 2 (1.25)
Since we consider a light ray propagating in the interferometer, ds = 0 and it follows:

(cdt) 2 = (1 + h + )dx 2 + (1 -h + )dy 2 + dz 2 (1.26)
Let's call τ x the time for the photons to travel along the x arm of length L. Eq. 1.26 can be integrated over the path as:

τx 0 dt = 1 c L 0 1 + h + dx (1.27)
Assuming the wavelength of the GW greater than the length of the arm and that the period of the GW is smaller than a round trip time of the light in the arm, h + can be considered time and position independent in this interval. Moreover, since h µν is a perturbation, h + 1 and 1 + h + ∼ 1 + 1 2 h + . Integrating over a round trip in the arm and defining τ x,rt = 2τ x we get:

τx,rt 0 dt = 1 c L 0 (1 + 1 2 h + ) dx - 0 L (1 + 1 2 h + ) dx = 2L c + L c h + (1.28)
Thus:

τ x,rt = 2L c + L c h + (1.29)
Doing the same computation along the y-arm of length L:

τ y,rt = 2L c - L c h + (1.30)
Eventually, the time difference between both arms is:

δτ rt = τ x,rt -τ y,rt = 2L c h + (1.31)
The resulting phase shift δφ is then:

δφ = ω laser δτ rt = 4π λ laser L h + (1.32)
Since the phase shift is proportional to h + and L, the length of the arms of the interferometer have to be long enough to be sensitive to a GW. Eventually, one can express the output power of a Michelson interferometer as:

P out (t) = P in 2 (1 + C cos(φ(t))) (1.33)
with P in the input power in the interferometer, C the contrast of the interferometer such that 0 ≤ C ≤ 1 and φ(t) = φ 0 + δφ(t) the time dependent phase shift between the interfering laser beams composed of a static phase shift φ 0 coming from the static arms length difference and δφ(t) the time dependent phase shift due to gravitational waves.

The power variation due to gravitational waves can thus be expressed as:

δP out (t) = P in 2 C sin(φ 0 ) δφ(t) = P in 2 C sin(φ 0 ) 4π λ laser L h + (1.34)

Sensitivity of an interferometer

The performance of an interferometer is characterized by its sensitivity which enables to compare the detector's response to a GW to the fundamental noise that affect the measurement. Considering the case of a Michelson interferometer, the limiting noise is the shot noise.

Shot noise

The shot noise is a fundamental noise that arises from the uncertainty of counting the incoming photons onto a photodetector. This noise can be modeled by a Poisson distribution. Therefore, for a mean of N photons reaching a photodetector, the uncertainty on this number reaching the photodetector is:

σ N = √ N (1.35)
Since we are interested in knowing how the sensitivity of an interferometer scales with the input laser power it is interesting to express this uncertainty in terms of the detected output power. First, we write the uncertainty on the power as:

σ P = σ N h p ν T (1.36)
with h p the Planck constant, ν the laser frequency and T the duration during which an average of N photons are detected.

For a detected power P out , the average number of photons detected is:

N = T h p ν P out (1.37)
Then, from Eqs. 1.36 and 1.37 we get:

σ P = h p ν T P out (1.38) 
Eventually one can derive the spectral density δñ p of the shot noise (where the tilde is used for spectral density terms) that can be directly compared to the power spectral density δ Pout induced by a GW derived in Eq. 1.34:

δñ p = 2h p νP out = h p νP in (1 + C cos(φ 0 )) (1.39)
This indicates that the detected power variations induced by the shot noise scale with the square root of the detected output power.

Computation of the sensitivity

To be able to detect a GW with an amplitude h, the power spectral density δ Pout induced by a GW has to be higher than the power spectral density δñ p of the shot noise. The condition is thus:

δ Pout > δñ p (1.40)
from Eqs. 1.34 and 1.39 it can be explicitly written as:

P in 2 C sin φ 0 4π λ laser L h > h p νP in (1 + C cos(φ 0 )) (1.41)
The smallest detectable gravitational wave amplitude h is thus given by the following relation:

h = 1 L λ laser 2π h p ν P in 1 + C cos(φ 0 ) C sin(φ 0 ) (1.42)
It is possible to optimize the sensitivity by tuning the phase φ 0 i.e. the differential length of the arms. Assuming a perfect interferometer with a contrast C = 1, for φ 0 = (2k + 1)π with k an integer, the differential length of the arms is a multiple of half the laser wavelength and the output power is null. In this case the interferometer is tuned on a dark fringe and the optimized sensitivity is:

h = 1 L λ laser 2π h p ν 2P in (1.43)
In practice, the contrast is not equal to 1 but it is a bit smaller. In this case the best sensitivity is reached by adding a small offset on the dark fringe and can be written as:

h = 1 L λ laser 2π h p ν 2P in 1 1 - √ 1 -C 2 (1.44)
From Eq. 1.44 one can notice that the sensitivity of the interferometer can be optimized by increasing the length L of the arms and by increasing the input laser power P in .

Fabry-Perot cavities

A solution to increase the effective length of the arms of the interferometer is to use optical resonators also known as Fabry-Perot cavities.

Principle of a Fabry-Perot cavity

An illustration of a Fabry-Perot cavity is drawn in Figure 1.4.

M 1 , r The cavity is composed of two mirrors M 1 , M 2 facing each other separated by a distance L, with their associated reflection coefficients r 1 , r 2 and transmission coefficients t 1 , t 2 . The electromagnetic field can be written at different points of the cavity such as:

• E in the input electromagnetic field where k is the wavenumber defined as k = ω c with ω the light pulsation and c the light speed. At each round trip of the light, the optical path is shifted by 2kL. Combining the different expressions of the electromagnetic fields it is possible to rewrite the intra-cavity, reflected and transmitted fields as a function of the input field:

• E r = r 1 • E in + t 1 • E cav the reflected electromagnetic field • E cav = t 1 • E in -r 1 • E cav the intra-cavity electromagnetic field • E cav = -r
E cav = E in • t 1 1 -r 1 • r 2 • e 2jkL
(1.45)

E r = E in • r 1 -r 2 • (r 2 1 + t 2 1 ) • e 2jkL 1 -r 1 • r 2 • e 2jkL
(1.46)

E tr = E in • t 1 • t 2 • e jkL 1 -r 1 • r 2 • e 2jkL
(1.47)

From the intra-cavity electromagnetic field, the power inside the cavity can be expressed as:

P cav = E cav • E * cav = P in • t 2 1 1 + r 2 1 • r 2 2 -2 • r 1 • r 2 • cos(2kL) (1.48)
Eq. 1.48 can then be written as a function of the optical gain G and the finesse F of the Fabry-Perot cavity:

P cav = P in • G • 1 1 + 2F π 2 • sin 2 (kL) (1.49) with G = t 1 1-r 1 r 2 2 and F = π √ r 1 r 2 1-r 1 r 2 .
From Eq. 1.49 one can see that the power inside the cavity is resonant for a phase shift of kL = nπ with n an integer and that the finesse F is high for reflection coefficients of the mirrors close to 1. The average number of round trips inside the cavity is N = 2F π .

Michelson interferometer with Fabry-Perot cavities

The gravitational waves detectors are based on the Michelson interferometer but with Fabry-Perot cavities used as the arms of the interferometers. Figure 1.5 shows a schematic of such a setup. Using those optical resonators enable to amplify the phase shift φ cav induced by small variations δL of the length of the cavities by the number of round trips N = 2F π such as:

φ cav = 4π λ laser • 2F π • δL (1.50)
When the travel time of the light inside the arms is not negligible compared to the time period of the GW, the effect of small variations δL is averaged over several round trips. In the frequency domain, Eq. 1.50 can thus be written as:

φcav (f ) = 4π λ laser • 2F π • δL 1 + j f fp (1.51)
where f p = c 4F L is the pole of the cavity. The effect of length variations is thus damped at high frequency. In order to express the spectral density δ Pout of the power variations at the output of the detector, it is possible to substitute the Fabry-Perot cavities by a single mirror with a complex reflection coefficient r cav : r cav = -g cav e jφcav (1.52)

with g cav = r 1 -r 2 (r 2 1 +t 2 1 ) 1-r 1 r 2
and φ cav defined as in eq. 1.51. With this new framework of study, the spectral density of the power variations can be deduced directly from Eq. 1.34 which has been derived for a simple Michelson interferometer:

δ Pout = P in 2 C sin(φ 0 ) δ φcav (1.53)
Considering variations of the interferometer arms length δL x = 1 2 hL and δL y = -1 2 hL induced by a GW of amplitude h, the differential arm length of the interferometer is:

δL = δL x -δL y = 1 2 hL -(- 1 2 hL) = hL (1.54)
Using Eq. 1.51, the differential arm length induces a phase shift between the laser beams that interfere as:

δ φcav (f ) = φx -φy = 4π λ laser • 2F π • hL 1 + j f fp (1.55)
It is thus possible to write the spectral density of power variations using Eq. 1.53: 

δ Pout (f ) = P in 2 C sin(φ 0 ) 4π λ laser • 2F π • hL 1 + j f fp (1.
h(f ) = 1 L λ laser 2π h p ν 2P in 1 1 - √ 1 -C 2 • π 2F 1 + j f f p (1.57)
The addition of Fabry-Perot cavities to the Michelson interferometer enables to improve the sensitivity by a factor 2F π for frequency smaller than the cavity pole frequency. For Advanced Virgo (AdV), the nominal finesse is F = 450 which gives an improvement of the sensitivity by a factor ∼ 286. For frequency above the cavity pole frequency (∼ 55.5 Hz in AdV), the sensitivity is spoiled by the filtering effect of the optical cavity.

Power recycling cavity

The interferometers operate close to a dark fringe configuration to achieve the best possible sensitivity. This means that there is almost no light at the output port of the interferometer and almost all the light circulating in the interferometer is reflected back to its input port. It is thus possible to add a mirror at the input port of the interferometer, in between the laser and the beamsplitter, to recycle the power in the detector. An important part of the light is thus re-injected in the interferometer which increases the circulating power. The added mirror called the "Power Recyling" mirror (PR), with a reflection coefficent r P R and a transmission coefficient t P R , makes a new resonant cavity with the beamsplitter and the input mirrors. This new configuration of the interferometer is shown in Figure 1 When the length of the power recycling cavity is adjusted so that the laser beam is resonant, the power P P R in this cavity is thus:

P P R = G P R • P in (1.58)
with P in the input power entering the interferometer and

G P R = t P R 1-r P R r F P 2
the gain of the recycling cavity. The reflection coefficient r F P is defined as the mean of the amplitude of the Fabry-Perot cavities reflection coefficients. This configuration of the interferometer with an enhanced circulating power enables to improve the sensitivity of the detector. The best sensitivity of the interferometer is directly deduced from Eq. 1.57 by replacing the input power P in by the expression of the power P P R inside the recycling cavity:

h(f ) = 1 L λ laser 2π h p ν 2G P R • P in 1 1 - √ 1 -C 2 • π 2F 1 + j f f p (1.59)
Therefore, the addition of the power recycling mirror improves the sensitivity by a factor G -1/2 P R . In AdV, the gain of the recycling cavity has been measured to ∼ 40 [START_REF] Allocca | Optical characterization update. Virgo Internal Note[END_REF].

Antenna response of an interferometer

In a general case, a gravitational wave can propagate in any direction and the response of the interferometer is not isotropic. The response of an interferometer depends on the orientation of the (x,y) plane formed by the arms of the detector with respect to the direction of the GW propagation k GW as illustrated in Figure 1.7.

The relation 1.34 previously derived, describes the specific case where the gravitational wave propagates perpendicularly to the plane of the interferometer. Considering a gravitational wave composed of plus and cross polarizations with the spherical coordinates (r,θ,φ) and a polarization angle ψ, it has been described in [START_REF] Rakhmanov | High-frequency corrections to the detector response and their effect on searches for gravitational waves[END_REF] that the antenna response of the interferometer can be written as:

h(t) = F + (θ, φ, ψ)h + (t) + F × (θ, φ, ψ)h × (t) (1.60) 
with F + and F × the antenna response of the detector respectively to the polarization plus and cross defined by:

F + (θ, φ, ψ) = 1 2 (1 + cos(θ) 2 ) cos(2φ) cos(2ψ) -cos(θ) cos(2φ) sin(2ψ) (1.61a) F × (θ, φ, ψ) = 1 2 (1 + cos(θ) 2 ) cos(2φ) sin(2ψ) + cos(θ) sin(2φ) cos(2ψ) (1.61b)
The antenna response patterns for the plus and cross polarizations are shown in Figure 1.8 where we assume the polarization angle ψ = 0. One can notice that the response of the interferometer is not isotropic with a maximum sensitivity for a gravitational wave propagating perpendicularly to the interferometer plane and a null sensitivity for a gravitational wave propagating in the interferometer plane with an angle of 45 o with the x and y arms.

As the response of the detector depends on its orientation, it is useful to build up a network of interferometers with different orientations to cover most of the sky map. The first kilometer-scale interferometers were proposed during the 1980's, Virgo in Europe [START_REF] Accadia | Virgo: a laser interferometer to detect gravitational waves[END_REF] and LIGO in the USA [START_REF] Abbott | LIGO: the laser interferometer gravitational-wave observatory[END_REF]. Figure 1.9 shows the current and future gravitational waves detectors in the world observing in the frequency range from 10 Hz to a few kHz. Virgo has been built in Italy, this is a power recycled interferometer with 3 km length Fabry-Perot cavities. For several years, Virgo has been built and upgraded alternating with observing periods. The first detection of a GW signal involving the Virgo interferometer was from a binary black hole merger during the O2 run, the 14th of August 2017, jointly with the LIGO interferometers [START_REF] Abbott | Gw170814: A three-detector observation of gravitational waves from a binary black hole coalescence[END_REF]. Virgo is currently observing during the so-called O3 run which started on April, 2019 and will end in April, 2020.

LIGO is an American collaboration which is composed of two detectors. One is located in Hanford, Washington State, and the second one is located in Livingston, Louisiana State. Both detectors are power recycled and signal recycled interferometers with 4 km length Fabry-Perot cavities. They are in an anti-aligned configuration such that the signals in both detectors are similar but with an opposite sign. LIGO has also been alternating between upgrade periods and observing periods among which the O1 period that started in September, 2015 enables the first direct detection of gravitational waves from a binary black hole merger which triggered the 2017 Nobel Prize in Physics [START_REF] Abbott | Observation of gravitational waves from a binary black hole merger[END_REF]. LIGO interferometers are currently observing during the O3 period, jointly with Virgo.

GEO 600 is a UK-German collaboration which built a 600 meter length interferometer in Germany. This interferometer is a dual-recycled interferometer and is a research and development facility for the kilometer-length scale interferometers.

KAGRA is a Japanese underground detector inside the Kamioka mine. This interferom-CHAPTER 1. GRAVITATIONAL WAVES AND THEIR DETECTION eter is made of 3 km length Fabry-Perot cavities and is the first detector using cryogenic mirrors to reduce thermal noise. KAGRA is still commissioning to join LIGO and Virgo for the end of the O3 run.

LIGO-India is a third detector from the LIGO collaboration which is currently in construction in India. This interferometer should operate in 2024 with a design similar to the final design of the two other LIGO interferometers.

A network of gravitational waves detectors is operating in the world and is looking for coincident events between the detectors to strengthen the probability of an event to be of astrophysical origin or not. The data analysis is done jointly by the LIGO and Virgo collaborations. This network should be joined by KAGRA at the end of O3 and by LIGO India around 2024. Taking advantage of having multiple detectors will allow the scientific community to have a better knowledge and accuracy on the astrophysical sources of gravitational waves.

1.5 Gravitational waves events in O1 and O2 The remnant objects from the coalescences of BBHs have a distribution of mass higher than the previous black holes observed with X-ray binaries and are also more distant. This is of great interest for population studies and the formation of black holes. It is also noticeable that for three event in August 2017, the sky area is much more accurate than for the other detections (∆Ω ≤ 100 deg 2 ). This effect is due to the addition of Virgo in the gravitational waves network which joined the O2 run in August 2017. Indeed, since Virgo is not aligned with the LIGO detectors and located on another continent it enables to gain in sky localization by triangulation of the signals. The event GW170818 is the best located BBH so far with a sky area of 39 deg 2 .

GW170817

The first BNS event called GW170817 [START_REF] Abbott | Observation of gravitational waves from a binary neutron star inspiral[END_REF] was a major discovery for the scientific community since it has been the first GW signal reported in coincidence with a short gamma ray burst [START_REF] Abbott | Gravitational waves and gamma-rays from a binary neutron star merger: GW170817 and GRB 170817a[END_REF] known as GRB 170817A. This confirms the assumption that short gamma ray bursts can be produced by the merger of a binary neutron stars. This event was very well located in the sky (∆Ω = 16 deg 2 ) and the host galaxy has been identified as NGC 4993. Since the GRB was observed 1.7 s after the GW signal and the luminosity distance of the source was well-known, it has been possible to constrain the difference between the speed of light and the speed of gravity to between -3c × 10 -15 and +7c × 10 -16 . This result lead to strong constraints on alternative theories of gravity and made some of them irrelevant [START_REF] Sakstein | Implications of the neutron star merger gw170817 for cosmological scalar-tensor theories[END_REF]. Using the association of the event with NGC 4993 was also very important to estimate the Hubble constant H 0 which has been inferred to H 0 = 70 +12 -8 km.s -1 .Mpc -1 . This result is compatible with the independent measurements from SHoES and Planck respectively 73.24 ± 1.74 km.s -1 .Mpc -1 [START_REF] Riess | A 2.4% determination of the local value of the Hubble constant[END_REF] and 67.4 ± 0.5 km.s -1 .Mpc -1 [START_REF] Aghanim | Planck 2018 results. VI. Cosmological parameters[END_REF]. Note that those two measurements are in tension and that a precise measurement of H 0 with gravitational waves could bring more information on this topic.

A follow-up campaign of electromagnetic counterparts has been undertaken since the detection of GW170817 to extract the most of the information on this source. Figure 1.10, taken from the multi-messenger paper that followed the binary neutron stars event [START_REF] Abbott | Multi-messenger Observations of a Binary Neutron Star Merger[END_REF], shows the timeline of the multi-messenger observations of this source that have been performed so far. The observations from UV to near IR put in evidence a kilonova formed by the r-process where many chemical elements heavier than iron are produced. The enormous quantity of r-process nuclei produced in this kilonova indicates that the binary neutron star mergers are likely the dominant r-process for the nucleosynthesis [START_REF] Rosswog | The first direct double neutron star merger detection: Implications for cosmic nucleosynthesis[END_REF].

Future gravitational waves detectors

The era of gravitational wave astronomy got kicked off after the discovery of GW150914. Meanwhile the current Advanced detectors are upgrading and are getting closer to their final design and sensitivity, future ground-based and spatial projects are maturing. We give in this section a brief description of the future gravitational waves detectors and the sensitivities with a few expected sources of gravitational waves in Figure 1.11 made from the GW plotter website referenced in this paper [START_REF] Moore | Gravitational-wave sensitivity curves[END_REF]. Figure 1.10: Timeline of the multi-messenger follow-up of the binary neutron star merger GW170817 [START_REF] Abbott | Multi-messenger Observations of a Binary Neutron Star Merger[END_REF]. The different events are shown relatively to the time t c of the gravitational wave event. The electromagnetic counterparts are seen in several optical bands with multiple telescopes.

1.6.1 The 2.5G ground-based detectors: Advanced Virgo+ and Advanced LIGO+

The current generation of Advanced detectors are called 2G detectors as they are the second generation of kilometer-scale interferometers. AdV and Advanced LIGO (aLIGO) have been observing for one year in 2019-2020 during O3 and will then be upgraded to match the design of the Advanced+ detectors (also called 2.5G detectors). Those Advanced+ interferometers will be facilities to improve the detection of gravitational waves but also facilities to test new technologies that will be used in the 3G (third generation) gravitational wave detectors.

The Advanced+ detectors will mainly differ from the current Advanced detectors by installing frequency dependent squeezing, increasing the laser power and using heavier and larger test masses. For Advanced Virgo+, a major upgrade will also be the addition of the Signal Recycling mirror (already installed in LIGO interferometers) at the anti-symmetric port of the interferometer. The different upgrades will be done alternating with the O4 observing run foreseen for late 2021 and then O5 in late 2024 with the final design of the detectors. The expected sensitivities for O4 and O5 are respectively around 100 Mpc and 200 Mpc for Advanced Virgo+, and respectively around 180 Mpc and 300 Mpc for Advanced LIGO+.

The 3G ground-based detectors: Einstein Telescope and Cosmic Explorer

Einstein Telescope is a European 3G underground gravitational waves detector whose conceptual design study has been published in 2011 [START_REF]Einstein gravitational wave Telescope conceptual design study[END_REF] with the purpose of probing the Universe up to its dark era at redshift z ∼ 20 and higher. It should reveal the whole population of stellar and intermediate mass black holes and a big fraction of the binary neutron star mergers in the Universe [START_REF] Maggiore | Science case for the einstein telescope[END_REF] with a lot of implications on astrophysics and cosmology. The conceptual design of ET is a three arms equilateral triangle with a length of 10 km for each arm. There will thus be three detectors each one containing two interferometers, one operating at low frequency and the second one operating at high frequency. The combination of the different sensitivities of the interferometers will result in a total optimized sensitivity better than 10 times the sensitivity of the current detectors on the whole frequency band down to ∼ 1 Hz.

Cosmic Explorer is the American 3G detector project with the goal of probing the same science as ET. The detector should be a L-shaped interferometer with arms of 40 km.

Laser Interferometer Space Antenna

LISA is a space-based gravitational waves detector planned to be launched in 2032. It consists in three orbiting satellites in an equilateral triangle geometry separated by 2.5 millions of kilometers. Each satellite will send two laser beams towards the other two satellites and those beams will carry information of a GW passing through the experiment in their relative variation of phase compared to a local laser. LISA and the 3G ground-based interferometers will be complementary since LISA is expected to be sensitive in the range from a fraction of millihertz to a fraction of hertz whereas the ground-based detectors will be sensitive from a few hertz to a few kilohertz. It will thus be possible to see an astrophysical source in LISA and predict its detection in the ground-based detectors a few months later. However not all the sources seen by LISA will be visible in ground based detectors, for instance LISA is expected to see supermassive black hole mergers that cannot be resolved in the groundbased facilities or also extreme mass ratio inspirals. It will thus probe other populations of astrophysical objects.

Pulsar Timing Array

The PTA will search for correlated signals in the pulse arrival times of a set of pulsars. The idea is to use an array of millisecond pulsars to detect very low frequency gravitational waves from nanohertz to microhertz. Such an experiment should be able to probe the stochastic background of supermassive black hole mergers and should give information on galaxies formation. It might also be sensitive to primordial gravitational waves which could reveal information from the very beginning of the Universe [START_REF] Maggiore | Gravitational waves and fundamental physics[END_REF]. Primordial gravitational waves are thought to be emitted less than ∼ 10 -30 s after the Big Bang from contributions of cosmological sources present during the cosmic inflation. This would be analogous to the Cosmic Microwave Background which is an electromagnetic record of the early Universe emitted ∼ 380000 years after the Big Bang. 

Introduction

Advanced Virgo is a european interferometer among the five international detectors built to detect gravitational waves in the frequency range from 10 Hz to a few kHz. It is a power recycled Michelson interferometer with Fabry-Perot cavities of 3 km length. Figure 2.1 is an aerial view of the interferometer which is located in Italy. This chapter gives an overview of the opto-mechanical configuration of the interferometer and the different types of noise that limit the sensitivity of the detector. When in observing mode, the absolute longitudinal position of the mirrors is controlled by feedback control systems down to 10 -15 m (rms). The achieved sensitivity for O3 is close to h(f ) = 10 -23 Hz -1/2 at 100 Hz. 

Description of the detector

Laser source

The AdV laser source is a Nd:YAG at λ laser = 1064 nm with a power delivering capacity of 50 W (125 W at design sensitivity). The input power injected in the interferometer was 14 W during O2, 18 W during O3a and 26 W during O3b [START_REF] Degallaix | Optical parameters for O3[END_REF]. The laser beam is gaussian and it is first modulated in phase to generate sidebands used for the different control signals needed to keep the interferometer on its working point. The longitudinal control system of AdV is detailed in section 2.3.

Input mode cleaner cavity

The laser bench is not isolated from the surrounding seismic or acoustic noise and induces position variations of the laser beam at some frequencies. As a consequence these fluctuations may generate some high order modes in the laser beam which is not perfectly gaussian. The geometrical defaults of the beam can be decomposed into Transverse Electro-Magnetic (TEM) high order modes. Since only the TEM 00 is sensitive to gravitational waves in the interferometer different phenomena that could enhance high order modes contribution in the sensitivity are mitigated through the input mode cleaner cavity (IMC). This cavity filters the geometrical defaults of the laser beam, mitigates the beam jitter and reduces the frequency noise. It is composed of three mirrors in a triangular configuration which are mounted on a suspended bench under vacuum. Before entering the interferometer, the laser beam is thus gaussian (mode TEM 00 ) stabilized in power, in frequency and in position. Note that the interferometer is under vacuum with a pressure close to ∼ 10 -9 mbar to avoid acoustic noise, variations of the refractive index of air and molecules hitting the mirrors.

Power recycling cavity

The power recycling cavity is made by the PR, WI, NI mirrors and the beamsplitter BS. Its length is l cav,P R = l P R + l W +l N 2 = 11.3 m. The gain enhancement on the power when this cavity is locked is around 33 which gives a laser power inside the recycling cavity of ∼ 858 W [START_REF] Degallaix | Optical parameters for O3[END_REF]. We have shown in Chapter 1 that increasing the power reduces the shot noise and thus improves the sensitivity. However we will show in section 2.2 that an increase of the laser power also increases the radiation pressure noise which spoils the sensitivity at low frequency.

Fabry-Perot cavities

The arms of the interferometer are composed of Fabry-Perot cavities. One is made by NI and NE mirrors and the other one is made by WI and WE mirrors. The length of those cavities is L N = L W = 3 km and the finesse in each arm is close to F = 450. The light entering such a cavity makes on average N = 2F π = 286 round-trips before going out of it. This increases the effective length of the arms and thus the power stored in them which improves the shot noise and therefore the sensitivity. However, the radiation pressure noise increases at low frequency and for frequency f above the cavity pole f p = c 4F L = 55.5 Hz, the cavity filters the signal as ∝ f -1 .

Suspended mirrors

There are six suspended mirrors in AdV:

• The beamsplitter BS

• The power recyling mirror PR

• The input mirrors NI and WI

• The end mirrors NE and WE Those mirrors are suspended to a so-called "super-attenuator" (described later in this section) which filters the seismic noise. The mirrors are made of pure Silica with coating of thin layers to limit the optical losses. Their mass is ∼ 42 kg except for PR which has a mass of ∼ 21 kg, their diameter is ∼ 35 cm except for BS which has a diameter of ∼ 55 cm and their thickness is ∼ 20 cm. The dimensions of those mirrors were designed to reduce the radiation pressure noise and the thermal noise. The mirrors have also a very good surface uniformity and the roughness close to the center of the mirrors is of a few nanometers (rms).

Thermal compensation systems (TCS) are used to correct in real time the deformations of the mirrors due to heating with ring heaters and auxiliary CO 2 lasers.

Signal recycling cavity

A mirror can be added at the asymmetric port of the interferometer and it is used to form a new cavity called the Signal Recycling cavity. The advantage of such a cavity is that it effectively lowers the arm cavity finesse and thus broadens the detector frequency response. It can also be tuned to create a narrowband mode of operation by strongly improving the sensitivity on a small low frequency band depending on the astrophysical sources to detect but with a worsening of the sensitivity at high frequency.

The signal recycling mirror (SR) has not yet been installed in AdV but it is substituted by a lens to focus the laser beam on the detection bench. It should be installed for the observing run O4 which should start by the end of 2021.

Output mode cleaner cavities

Two output mode cleaner cavities controlled in temperature are put in series on the detection bench to filter the sidebands of the laser beam used for the different control signals of the interferometer and the high order modes of the laser beam induced by optical defaults in the interferometer. Only the carrier mode TEM 00 is used for the detection of the gravitational wave signals.

Detection system

The detection benches are suspended and also under vacuum with a pressure around 10 -6 mbar. Therefore they are isolated from seismic and acoustic noise. The dark fringe signal is detected by high quantum efficiency photodiodes (e > 98%) located on the final detection bench. In order to detect the sense of power variations induced by a gravitational wave signal, the working point of the photodiodes is located on a small offset with respect to the dark fringe.

Squeezing system

For the O3 observing run, a frequency independent squeezing system has been installed close to the detection benches. This optical system enables to improve the sensitivity at high frequency by reducing the shot noise using squeezed vacuum states of light injected by the dark port of the interferometer. The drawback of such a setup is that it increases the radiation pressure inside the arms of the interferometer and thus spoils the low frequency part of the sensitivity. One has to trade-off between improving the sensitivity at high frequency without spoiling too much the sensitivity at low frequency. A frequency dependent squeezing system will be installed for O4 to squeeze the vacuum states of light depending on the frequency band and thus improve the sensitivity on the whole frequency band.

The suspensions system

The limitation of the seismic noise above 1 Hz in all the directions is made by a complex system of suspensions called super-attenuator installed for the suspended mirrors and shorter ones for two suspended benches. Figure 2.3 shows a super-attenuator of AdV.

Series of standard filters

A part of the mitigation chain of the super-attenuator is composed of a series of passive filters that reduces the seismic noise in all the directions. Those filters have resonant frequencies at very low frequency (f < 1 Hz) in order to attenuate low frequency vibrations and in order not to spoil the frequency band of interest for the detection of gravitational waves. The different displacements are mitigated as follows:

• The longitudinal displacements are filtered with a pendulum by a factor fr • The vertical displacements are reduced by mechanical blade springs above their resonant frequency.

• The rotations are mitigated due to the high moment of inertia of the mechanical attenuators. Two consecutive filters are linked by a suspension wire located as close as possible to their center of mass. As a consequence, it reduces the resonant frequency of the rotation modes.

The inverted pendulums

An active filtering is also applied on the Filter 0 with an inverted pendulum composed of three legs of 6 m. It is used to pre-isolate the suspension system from the seismic noise with a second order low-pass filter.

Payload

The payload is the last stage of the suspension. It is composed of an actuation cage with a marionette suspended to the Filter 7 and a mirror suspended to the marionette. The positions of the marionette and the mirror are controlled with electromagnetic actuators made of coils attached to the actuation cage acting on magnets attached to the marionette and to the mirror. More details on the payload and the electromagnetic actuators are given in Chapter 3. The transfer function from a force on the marionette to a longitudinal motion of the mirror is proportional to f -4 above the resonant frequency around 0.6 Hz. The longitudinal controls applied to the marionette are dominant in the frequency range 10 Hz to 50 Hz.

A direct force on a mirror is attenuated proportionally to f -2 above the resonant frequency around 0.6 Hz. The controls applied to the mirror are dominant in the frequency range 50 Hz to 300 Hz. 

The limiting sources of noise

The ability to detect gravitational waves is limited by fundamental noise and technical noise that couple to the differential arm length degree of freedom DARM. The different amplitude spectral densities of noise are expressed in unit of [h/Hz 1/2 ] with h the strain unit. Figure 2.5 shows the goal sensitivity of Advanced Virgo for O3 with only the fundamental noise contributions. In practice there exists some technical noise that contribute also to the sensitivity and may spoil it. The requirement for the technical noises is that they must be kept reduced at a level such that the corresponding strain noise is lower than 10% of the best design sensitivity over the whole frequency range.

Seismic noise

The seismic noise induces a mirror motion arising from geological or human activities. It is the dominant noise at low frequency below 1 Hz but it is reduced by more than 14 orders of magnitude with the super-attenuators in the AdV detection band (above 10 Hz) [START_REF] Boschi | AdVIRGO Suspension Control. Virgo Presentation[END_REF].

Newtonian noise

The Newtonian noise (or gravity gradients) results from the local variations of gravity surrounding the interferometer that couple to the mirror motion [START_REF] Hughes | Seismic gravity-gradient noise in interferometric gravitational-wave detectors[END_REF]. This effect is stronger below 20 Hz but it is not yet limiting the AdV sensitivity.

Thermal noise

Thermal noise is a limiting fundamental noise from 10 Hz to ∼ 200 Hz. It comes from the random motion of the mirrors plus the suspension wires due to thermal dissipation and it is divided in different couplings of the normal modes of the mirrors with their longitudinal motion. 

Suspension thermal noise

One part of the thermal noise comes from the suspension coupling with the mirrors. The longitudinal motion of the mirror couples to the pendulum excitation of the suspension due to thermal agitation. This noise is dominant up to ∼ 50 Hz but has been reduced by a factor ∼ 5 between O2 and O3 by changing the steel wires previously used for the suspension by monolithic fused silica wires. The vibration modes of the suspension wires called the violin modes are a series of a fundamental resonance and harmonics that limit the sensitivity at specific frequencies around 400 Hz.

Coating noise

Between ∼ 50 Hz and ∼ 300 Hz the thermal fluctuations of the surface of the mirrors limit the sensitivity. Those fluctuations are reduced by using thin layers coating and by increasing the size of the laser beam onto the mirrors (∼ 5 cm) so that the vibrations of the atoms constituting the mirrors are averaged over a large surface.

Quantum noise

Quantum noise corresponds to quantum fluctuations of light due its corpuscule nature. This noise can be divided in two different effects acting at low and high frequency respectively.

Radiation pressure noise

The radiation pressure noise is due to the reflection of photons on the mirrors, giving them some momentum. It increases with the laser power especially at low frequency and it is filtered by the suspension. It can be mitigated by using heavier mirrors to limit their motion induced by the radiation pressure. A frequency dependent squeezing of the vacuum state of light can also be used to reduce this noise at low frequency and will be implemented on AdV for O4.

Shot noise

The shot noise is the second aspect of quantum noise which limits the sensitivity at high frequency (above 300 Hz). This noise is not acting directly on the mirror motion but it is a sensing noise that mimics a mirror motion. It has already been described in Chapter 1 and it is due to the uncertainty on the measurement of the number of photons with a photodetector. Increasing the laser power of AdV enables to reduce this shot noise but it increases the radiation pressure noise. The frequency dependent squeezing technique will be used for O4 to mitigate the shot noise without enhancing the radiation pressure in the arms of the interferometer.

Excess gas

A residual noise due to fluctuations of the refractive index of air induced by the excess gas is still present although the interferometer is under vacuum with a pressure around 10 -9 mbar.

Technical noise

Other types of noise are coming from technical reasons by building the interferometer. Those technical noise are hunted down during commissioning periods to be mitigated and to obtain a sensitivity of the interferometer close to the sensitivity computed with only the fundamental noise contributions. Many sources of technical noise have been identified for O3 and are shown in Figure 2.6. The O3 goal curve in red has been updated compared to the black curve of Figure 2.5 taking into account some of those technical noise. We will not give an exhaustive description of each of those noise but some examples are listed below:

• There is an electromagnetic contamination coming from the mains supply of the different systems which can be seen at 50 Hz and at the harmonics. This feature is seen in many of the curves drawn in the figure.

• The sensors and actuators used for the control system of the interferometer induce some electronic and mechanical noise that may limit the sensitivity. For instance, some of those noise are represented by the ASC (angular controls), LSC (longitudinal controls), DAC (Digital-To-Analog), Dark, Demodulation, and SSFS (Second Stage Frequency Stabilization) curves.

• The stray light is also one of the important contributions that can impact the sensitivity from basically two different non-linear couplings. One is due to low frequency drifts of the interferometer alignment combined with mechanical resonances of the diffusing optical elements in the audio-band which modulate the scattered light: a part of this stray light may recombined with the main ITF beam but with a varying phase, which add noise directly into the B1 photodiodes signal. The second coupling comes from the stray light of the end optical benches that enters the Fabry-Perot cavities and contributes to radiation pressure by modulating the laser power in the cavities. Those noise are counted inside the ENV (environmental) curve which also contains many contributions of external sources that affects the surrounding of the interferometer such as acoustic or magnetic sources.

• The reconstruction algorithm of the gravitational wave signal h(t) uses some sinewave excitations sent to various mirrors of the interferometer in the 60 Hz region and are included in the Calibration curve. This curve also contains other excitations at different frequencies which are needed to monitor the calibration of the interferometer and the reconstruction of h(t).

• One peculiar noise has been called the "flat" noise which appeared in the AdV sensitivity during August 2018 and is still present during O3. This noise is limiting the sensitivity in the so-called "bucket" region around 100 Hz and it has been the target of many investigations. Many leads have been explored but its origin is still unknown.

• The Quantum Vacuum and Seismic-Thermal noise are also shown on this figure and have been described in the above subsections as fundamental noise.

The control system of Advanced Virgo

The interferometer has to be locked on its working point to be able to reach its best sensitivity for the observation periods. In this configuration, the longitudinal position of the mirrors has to be controlled at the level of the picometer. Different degrees of freedom used to acquire and keep the lock of the interferometer are thus monitored and controlled online:

• DARM = ∆L = L N -L W is the differential arm length of the Fabry-Perot cavities.

• CARM = L N + L W is the common arm length of the Fabry-Perot cavites.

• PRCL = l P R + 1 2 (l N + l W ) is the power recycling cavity length. • MICH = l N -l W is the differential arm length of the small Michelson interferometer with the input mirrors.

• SSFS is the second stage frequency stabilization of the laser frequency [START_REF] Bondu | L'interféromètre Virgo : propriétés optiques, stabilisation en fréquence du laser[END_REF].

The angular positions of the different components of the interferometer are also controlled to keep the interferometer locked but we will only focus on the longitudinal control system in the following section. 

Error signals

Different error signals are used for the control of the different longitudinal degrees of freedom of the interferometer and are witnessed by six photodiodes located on five optical benches. Figure 2.7 shows a simplified scheme of the AdV interferometer with the photodiodes used to monitor the different longitudinal degrees of freedom during the locking sequence of the interferometer and the Science mode1 . In order to control those degrees of freedom, sidebands are generated by phase modulation along with the laser beam carrier and resonate or anti-resonate only in the needed cavities. The sidebands are generated close enough to the carrier frequency so that they can interfere with the carrier. The control strategy is based on the Pound Drever Hall technique [START_REF] Drever | Laser phase and frequency stabilization using an optical resonator[END_REF]. The information on a cavity length is given by the interference between the carrier that resonates inside the cavity and the sideband that anti-resonate in the cavity. By demodulating at the frequency of the sideband the measured signal on the photodiodes, one can extract an error signal to control the cavity length.

When the interferometer is in Science mode, the degrees of freedom are controlled using the following carrier and sidebands signals:

• Carrier: It resonates in all the cavities and is used to control DARM with the DC signal of the B1 photodiodes2 .

• 6 MHz sideband: It is resonant in the power recycling cavity and anti-resonant in all the other cavities but it is not used when the interferometer is in Science mode.

• 8 MHz sideband: It is anti-resonant in the power recycling cavity and is used to control PRCL with the in-phase signal of the B2 photodiode3 .

• 56 MHz sideband: It is is resonant in the power recycling cavity and anti-resonant in the others. It will also be resonant in the signal recycling cavity (SRCL degree of freedom) when SR is installed. This sideband is used to control MICH with the quadrature signal of the B4 photodiode 4 and the SSFS plus CARM with the in-phase signal of the B4 photodiode5 . 

Temporal synchronisation of the Advanced Virgo signals

Introduction

The position of the mirrors of the interferometer has to be controlled and their displacement have to be calibrated. In order to induce a mirror motion, three different types of actuators are used.

1. The electromagnetic actuators (EM) which use magnets glued on the mirrors or the marionetta and coils attached to an actuation cage. The mirror motion is induced by applying a certain voltage on the coil drivers.

2. The photon calibrators (PCal) which use auxiliary laser beams hitting the center of the HR surface of the end mirrors and displace the mirrors by radiation pressure with a modulated laser power.

3. The Newtonian calibrators (NCal) which use a rotor with two rotating masses that induce variations of the local gravitational field to displace the end mirrors.

This chapter aims at describing the working principles of those three types of actuators. The EM actuators are the ones used to control the position of all the mirrors of the interferometer. The PCal and NCal are independent actuators used to induce a mirror motion for calibration purpose. A simplified illustration of the Advanced Virgo configuration with the location of the different types of actuators is shown in Figure 3.1.

From this chapter we will make use of transfer functions within control theory. Therefore a brief reminder on transfer functions and control loops can be found in Appendix A. 

Principle of coil driver actuation

The EM actuators are composed of coils attached to an actuation cage and magnets glued on the mirrors (4 coils and magnets for longitudinal displacement) and on the marionetta (2 coils and magnets for longitudinal displacement). The coil drivers are used to acquire the lock of the ITF and control the position of the mirror when the ITF is at its working point. Figure 3.2 is a sketch of the payload used in AdV.

The displacement ∆x EM of the mirror is induced by sending a signal in volt to the coil driver and is given by:

∆x EM = Cal zC mir/mar × A mir/mar (3.1)
with Cal zC mir/mar the digital signal in [V] sent to the coil driver and A mir/mar the response of the actuator of the suspended mirror or marionette in [m/V].

The mirror and marionette actuators can be described by two distinct parts. An electronic part A mir/mar elec and a mechanical part A mir/mar mech such that:

A mir/mar = A mir/mar mech × A mir/mar elec (3.2)
The force acting on the mirror is induced by the electronic part of the actuator. 

Electronic part of the mirror and marionette actuators

Electronic chain of the actuators

The motion of the mirrors and marionetta is induced by the associated coil drivers. Figure 3 They are then shaped by filters in the DSP of the mirrors and marionetta to be sent to a Digital to Analog Converter (DAC). The resulting analog signals generate a voltage which is then sent to the coil drivers where it is converted by an electronic circuit into current which passes through the coils and generates an electromagnetic field. The force induced by the electromagnetic field is applied to the magnets which results in a displacement of the mirrors or marionetta.

The coil drivers are composed of an analog filter and mainly a RL circuit where L is the coil inductance and R the sum of the different series resistance. The filter and R are different for the different mirrors, and in different modes of the coil drivers.

There is also a data acquisition part after the separation between the low and high frequency in the mirror DSP. The resulting correction signals are processed in a DSP DAQ where they are filtered and resampled at 10 kHz to be sent to a process which concatenates the incoming data into the so-called frame format (SUSP_Fb process in RTPC 4) and sends the frames to the DAQ pipeline for storage.

Electronic response of the actuators

Several operating modes of the coil drivers are accessible for different configurations of AdV which gives different electronic responses of the actuators. These modes are used sequentially when locking the interferometer to its nominal observing configuration. Some of the modes are common to all the actuators and others are specific to a given actuator. They are listed below:

• "High Power" (HP): this mode is used to have a strong dynamic (high current in the coils) on the actuators to acquire the first steps of the lock of the interferometer.

The mirrors can be displaced by a few micrometers to roughly approach the working point of the interferometer. This HP mode cannot be used when the interferometer is locked since it is very noisy (DAC noise).

• "Low Noise 1" (LN1): during the lock of the interferometer, the position of the mirrors needs to be more and more accurate in order to reach the best possible sensitivity. The LN1 mode enables to reduce the noise by a factor ∼ 10 to ∼ 100 compared to the HP mode depending on the frequency but the actuators have less dynamic to control the interferometer. This mode is used to bring the mirrors close to their nominal position.

• "Low Noise" (LN): this mode is similar to LN1 but is specific to NE, WE marionette actuators and to BS mirror and marionette actuators. It is used to bring these mirrors and marionettes to their nominal position and also to control their position when the interferometer is locked.

• "Low Noise 2" (LN2): when the interferometer is locked, the LN2 mode is activated and reduces the noise by a factor ∼ 20 compared to the LN1 mode and the actuator have thus even less dynamic. The nominal position of the mirrors is reached and the controls to keep the interferometer locked operate in this mode.

• "Open": the NI and WI mirrors are free from any control when the interferometer is locked. It is made possible because the dynamic of the end mirrors is large enough to keep the Fabry-Perot cavities on their working point and it allows to reduce the contribution of noise in the sensitivity coming from the actuators control. The coil drivers of the input mirrors are thus in open circuit just after the DAC output in order not to introduce the DAC noise into the ITF. In practice, due to ground issues ACTUATORS discovered during commissioning, a very high resistance is introduced in this mode instead of a fully open circuit.

Table 3.1 gathers the characteristics of the mirrors and marionetta actuators electronics. The electronic part of the actuation response A mir/mar elec is defined by the gain of the digital response G DSP and the transfer function of the coil driver H coils . The response of the coil driver to an excitation is given by a simple pole in [A/V]:

H coils (f ) = (R tot ) -1 1 + j f f elec (3.3)
with f elec the frequency of the pole given by:

f elec = R tot 2πL (3.4)
The global transfer function of the electronic part H elec is thus:

H elec (f ) = G elec 1 1 + j f f elec e -j2πτ d (3.5)
with G elec = G DSP Rtot and τ d a delay that needs to be measured during the calibration of the actuators. Depending on the mode operating mode, G DSP is adapted so that the overall actuation gain G elec does not depend on the operating mode.

The expected pole frequency is around 270 Hz for NI, WI and PR in HP mode, and around 42.3 kHz for NE, WE in LN2 mode.

MIR

Mode 

G DSP Filters R 1 [Ω] R 2 [Ω] R C + R L [Ω] R tot [Ω] L [mH] Open 1 - 10 ∞ 3.3 +
DSP Filters R 1 [Ω] R 2 [Ω] R C + R L [Ω] R tot [Ω] L [mH] NI, WI, PR Open 1 - 10 ∞ 4.5 +

Mechanical response of the mirrors and marionetta actuators

Mirrors actuators

As the mirror is suspended to a suspended marionette and driven from the actuation cage, the mechanical response of its actuator has a peculiar shape that is similar to a simple pendulum with two resonant frequencies as shown in Figure 3.4. The mirror can be considered as a free test mass above the last mechanical resonance around ∼ 0.8 Hz. For a sinusoidal force applied on the mirror at a frequency f > 10 Hz, the oscillation of the mirror is damped in f -2 . 

Approximation

For convenience, the work done with those actuators does not consider the realistic mechanical model stated above and we use an approximation valid above 10 Hz since calibration is not done below this frequency. We have used a simple pendulum approximation with a resonance which depends on the length of the wires holding the mirror. In AdV this length is l w = 0.7 m and gives a resonance at a frequency f p =1 2π g l = 0.6 Hz with g = 9.81 m.s -2 . The model we use is thus a simple pendulum modeled with a second order low-pass filter with the resonant frequency f p = 0.6 Hz, a quality factor Q p = 1000 and a normalized static gain 1 G s = 1 µm/V. Its expression can be written as:

A mir mech (f ) = G s 1 + j Qp f fp -f fp 2 (3.6)
When a force is applied on such a system with a frequency below the resonance, the simple pendulum acts has an amplifier of the force with a quasi-constant gain on this frequency band. The resulting motion is in phase with the force. Then, close to the resonant frequency, the gain grows quickly and reaches a maximum at the resonance. Above the resonant frequency, the motion is in phase opposition with the force and it is attenuated proportionally to f -2 . Figure 3.5 shows the comparison between the realistic model and the simple pendulum ACTUATORS approximation. The simple pendulum approximation describes well the f -2 response above a few Hz within better than 0.1%. The normalization factor is one of the parameter measured in the calibration procedure. The ratio in gain between the two models is quasi-constant within better than 0.1% and has to be corrected by a normalization factor. The difference in phase is quasi-flat above 10 Hz within better than 1 mrad.

Marionetta actuators

The marionette is also suspended to the filter F7 and its oscillation is also damped in f -2 . As a result, the actuator of the marionette induces an oscillation to the suspended mirror in f -4 . The mechanical response of the marionette actuator is given in Figure 3.6. 

Approximation

For the same reason as for the mirror actuator mechanical response, we do not use the above mechanical model. The response has been approximated by a series of two simple pendula modeled as two second order low-pass filters with the same parameters as for the mirror actuators, f p = 0.6 Hz, Q p = 1000 and G s = 1 µm/V. The mechanical part of the marionette actuator can thus be written as:

A mar mech (f ) = G s    1 1 + j Qp f fp -f fp 2    2 (3.7)
Figure 3.7 shows the comparison between both models. Above a few Hz, the approximation of the mechanical response matches the attenuation in f -4 within better than 0.2%. The ratio in gain between the two models is quasi-constant within better than 0.2% and has to be corrected by a normalization factor. The difference in phase is quasi-flat above 10 Hz within better than 3 mrad.

Total actuation response of the mirror and marionetta actuators

The total actuation responses of the mirrors and marionetta given by Eq. 3.2 has to be derived in [m/V] and can be completely expressed as (for f ≥ 10 Hz):

A mir (f ) = G mir mech 1 1 + j Qp f fp -f fp 2 × G elec 1 1 + j f f elec e -j2πτ d (3.8) A mar (f ) = G mar mech    1 1 + j Qp f fp -f fp 2    2 × G elec 1 1 + j f f elec e -j2πτ d (3.9)
with G mir/mar mech the mechanical gains in [m/N] and G elec = G elec N coils α a gain in [N/V] with N coils the number of coils attached to the mirror or the marionette, α the coil-magnet coupling of one coil-magnet pair 2 in [N/A] and G elec = G DSP Rtot the electronic gain in [Ω -1 ]. The ACTUATORS actuators response are then in [m/V] and all the values of the parameters can be found in Table 3.2.

One can note that since the models used for the mechanical parts are approximations that we use above 10 Hz for calibration, the static gains G mir/mar mech cannot be precisely estimated with the standard formula for a pendulum: One can still estimate the gain for any frequency above 10 Hz using the following approximation of Eq. 3.8:

A mir (f ) = -1 M mir (2πf ) 2 × G elec 1 1 + j f f elec e -j2πτ d (3.11)
The expected gains of the mirrors actuators response at f = 100 Hz using Eq. 3.11 can be found in Table 3 Table 3.2: Summary of the parameters of the mirrors and marionetta actuators. The expected gain of the actuators responses at 100 Hz is also given. The selected modes for NE, WE, BS and PR are the ones used when AdV is locked on its working point. The HP mode of NI and WI is used for calibration purpose. The actuator response of BS mirror is enhanced by a factor √ 2 to take into account the effect of a displacement of BS mirror on the length from BS to NI.

.2. MIR Mode M [kg] l w [m] α [N/A] N coils f elec [Hz] G elec [Ω -1 ] A mir (100 Hz) [m/V] NI
MAR Mode M [kg] l w [m] α [N/A] N coils f p [Hz] G elec [Ω -1 ] A mar (> 10 
Above 10 Hz, the electromagnetic actuators response can be estimated from the nominal values of the series resistance, coil inductance, coil magnet coupling factors, etc... However, such estimation is limited by the precision of the different parameters (a few %) and would assume a perfect compensation of the analog filter shape by the DSP shaping filters and also a perfect balancing of the 2 or 4 coils used for the longitudinal controls.

An important goal of the AdV calibration is to measure the EM actuators response (within ∼ 1%) using different techniques and monitor their stability in time to estimate sources of systematic uncertainties. 

Radiation pressure using an auxiliary laser

The photon calibrator is made of one auxiliary laser hitting the center of an AdV suspended mirror to induce a displacement of the mirror by radiation pressure. The schematic is shown on In order to know the displacement ∆x induced on the mirror, the force applied on this mirror has to be derived. Let's consider an auxiliary laser beam hitting the center of a suspended mirror of AdV. A flux of photons dN dt is emitted by the laser and each photon carries an energy E and travels at the light speed c with an incident direction --→ n inc making an angle θ with the mirror's normal -→ n . The momentum for a given photon is thus:

- → p p = E c --→ n inc (3.12)
A reflected photon transfers the following momentum to the mirror by radiation pressure:

-→ p m = 2 cos(θ) E ref c - → n (3.13)
with E ref = E the reflected photon energy.

Over the dN photons emitted by the laser, only dN ref are reflected by the mirror and contribute to the total momentum of the mirror projected on n:

dp m = 2 cos(θ) E c • dN ref (3.14) ACTUATORS
The force applied on the mirror is thus derived as:

F = dp m dt = 2 cos(θ) E c • dN ref dt (3.15)
It can then be written in terms of laser power reflected by the mirror using the relation

P ref = E • dN ref dt : F = dp m dt = 2 cos(θ) c P ref (3.16)
Since the mirror of mass M = 42.3 kg is suspended with monolithic wires of length l w = 0.7 m, the position x pend follows a driven harmonic oscillator with F the driving force3 . Using the framework of frequency analysis, the mechanical response for this simple pendulum can be written in complex terms as:

H pend (f ) = G p 1 + j Qp f fp -f fp 2 (3.17)
with G p the static gain, f p the resonance and Q p the quality factor. In AdV, the gain

G p = lw M •g = 1.
69 × 10 -3 kg -1 s 2 is the inverted stiffness coming from the reaction of the suspension wires onto the mirror with respect to the gravity field, the resonance f p = 0.6 Hz and the quality factor Q p = 1000.

The emitted laser power is modulated with an amplitude P m at a frequency f around a mean value P 0 such that:

P (t) = P 0 + P m sin(2πf t) = P 0 + ∆P (t) (3.18)
Thus we can write the time dependent part of the force:

∆F (t) = 2 cos(θ) c ∆P (t) (3.19)
Then the oscillation of the mirror follows as:

∆x pend (f ) = H pend • ∆F (f ) = G p 1 + j Qp f fp -f fp 2 • ∆F (f ) (3.20)
As the PCal will be used with modulation frequency f ≥ 10 Hz, one can do the approximation f f p . Thus Eq. 3.20 can be written as:

∆x pend (f ) = - 1 M ∆F (f ) (2πf ) 2 = - 1 M 2 cos(θ) c ∆P ref (f ) (2πf ) 2 (3.21)
The displacement of the suspended mirror linearly depends on the power reflected by the end mirror and is filtered by the pendulum response of the suspended mirror as 1/f 2 .

Modal decomposition of the PCal mechanical response

Eq. 3.21 is true only if we assume a non deformable mirror but it is not the case in reality as it has been demonstrated in [START_REF] Hild | Photon-pressure-induced test mass deformation in gravitational-wave detectors[END_REF]. The laser beam of the PCal induces local deformations of the surface of the mirror that can be described as a sum of internal modes excitation of the mirror. A complete model of the mechanical response would be to decompose the total effective displacement of the mirror as the sum of a simple pendulum and the effective displacement due to the internal modes of the mirror:

∆x tot = ∆x pend + k ∆x mod,k (3.22) 
The coupling of the force to an internal mode is given by the harmonic oscillator model with the same expression as in Eq. 3.17. For a given internal mode with resonant frequency at f k , when a force is applied at a frequency f f k , the mirror surface moves in phase with the force and with an amplitude mainly independent of f . When a force is applied at a frequency f f k the mirror surface moves in phase opposition with the force and with an amplitude

decreasing as f k f 2
. The maximum displacement of the mirror happens when f = f k . In practice the laser beam is hitting the center of the mirror, thus the butterfly modes should not be excited since this location is a node for those internal modes. However, it is an antinode for the axisymmetric drum modes and the expression of the effective displacement due to these modes can be written as:

∆x drum,tot = H drum,k • ∆F = k G d,k 1 + j Q d,k f f d,k -f f d,k 2 • ∆F (3.23)
where the transfer function H drum,k is modeled as a one-dimensional harmonic oscillator.

The PCal can be used to calibrate AdV, and in particular the EM actuators response from 10 Hz to 1.3 kHz. In practice, in this range of frequency, the displacement of the mirror induced by the PCal is estimated only considering the first resonant drum mode around f d = 7813 Hz which is the dominant mode for the low frequency:

∆x drum = H drum • ∆F = G d 1 + j Q d f f d -f f d 2 • ∆F (3.24)
The total effective displacement of the mirror which is thus considered is:

∆x tot = ∆x pend + ∆x drum (3.25)
and it is illustrated in Figure 3.9. A notch is induced at the frequency f n where the responses H pend and H drum have the same amplitude since the two displacements are in phase opposition (H pend has phase π since f f p and H drum has a null phase since f f d ).

One of the main activities of my Ph.D work has been to precisely calibrate the PCal actuator response itself before calibrating AdV with the PCal detailed in the following chapters. Moreover, in order to verify the reconstruction of h(t) at high frequency (f ≥ 2 kHz), one needs to consider the high order resonant drum modes starting to affect the effective displacement of the mirror as described in Chapter 8. ACTUATORS Figure 3.9: Model of the mechanical response used for the PCal actuation. This is the complex sum of the simple pendulum response and the elastic deformations with the drum mode resonance. There is a notch around 2050 Hz due to the phase opposition and the equal amplitudes of the local deformation of the mirror and of the motion of the pendulum.

The Newtonian Calibrator (NCal)

The first prototype of a Newtonian Calibrator has been tested on AdV after the O2 run and the details about the working principle and the results of consistency with another calibration method to estimate the uncertainty on h(t) have been published in [START_REF] Estevez | First tests of a newtonian calibrator on an interferometric gravitational wave detector[END_REF].

Variations of the local gravitational field

The Newtonian Calibrator is composed of a rotor and two rotating masses which induce variations of the local gravitational field to put a suspended end mirror into motion. The schematic of this setup is shown in Figure 3.10. The mirror is considered as a point-like object of mass M located at the center of mass of the mirror. The center of mass of the rotor is located at a distance d and the two rotating masses are spaced by 2r. We assume that M 1 and M 2 have the same mass m. The angle of rotation between M 1 and the x axis is θ. Φ and z are respectively the angular and the position offsets of the rotor with respect to the mirror.

On-axis

In this paragraph we consider the "on-axis" scenario with Φ = 0 and z = 0. The position of the mass M 1 is defined by the following coordinates:

M 1 =   x y z   =   d + r cos(θ) r sin(θ) 0  
We call D the distance from the center of mass of the mirror to one rotating mass:

D(x, y, z) = x 2 + y 2 + z 2 = (d + r cos(θ)) 2 + (r sin(θ)) 2 1/2 (3.26) ACTUATORS
The gravitational potential U is thus:

U (x, y, z) = - GM m D(x, y, z) (3.27)
The force is the derivative of the gravitational potential, therefore the longitudinal force applied on the mirror along the x axis is:

F 1x = ∂ x U (x, y, z) = ∂ x -GM m D = GM mx (x 2 + y 2 ) 3/2 = GM m(d + r cos(θ)) (d + r cos(θ)) 2 + (r sin(θ)) 2 -3/2 = GM m d 2 ((1 + cos(θ)) 1 + cos(θ)) 2 + ( sin(θ)) 2 -3/2 = GM m d 2 ((1 + cos(θ)) 1 + 2 cos(θ) + 2 -3/2 (3.28) with = r d
1 Doing a second order Taylor expansion of F 1x in , Eq. 3.28 becomes:

F 1x ≈ GM m d 2 (1 + cos(θ)) 1 - 3 2 (2 cos(θ) + 2 ) + 15 8 (2 cos(θ) + 2 ) 2 ≈ GM m d 2 1 -2 cos(θ) - 3 2 2 + 9 2 2 cos 2 (θ) (3.29)
Using similar calculation for the mass

M 2 =   d -r cos(θ) -r sin(θ) 0   , one gets F 2x : F 2x ≈ GM m d 2 1 + 2 cos(θ) - 3 2 2 + 9 2 2 cos 2 (θ) (3.30) 
The total induced force on the x axis is then:

F x = F 1x + F 2x = GM m d 2 (1 -3 2 + 9 2 cos 2 (θ)) (3.31)
Considering only the force depending on the rotor angle θ one can derive:

F (θ) = GM m d 2 (9 2 cos 2 (θ)) = 9 2 GM mr 2 d 4 (cos(2θ)) (3.32)
One can notice that when the masses are rotating at a frequency f r , the time dependent force 4 which displaces the mirror acts at twice this frequency f h = 2f r .

For frequencies well above the resonance of the mirror suspension, the displacement of the mirror is given by:

∆x ncal (θ, f h ) = F (θ) M (2πf h ) 2 (3.33)
The amplitude of this displacement can thus be written as:

α h (f h ) = RP f 2 h (3.34) with R = Gmr 2 8π 2 (3.35) and P = 9 d 4 (3.36)
It is interesting to notice that in the case where the NCal rotor is not oriented in the plane (x,y) of the interferometer anymore but has been turned with a rotation of π/2 around the x axis (the rotor is in the (x,z) plane) the new coordinates are:

M 1 =   x y z   =   d + r cos(θ) 0 r sin(θ)   and M 2 =   d -r cos(θ) 0 -r sin(θ)  
and the amplitude of the displacement is unchanged.

The NCal could also be turned "face-on" with the rotor operating in a plane parallel to the surface of the mirror and the masses would have new coordinates:

M 1 =   x y z   =   d r cos(θ) r sin(θ)   and M 2 =   d -r cos(θ) -r sin(θ)  
In this case there is no time dependent longitudinal force on the x axis and the amplitude of the displacement is null.

Off-axis

All the above calculations are made considering the NCal in an "on-axis" scenario (Φ = 0 and z = 0). More general "off-axis" calculations with non zero offsets are detailed in Appendix B. We only give here the final expression of the P parameter for three different scenarios since it is proportional to the amplitude of the mirror displacement and only depends on the rotor position. We define the dimensionless quantity

Z = 1 + z d 2 .
1. The NCal rotor is parallel to the interferometer plane as in Figure 3.10 but with Φ = 0 and z = 0:

P = ( 15 Z -6) 2 cos 2 (Φ) + 36 sin 2 (Φ) 1/2 Z -5/2 d -4 (3.37)
2. The NCal rotor has been rotated by π/2 around the x axis and Φ = 0, z = 0:

P = (45 + 36Z) 1/2 cos(Φ)Z -5/2 d -4 (3.38) ACTUATORS
3. The NCal rotor has been turned "face-on" and Φ = 0, z = 0:

P = ( 15 Z (1 -Z)) 2 cos 2 (Φ) + 36(Z -1) sin 2 (Φ) 1/2 Z -5/2 d -4 (3.39)
Figure 3.11 shows the evolution of the P parameter as a function of Φ and Z for the three cases mentioned above. The values of Φ are restricted by symmetry considerations from 0 to π 2 and we limit the offset z to be lower than d 2 which restricts the Z parameter from 1 to 5 4 .

The conclusion is that Scenario 1 and 2 are quite similar for small offsets of z and Φ which could account for systematic uncertainties that one can draw for the NCal. Scenario 3 could be useful to check other sources of systematic uncertainties and see if there are any couplings with different parts of the interferometer. This configuration should not induce any signal on the mirror at twice the rotation frequency of the rotor (or a very small amplitude depending on the position).

One NCal has been installed before O3 and I participated to some tests and measurements.

A few dedicated measurements have been taken only from October 2019 and during O3b. The analysis of this data is not part of my Ph.D work but the first comparison of PCal and NCal data is summarized in Chapter 8.

Figure 3.11: P parameter evolution with Φ ∈ [0, π 2 ] and Z ∈ [1, 5 4 ] for three different scenarios. The colorbars have been fixed from 0 to the maximum value of Scenario 1 with d = 2 m to better see the differences between the three cases. Scenario 1: The NCal is in the interferometer plane. P is maximum for "on-axis" parameters and it can be noticed that when Z = 5 4 , which means z = d 2 , P is independent of Φ. It is also interesting to note that when Φ = π 2 and Z = 1 the signal is still 2 3 of the maximum amplitude. Scenario 2: The NCal has been rotated by π/2 around the x axis. P is maximum for "on-axis" parameters and becomes null independently of Z when Φ = π 2 . Scenario 3: The NCal has been turned "face-on" or parallel to the mirror. P is null for "on-axis" parameters and remains null while Z = 1. When Φ and Z vary, the amplitude of the mirror displacement remains small and becomes independent of Φ when Z = 5 4 .
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CHAPTER 4. CALIBRATION AND RECONSTRUCTION OF THE GRAVITATIONAL WAVE SIGNAL H(T ) OF ADVANCED VIRGO DURING O2

Objectives

The main goal of the Advanced Virgo calibration is to reconstruct the gravitational detector strain h(t) from the measured data of the detector. It is defined as [START_REF] Reilly | Convention for the sign of the calibration[END_REF]:

h(t) = L N -L W L 0 (4.1)
with L 0 = 3000 m and L N and L W the North and West Fabry-Perot cavity length respectively1 . From this definition, h(t) is linearly linked to the differential arm length (DARM) degree of freedom described in Chapter 2. Since the interferometor is locked on a dark fringe with many feedback control loops, a gravitational wave passing through the interferometer cannot be detected using only the dark fringe signal. The reconstruction of h(t) used in AdV is based on subtracting the longitudinal controls applied on the mirrors and marionetta from the dark fringe signal corrected by the optical response of the interferometer so that the final output corresponds to a freely moving interferometer. In order to do this reconstruction properly, the actuation response of the mirrors and marionetta in [m/V] have to be precisely calibrated so that the longitudinal displacement of a test mass in meter is well known for a given voltage applied on the coil drivers of the actuators and at a given absolute GPS time. Also the sensing part (photodiode readout) has to be calibrated.

This chapter is a summary of the AdV calibration and reconstruction of the gravitational wave signal h(t) performed during O2 (August 2017) to which I contributed and that we published in [START_REF] Acernese | Calibration of Advanced Virgo and Reconstruction of the gravitational wave signal h(t) during the observing run O2[END_REF]. Specific calibration data were taken a few days before Virgo joined the O2 run, every Tuesday during the run (about two hours of calibration each week), and finally during a measurement campaign over several days performed just after the end of O2. The results presented below are extracted from the whole dataset.

More details about the photon calibrators, the calibration strategy, and the verification of the reconstruction of h(t) are given from Chapter 5 to 8 focusing on the observing run O3.

Advanced Virgo timing distribution and photodiode sensing

Timing distribution

The photodiode readout (sensing part of the control loop) is paced by a timing distribution system slaved to a main GPS receiver. As mentionned in Chapter 2, this receiver provides a GPS timestamp and a clock distributed to all the digital electronic devices (ADC, DAC, real-time PCs, DSP boards, ...) to enslave their local clock and to time the data. The 1 PPS of the IRIG-B signal provided by the GPS receiver is trusted to be the absolute GPS time. However, a check of the absolute timing has been done anyway by comparing the 1 PPS clock signal of the current GPS receiver, already used for Virgo+ in 2009, with the 1 PPS of the initial Virgo GPS receiver [START_REF] Rolland | Stability of the timing system during VSR2. Virgo Internal Note[END_REF]. No offset between the two systems was found within uncertainties of 4 µs. In addition, the Virgo clock has been compared to a clock provided by an independent atomic clock [START_REF] Estevez | Check of the DAQ timing during O2. Virgo Internal Note[END_REF]. The atomic clock being free, it is expected to drift2 . A linear drift has been estimated over five days in September 2017, after O2, and is assumed to have been the same during O2. After removing this linear drift, the relative variations of the Virgo clock compared to the atomic clock were below 13 µs during O2. Note that part of such variations may still come from the atomic clock whose drift is not expected to be perfectly linear.

Photodiode sensing

The sensing chain of the AdV photodiodes is shown in the Figure 4.1. It is the same for the B1 and B1p photodiodes: B1 photodiodes are the main dark fringe photodiodes looking at the DC signal after the OMCs in Science mode, and B1p photodiodes looking at a pickoff of this beam before the OMCs.

B1p is used to calibrate the actuator in Free Swinging Michelson as described in section 4.2.1. The photodiode output is split into three signals in the pre-amplifier: the DC signal from DC to 10 kHz, the less noisy Audio signal from 5 Hz to 100 kHz and the RF signal from 1 MHz to ∼ 100 MHz. At the end of the chain, the DC and Audio channels are blended together into a new Blended channel, using the Audio channel as main channel (i.e. the phase of the Blended channel is the same as the phase of the Audio channel above a few tens of hertz).

In Science mode, the main dark fringe signal is the Blended channel of B1 photodiode.

For the actuator calibration in Free Swinging Michelson, the DC channel of the B1p photodiode is used (instead of the Blended channel since the Audio channel saturates during the measurements). The ADC channels that aquire the DC and Audio channels are made of:

• a 5th order Butterworth analog filter3 with a cut-off at 80 kHz

• the ADC chip itself, that samples the input signal at 1 MHz (it is possible to send the raw 1 MHz sampled data to the DAQ directly) GRAVITATIONAL WAVE SIGNAL H(T ) OF ADVANCED VIRGO DURING O2

• a DSP that processes low-pass filtering (8th order Butterwoth) and decimation down to 100 kHz

• the output channels are sent to a real-time PC where they are further processed by the Acl software whose is running at 10 kHz:

the 100 kHz Audio channel is read and sent to the DAQ without any processing in parallel, both channels are also low-pass filtered and decimated down to 20 kHz, and sent to the DAQ.

The sensing chain response is flat in modulus in the 10 Hz-10 kHz range, but the different steps add delays to be estimated.

Using the clock signal from the main GPS receiver sent through a LED in front of the output photodiodes and recording the signals at 1 MHz, we have measured the position of the 1 PPS of the clock in the Virgo data. The measured delay of the sensing chain (140 ± 3 µs) was in agreement with the expected value (142 ± 1 µs).

From the uncertainties on the Virgo GPS absolute timing (∼ 13 µs) and on the photodiode readout chain delay (∼ 3 µs), we have estimated a conservative systematic uncertainty of 20 µs on the absolute timing of the main output signal of the interferometer E.

Calibration of Advanced Virgo

The electromagnetic actuators used in Science mode to drive the mirrors and marionetta described in Chapter 3 need to be calibrated in order to reconstruct the gravitational wave signal. The main problematic is to find a configuration of the interferometer in which we are able to measure the displacement of a mirror from the photodiodes signals. During O2, the calibration of the actuators was based on the Free Swinging Michelson technique described below.

Calibration of the BS, NI and WI mirror actuators based on Free Swinging Michelson

The AdV O2 calibration relies on several length references used in sequence. In this configuration, from the interference fringes passing through the output photodiode, the differential arm length ∆L(t) is measured using a non-linear reconstruction that has been described in [START_REF] Accadia | Calibration and sensitivity of the virgo detector during its second science run[END_REF]. Applying known excitations to the mirror actuators and looking at their effect on the reconstructed ∆L, we can estimate the NI, WI and BS mirror actuator responses in [m/V].

The non-linear reconstruction method described in notes [START_REF] Marion | Mirror motion reconstruction for Free Swinging Michelson data[END_REF] and [START_REF] Bonnand | Free Michelson calibration for Advanced Virgo. Virgo Internal Note[END_REF] The blue line represents the sensitivity of the measurements: above 50 Hz, the sensitivity is dominated by the photodiode readout noise. The green line shows an example when some sinusoidal excitations were applied to the different mirror actuators: the applied excitations have signal-to-noise ratio of the order of few hundred up to 400 Hz. The actuators response can be decomposed into two parts as seen in Chapter 3: the pendulum mechanical response and the electronic response. All the mirrors that needs to be calibrated are suspended to a chain of anti-seismic suspension whose last stage can be modeled, in the frequency range of interest, as a simple pendulum (a complex pole at f pend = 0.6 Hz with a quality factor Q = 1000, following a simple 1/f 2 behavior above 10 Hz). During O2, the normalisation by the pendulum mechanical response was introducing some small systematic uncertainties that has been fixed for the O3 calibration. The normalisation was done by the pendulum response taken at the frequency which was the center of the transfer function bin. This frequency was not exactly the frequency of the injected line. The last digits of the injected line frequencies were * .27 and * .77, while, for the frequencies used to normalized the transfer functions, they were * .25 and * .75. This gave a 0.4% bias at 10 Hz, which decreased at high frequencies (0.04% bias at 100 Hz). The effect on the phase was negligible (∼ 10 -7 rad at 10 Hz).

After averaging all the data, the statistical plus systematic uncertainties of the fitted data for BS, NI and WI mirror actuator responses are reported in Table 4.1.

Calibration of the NE and WE mirror actuators

Compared to initial Virgo, it is no more possible to directly calibrate the NE and WE mirror actuators with the Free Swinging Michelson technique, using asymmetric Michelson configurations, because the sensitivity for this measurement is reduced due to the lower transmittivity of the input mirrors and because the NE and WE actuators dynamics has been limited to only a Low Noise operation.

The method therefore uses the NI and WI mirror actuator responses, A in , as the reference to measure the NE and WE mirror actuator responses A end . With the full interferometer locked, one can compare the effect of known motions of the NI and WI mirrors on the dark fringe power to the effect of the known excitations of the NE and WE mirrors. This comparison, that we call calibration transfer, allows to estimate the NE and WE mirror actuator responses.

We can compute the transfer functions T F in = E/Cal zC in and T F end = E/Cal zC end between the dark fringe signal E and Cal zC in,end the excitations injected on input or end mirrors of the arm cavities. We can then extract the end mirror actuators response A end as:

A end = A in × T F end T F in × R IT F,in R IT F,end (4.2) 
where R IT F,in and R IT F,end are the interferometer optical response to the input and end mirrors motions (the responses are almost the same, but with a 0.37% difference in modulus and 10 µs difference in phase [START_REF] Estevez | Advanced Virgo Calibration for O2: update for h(t) reconstruction reprocessing V1O2Repro2A. Virgo Internal Note[END_REF]). 

Calibration of the BS, NE and WE marionetta actuators

The same transfer method is used in order to measure the marionetta actuator response.

We compare the effect, on the dark fringe power, of a known mirror excitation motion to the effect of a known marionette actuator excitation. The marionetta actuation response has been measured between 10 Hz and 200 Hz. Figures 4.9 The statistical plus systematic uncertainties for NE and WE marionette actuator responses are reported in Table 4.2. More details on this part of the calibration can be found in [START_REF] Estevez | Advanced Virgo Calibration for O2: photodiode sensing and mirror and marionette actuator responses[END_REF]. 

Calibration of the PR mirror actuator

A similar transfer method is applied to measure the power-recycling mirror (PR) actuation response. It uses the cavity made of the PR and WI mirrors, using BS as a folding mirror, to compare the effect, on the photodiode error signal used in the control loop, of the known WI motion to the effect of a known PR actuator excitation. The PR actuation response has been measured between 10 Hz and 500 Hz. Figure 4.12 shows the normalized PR mirror actuator responses that have been measured up to 700 Hz. the actuator response is well-modeled between 10 Hz and 400 Hz.

The statistical and systematic uncertainties for the PR mirror actuator response are given in Table 4.1. More details on this part of the calibration can be found in [START_REF] Estevez | Advanced Virgo Calibration for O2: photodiode sensing and mirror and marionette actuator responses[END_REF]. 

Uncertainties estimation

Each step of the calibration procedure contributes to the uncertainties in amplitude and phase of the actuator responses. Tables 4.1 and 4.2 give the total uncertainties for each actuators response (mirrors and marionettes respectively) and the breakdown of the various contributions. The first line gives the statistical uncertainties estimated after all the measurements have been combined together to get the actuator response data and fit. The systematic uncertainties are given in the following lines. For each step, data taken at different times have been averaged together. However, for some of them, small time variations have been found: they are reported in the three next lines for the corresponding steps (either the initial measurement of the WE, PR mirror or marionettes). We found that, when normalizing the measured data by the simple pendulum model, some bias was introduced by using the frequency of the Fourier transform bin center, which was not exactly the injected frequency. This bias on the modulus, that decreases when the frequency increases, is also reported. Finally, the uncertainty estimated on the photodiode readout timing is given. The last lines of the tables summarize the total uncertainties obtained on the different actuator models and their validity range.

For NE and WE mirrors, a main source of uncertainty is the statistical error, mainly coming from the calibration transfers (see Chapter 7 for more details). Another main source of uncertainty on the modulus comes from the systematics due to the variation in time of the actuators response measured in the Free Swinging Michelson configuration.

We will see in Chapter 7 that the new strategy of calibration with the photon calibrators implemented for O3 reduces the uncertainties for NE and WE actuators. GRAVITATIONAL WAVE SIGNAL H(T ) OF ADVANCED VIRGO DURING O2

Reconstruction of the gravitational wave signal

Once the sensing chain and the control loop actuators are calibrated, we can reconstruct the gravitational wave signal h(t). In this section, we report the principle of the h(t) reconstruction, the main method used to estimate the systematic uncertainties and some consistency checks we performed. Finally, the systematic uncertainties obtained for the online h(t) version and for the two post-O2 reprocessings are summarized. More details can be found in the Virgo notes [START_REF] Estevez | V1O2Repro1A h(t) reprocessing for Virgo O2 data. Virgo Internal Note[END_REF] [56].

Principle of the reconstruction algorithm

The definition of h(t) has been given in Eq. 4.1. To reconstruct h(t), we remove from the dark fringe signal the contributions of the control signals by subtracting the corrections applied to the mirrors and we correct for the interferometer optical transfer function [START_REF] Accadia | Reconstruction of the gravitational wave signal h(t) during the Virgo science runs and independent validation with a photon calibrator[END_REF]. A diagram of the reconstruction algorithm is shown in Figure 4.13.

This procedure does not correct the effect of control loops by applying a transfer function, but by subtracting their contributions. Therefore, some of the residual control signals, like the calibration lines (periodic excitations applied to the mirrors) are removed or reduced using this method.

We The dark fringe signal in the frequency domain can thus be written as:

E(f ) = S(f ) i O i (f ) • (∆L mir,i (f ) + ∆L mar,i (f )) + O IT F (f ) • h(f ) • L 0 (4.3)
It follows:

h(f ) = 1 O IT F (f ) • L 0 E(f ) S(f ) - i O i (f ) • (∆L mir,i (f ) + ∆L mar,i (f )) (4.4)
Each of the optical responses O i/IT F are approximated as being a simple pole transfer function that can be written as a product of a scaling factor called the optical gain and a complex part only depending on the frequency called the pole:

O i/IT F (f ) = G i/IT F • O p (f ) = G i/IT F • 1 1 + j f fp (4.5) with f p = c
4F L 0 the pole frequency and F the finesse of the interferometer. It is thus possible to rewrite Eq. 4.4 as:

h(f ) = 1 G IT F • L 0 E(f ) S(f ) • O p (f ) - i G i • (∆L mir,i (f ) + ∆L mar,i (f )) (4.6) ε(f)f))
Correct by the sensing of) the photodiodes and the simple pole approximation of) the optical response of) the ITF The inputs of the reconstruction algorithm are the measured dark fringe photodiode channel E and the correction channels Sc zC mir/mar,i . The measured dark fringe is first corrected for the transfer function of the photodiode readout S and by the optical cavity pole of the interferometer O p . Then, all the contributions of the longitudinal control signals are subtracted using the correction channels multiplied by the calibrated mirror or marionette actuators A mir/mar i and the optical gain of the considered optical cavity G i . From this, it is possible to extract the reconstructed strain h(f ) by correcting for the optical gain of the interferometer G IT F = 0.5 × (G N E + G W E ) and by normalizing with the nominal length of the arms made by the Fabry-Perot cavities L 0 .

[S(f)f)).O p (f)f))] -1 - - - - - - -
As in initial Virgo, during O2 the computation was done in the frequency domain using Fast Fourier Transforms (FFTs) of 20 s with 10 s overlap. The processing being done in the frequency domain, inverse FFTs are used to obtain, in the time domain, the final h(t) channel provided at both 20000 Hz and 16384 Hz sampling frequencies.

Online monitoring of the optical responses

The optical responses of the cavities and the optical response of the interferometer have to be monitored online because the finesses and the optical gains are varying in time due to various factors; the interferometer alignment for instance. In order to monitor those variations, four calibration lines applied as Cal zC mir,i are sent to the suspended mirrors 4 . Those calibration lines are sine wave excitations at a fixed frequency f i , one per mirror actuator, which are used to solve a system of four complex equations with four complex unknowns to compute the optical gains and the finesses of the cavities. The frequencies of the calibration lines are 61.5 Hz, 62.5 Hz, 61.0 Hz and 63.0 Hz respectively applied on WE, NE, BS and PR mirrors 5 . Those frequencies have been chosen to be close to the expected value of the pole frequency of the optical responses at 55.5 Hz to be the most sensitive to small variations in time of the pole frequency. The SNR of the frequency lines f i (with i = 0, 1, 2, 3) is high enough (∼ 100) to consider the dark fringe signal to be written as:

E(f i ) = S(f i ) k O k (f i )∆L k (f i ) (4.7)
where the sum is over NE, WE, BS and PR mirrors,

∆L k (f i ) = A k (f i )Sc zC k (f i ) with A k the actuator response of the k mirror and Sc zC k the longitudinal control signal sent to the k mirror, O k (f i ) = G k (f i ) 1+j f i f k
is the complex unknown. In practice the reconstruction algorithm solves the system for the complex unknown amplitude and equal to 0 rad in phase. Since O k slightly varies in time, it is not exactly the same optical response as O ref and the solutions of the complex system can be given in terms of a gain deviation:

X k (f i ) = O k (f i ) O ref (f i ) using: E(f i ) S(f i ) • O ref (f i ) = k A k (f i )Sc zC k (f i )X k (f i ) (4.8) with O ref (f i ) = G ref • 1 1+j f i f ref
δG k = X k (f i ) (4.9)
and a phase deviation satisfying:

tan(δφ k ) = Im X k (f i ) Re X k (f i ) (4.10)
The optical gains G k of the cavities are thus given by:

G k = G ref • δG k (4.11)
Using the phase of O ref given by the following relation:

tan(φ ref ) = f i f ref (4.12)
and assuming that a phase deviation δφ k is only due to a pole frequency shift δf k such that

f k = f ref + δf k ,
it is possible to extract the pole frequencies of the cavities f k using:

tan(φ ref + δφ k ) = f i f ref + δf k = f i f k (4.13)
Then it gives:

f k = f i tan(φ ref + δφ k ) (4.14)
The reconstruction algorithm is an iterative process that solves the complex system and corrects online the four optical responses of the cavities every 10 s. The new optical responses at a given iteration are thus:

O k,new = O ref • X k (4.15)
The gain and the pole frequency of the optical response of the interferometer O ref are adjusted at each iteration such that:

G new = 1 2 (G N E + G W E ) (4.16
)

f new = 1 2 (f N E + f W E ) (4.17)
This gives a new optical response for the interferometer which in turns replace O ref at the next iteration:

O new (f ) = G new 1 + j f fnew (4.18)
The online monitoring of the optical gain and finesse of the West Fabry-Perot cavity of AdV during O2 are shown in Figures 4. [START_REF] Pian | Spectroscopic identification of r-process nucleosynthesis in a double neutron-star merger[END_REF] 

Noise subtraction

A part of the algorithm have been developed after O2 to subtract the noise that couples to h(t) and can be estimated from witness channels. It was thus possible to subtract offline the laser frequency noise from h(t) during the reprocessings. Indeed, it arose that frequency noise was still present in the dark fringe signal during O2 and could be subtracted since it was also present in an auxiliary monitoring channel. First, the transfer function from the frequency noise to h(t) is computed and assumed constant over a certain time defined in 4.3.2. Then, the frequency noise contribution, estimated from the auxiliary monitoring channel and the transfer function, is subtracted from h(t).

Three versions of h(t)

The Online h(t) processing used the pre-O2 calibration models for the photodiode readout and the actuator responses. The optical response of the interferometer was approximated by a simple pole characterized by the Fabry-Perot cavity finesse. The Online version used a fixed value of the finesse set to 455, the value measured in 2016 with an error of ±5%.

For the first reprocessing of h(t) (V1O2Repro1A), the three main changes have been to use the post-O2 improved actuation calibration models based on the whole calibration dataset, to correct for a timing bias6 of 116 µs and to subtract the frequency noise. For this reprocessing, the transfer function from frequency noise to h(t) has been fit to the measurements and kept fixed for all the O2 data. In addition, some improvements have been done in the reconstruction code to reduce some glitches due to communication issues in the control signals that were found to happen during O2.

Finally, for the second reprocessing of h(t) (V1O2Repro2A), small adjustements of the calibration models were made (fix a bias of 0.37% in the modulus of the end mirrors, and add 10 µs in the interferometer optical response to the end mirror motions). The main modifications made on h(t) processing have been:

• adapt the frequency noise subtraction transfer function every 500 s, monitor the coupling of the frequency noise to h(t),

• monitor and adjust the cavity finesse every 10 s.

As an additional improvement, the reconstructed strain has been less sensitive to glitches by using median values instead of average values for the optical gain and finesse. Most of the results shown hereafter are computed from this V1O2Repro2A version. 

Uncertainty budget

To estimate the uncertainty on h(t), including the possible bias of the reconstruction procedure, we have compared the reconstructed signal h rec to a calibrated h inj signal injected into the detector with the mirror electromagnetic actuators. Figure 4.17 shows the amplitude and the phase of the transfer function h rec /h inj where the coherence between both signals was higher than 0.95. Below 700 Hz, the comparison of h rec and h inj is within ±4% in amplitude and ±35 mrad in phase, as shown by the red lines in the figure. In addition, the systematic uncertainty on the actuator model used to determine the reference h inj signal is 1.1% in amplitude and 5 mrad in phase, and the systematic uncertainty on the timing is 20 µs as reported in Table 4.1. Due to the limited dynamic of the actuators, this method only applies up to 700 Hz. However the interferometer is basically kept free at high frequency since the contribution of the control signals amounts to only 4% of the dark fringe signal at 700 Hz and goes down at higher frequencies. Therefore, at high frequency, the h rec signal is just the dark fringe signal corrected by the cavity response and the photodiode electronic chain response.

As an additional check, the shot noise level has been measured at high frequency as the difference between the power measured by the two dark fringe photodiodes [START_REF] Estevez | V1O2Repro2A h(t) reprocessing for Virgo O2 data. Virgo Internal Note[END_REF]. As expected, it is flat, confirming that the bias introduced by the readout chain, and therefore the h(t) uncertainty, is less than 4%.
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The h(t) reconstruction is thus valid from 10 Hz up to the Nyquist frequency 8192 Hz (for the h(t) channel sampled at 16384 kHz). The systematic uncertainty on the h(t) amplitude and phase for the online first and second reprocessings are reported in Table 4.3. Below 700 Hz, the frequency-dependent deviation seen in the figure is larger than the uncertainty on h inj coming from the actuators. It must thus be a real bias in the reconstructed h(t) channel. These deviations being in the frequency range where the photodiode signal and the marionette and mirror control signals are all combined together to get h(t), it is possible that small relative errors in gain or phase of the different sensing and actuation models sum-up and give rise to such a structure. As it will be shown in Chapter 8, a similar bias is still present for the observing run O3. Further investigations are on-going to really understand its origin. 

Consistency checks with the PCal

During O2, we were able to install one photon calibrator in the WE building that was used to verify the reconstruction of h(t) as an independent method. Unfortunately, there was not enough time between the installation and the observing run to tackle variations of the laser power calibration of ∼ 20% that showed up on the setup. In any case, the PCal was useful to check that h(t) was reconstructed with the good sign (consistent with the definition from Eq. 4.1) and check that the shape of the transfer function from the injected signals on WE mirror (h pcal ) to the reconstructed signal h(t) (h rec ) was similar to the shape found with the mirror electromagnetic actuators.

Sign of h(t)

PCal injections can be used to establish the sign of h(t), defined in Eq. 4.1, since we know that the variation δL W (i.e. δL y ) when the laser beam of the PCal pushes the mirror is the opposite of PCal power measurement P ref . Therefore, if the phase of the transfer function from the PCal power applied on WE mirror, P ref , to h(t) is equal to 0, Eq. 4.1 is verified and thus the sign of h(t) is correct. This assumes that the photodiode output is recorded as a positive quantity which can be easily checked since there is a DC offset on the PCal laser power. This is indeed what we measured.

Partial validation of h(t) systematic uncertainties with the PCal

The transfer function of the reconstructed line amplitudes h rec over the injected line amplitudes with the PCal h pcal is shown on Figure 4.18. Since the calibration of the PCal beam power measurement was not stable during O2, with variations7 of ∼ 20%, the different transfer functions h rec /h pcal measured during O2 have been normalized in order to have a modulus of 1 at the 356 Hz PCal calibration line. In addition, since the PCal beam hits the center of the WE mirror, it excites the drum mode of the mirror. This modifies the simple mechanical response described in Eq. 3.21, adding a notch around 2 kHz (see Chapter 6 for more details). The left plot of Figure 4.18 shows the normalized amplitude ratio and the 2 kHz notch that was fitted on the data. The right plot shows the phase difference, where the drum mode excitation has no impact as long as the measurements are below the notch frequency.

From the normalized modulus plot, we cannot have an absolute verification of the amplitude of the reconstructed h(t). However, the overall relative amplitude can be checked. Once normalized, they lies within the ±4% error band that is used for the calibration uncertainty.

The important point is that the frequency-dependent deviation is similar to the one found with the electromagnetic actuators shown in Figure 4.17. This highlights that the deviation is a real bias in the reconstructed h(t) signal. The blue lines on the phase difference correspond to an error band of ±35 mrad uncertainty and a delay of ±7 µs which is the sum of the timing uncertainties of the PCal photodiode (3 µs) and of the dark fringe photodiode (4 µs). The timing of the PCal photodiode readout has been calibrated with a GPS clock signal, using the same method as described in section 4.1. The phase of the transfer function h rec /h pcal lies within this error band.

To conclude, the comparison of the reconstructed h(t) with the PCal injections has validated the sign of h(t) and the estimated uncertainties on the phase of h(t). About the amplitude, while it cannot be used to validate the uncertainties, the fact that the frequency variation of the comparison are similar with both PCal and the standard mirror actuators gives extra confidence in the measurements.

Between the O2 and O3 runs, my Ph.D work focused on improving the photon calibrators for O3 so that they could be used for the calibration of the mirrors and marionetta actuators and also to verify the reconstructed h(t) with more confidence. The next chapters aim at describing the upgraded photon calibrators that were implemented for O3.

Introduction

Between the O2 and O3 runs my work focused on upgrading and commissioning the photon calibrators so that they could be used as the reference of calibration during O3 and to validate the reconstruction of the GW signal. This chapter describes the experimental setups of the PCals used on Advanced Virgo for the O3 run. The digital servo control called "Fast Control Loop" used to stabilize the PCal laser power and to mitigate its laser power noise is also described. A summary of the main actions undertaken for the implementation of the photon calibrators on Advanced Virgo during my three years of Ph.D work is given at the end of this chapter.

Experimental setups of the PCal

Two PCals have been installed on AdV in 2018: one is located on the NE tower and the other one on the WE tower. A PCal setup is composed of:

• an injection bench which sends the laser beam to the inner cavity surface of the end mirror at a stabilized power using a digital servo control.

• a reflection bench measuring the power reflected by the end mirror to estimate the force acting on it.

Figure 5.1 shows the Optocad design of the PCal for AdV from the conceptual design report [START_REF] Marion | Conceptual design of Advanced Virgo photon calibration[END_REF].

Laser drivers

The laser drivers used on NE (SN1170127) and WE (SN1170126) are continuous wave fiber lasers at 1047 nm linearly polarized which can be remotely controlled. The output power range of the laser drivers is 0 W to 3 W driven by a DAC command through an analog input with a corresponding range of 0 V to 4 V. The amplitude modulation of the laser power at different frequencies is also done directly with the DAC1 . The output of the fiber is connected to a collimator in order to shape the laser beam before sending it into the optical path of the PCal. The waist of the beam is of the order of ∼ 1 mm. Figure 5.2 is a picture of the rack to which the NE laser driver is attached.

Data Acquisition Boxes: DAC and ADC channels

The Data-Acquisition-Boxes (DAQ-Boxes) used for the PCals contain Digital to Analog Converters (DAC) and Analog to Digital Converters (ADC) ports. The DAC ports enable to supply the Photodiodes (PD) and the position sensitive detectors of the PCal with a bias voltage of +4.5 V and to command the laser power output and modulation. The maximum range of the DAC is ±10 V. The ADC channels have differential input with 2 kΩ impedance and a range of ±10 V. They are used to monitor the signal of the photodetectors. 

Laser beam sensors

Photodiodes

The photodiodes used on the PCal setups are Hamamatsu S1337 -1010BR photodiodes with the characteristics listed in The photodiodes have a reverse voltage of +4.5 V and the acquisition of a photodiode signal is done with an ADC measuring the potential drop across a 1 kΩ resistor. Figure 5.3 illustrates the photodiode readout circuit. In practice, we align and do a fine tuning of the PCal optical setup to have ∼ 3 mW of laser power reaching the photodiodes when the laser is operating at 2 W, which is equivalent to a potential drop of 0.003 W×0.3A/W×1000 Ω = 0.9 V. This value was chosen since it lies in the linearity range (from 0.01 V to 2.5 V) of the photodiode when the PCal is operating.

V ADC 1 kΩ

V DAC = 4.5 V 

Position sensitive detectors

The position sensitive detectors mounted on the PCal benches are Hamamatsu S2044 with the characteristics gathered in The quadrants deliver the signals X1, X2, Y 1 and Y 2 which are then combined to retrieve the (x,y) information on the position of the laser beam as:

x = L x 2 (IX2 + IY 1) -(IX1 + IY 2) IX1 + IX2 + IY 1 + IY 2 (5.1) y = L y 2 (IX2 + IY 2) -(IX1 + IY 1) IX1 + IX2 + IY 1 + IY 2 (5.2)
with L x = L y = 5.7 mm characteristics dimensions of the detector.

Four position sensitive detectors have been installed to monitor the position of the laser beam on the injection and reflection benches. One can look at the x and y positions of the beam to see how much it moves with respect to a position of reference (x=0, y=0). This information is useful to know if the beam has been clipped on a photodiode if power losses occur. We have noticed that the laser beam coming onto the photodetectors has very low power (a few µW while they can receive up to 1 mW) and that the signal is very noisy since the sensing noise of the detector is as strong as the signal; the incoming power should be increased a bit more to have a better SNR to properly extract the position of the beam. To do so, the setup has to be rethought and realigned to get the right amount of light on the different photodetectors. Therefore, the position sensitive detectors were not used in O3 and the clipping on the photodiodes of the reflection benches was monitored looking at power variations between the photodiodes on the injection benches and the ones on the reflection benches.

The problem related to the position sensitive detectors are not a problem for calibration since they are not used for this. They are a tool to monitor the position of the laser beam on the optical benches and could be useful in the future as additional witnesses to disentangle power variations on both injection and reflection benches and thus improve the stability of the PCal.

Injection benches

The injection benches of WE PCal and NE PCal are shown in Figures 5.5 and 5.6. The laser fiber is attached to a collimator and the output beam already tuned in s-polarization goes through a PBS2032 polarizing beamsplitter cube which transmits s-polarization and reflects the residual p-polarization in a beam dump. Then the beam is reflected on a BSX113 mirror towards a viewport of the end tower to hit the end mirror. The transmitted beam of the BSX11 mirror is sent to a photodiode PD1 and to a position sensitive detector PSD1 using one BB1-E03 4 mirror and two other BSX11 mirrors to reduce the incoming power. There is also a thermal sensor to monitor the variations of temperature on the bench.

In order to have a ∼ 3 mW of incoming power on the photodiode PD1 when the laser operates at 2 W, we need to do a fine tuning of the angles of incidence on every BSX11 mirror to transmit or reflect the right amount of power along the optical path. 

Reflection benches

The reflection benches receive the laser beam once reflected by the NE or WE mirror and are shown on Figure 5.7 and 5.8. The laser beam is transmitted through a viewport of the end tower and reaches PD2 and PSD2 using three BSX11 mirrors, one BB1-E03 mirror to reduce the incoming power and a plano-convex lens 5 to reduce the size of the beam so that it is not clipped on the photodiode. More than 98% of the power coming on the reflection bench is dumped directly after the reflection on the first mirror of the chain. There is a LED connected to a relay box that can be enabled and disabled for dedicated measurements which can flash an IRIG-B signal on PD2 in order to monitor the timing of the PCal acquisition. As on the injection bench, a thermal sensor is present to monitor the temperature.

A fine tuning of the angles of incidence of every BSX11 mirror has also been done on the reflection bench to get ∼ 3 mW incident power on the photodiode PD2 when the laser operates at 2 W.

PCal power noise without control loop

PCal requirements for Advanced Virgo during O3

The Laser Power Noise (LPN) of the PCal is injected in the interferometer when the laser beam is reflected by the end mirror since it is converted in a displacement of the mirror due to radiation pressure. This induced motion of the mirror contributes to its total noise and can be converted in a strain noise. The requirements for AdV for the O3 design scenario at 85 Mpc put a constraint on the LPN of the PCal which should not contribute more than 10% of the AdV sensitivity.

Figure 5.9: Constraint at h/10 on the laser power noise of the PCals measured as power reflected on the end mirror for O3 scenario at 85 Mpc.

Figure 5.9 shows the required LPN for O3. The curve takes into account the pendulum response of the end mirror with resonance at 0.6 Hz and the elastic deformation induced by the PCal laser beam hitting the center of the mirror with a drum mode excitation at 7813 Hz as detailed in section 3.2. This LPN level is reachable using a fast control loop that stabilizes the laser power.

Sensing noise

The photodiodes PD1 and PD2 used to monitor the signals sent by the PCal have an intrinsic noise which is the sensing noise measured when the photodiodes are power supplied and the laser is turned off. Figure 5.10 shows this noise on PD1 and PD2 for both PCals. The sensing noise on both photodiodes is not coherent, as expected. It is also not limiting the AdV sensitivity and it is at least one order of magnitude below the LPN constraint in the region of interest for the calibration (10 Hz to 2000 Hz). 

Laser power noise

When the PCal laser is turned on with an output power of 2 W, the LPN is greater than the sensing noise and it is seen by the photodiodes in a coherent way as shown in Figures 5.11.

In the region 20 Hz to 90 Hz, the LPN exceeds the requirement for the O3 85 Mpc scenario as shown in Figure 5.12. It can be mitigated on both photodiodes with a Fast Control Loop (FCL) using PD1 as a witness channel. The choice of PD1 to be in-loop has been motivated by the fact that it is located on the PCal injection bench and cannot suffer from clipping caused by the end test mass motion. 

Laser power stabilization with a Fast Control Loop

During O2 and post-O2 periods, the PCal laser power was controlled with a digital loop running at 10 kHz and then 20 kHz. The issue we had with such a loop is that the Unity Gain Frequency6 (UGF) was around 300 Hz with a small phase margin limited by the loop frequency. It was thus not possible in practice to use the PCal around and above this UGF to calibrate the interferometer due to loop instabilities.

To push the UGF at higher frequency, we installed during the pre-O3 commissioning a fast DAC with a new structure in the logic of the control loop enabling to run the digital loop7 at 200 kHz. The FCL is handled by an Acl process.

Diagram of the Fast Control Loop

The diagram of the FCL is shown in Figure 5.13. The input of the diagram is the requested laser power P req to which the laser should be stabilized. There is also the possibility to add some noise n to the request for some dedicated measurements or for the online calibration monitoring of AdV. The request is compared to pre which is the signal delivered by the PCal PD1 photodiode with a gain of -1. This comparison gives post which is called the error signal. This error signal is multiplied by a control filter F c before being sent as a correction to the laser driver command which controls the laser beam of the PCal. H pcal is the plant of the system which is basically all the optics and electronics constituting the PCal. The output of the diagram is the output laser power P out stabilized at a chosen value.

+

Control filter

The control filter used for the Fast Control Loop has been designed to mitigate the LPN in the frequency band where the LPN exceeds the requirements for the O3 scenario, mainly between 20 Hz and 90 Hz. The filter is shown in Figure 5.14 and the poles and zeros of this filter are gathered in Table 5.3. The filter integrates the error signal at the DC frequency to stabilize the laser power to the requested DC value, it mitigates the noise with a constant gain between 1 Hz and 100 Hz and a decreasing gain above 100 Hz to avoid loop instabilities.

Once the filter has been set and the control loop is closed, we need to characterize the robustness of our control loop by studying the open-loop and closed-loop transfer functions. 

Open-loop characterization

The stability of the FCL can be characterized measuring the Open-Loop Transfer Function (OLTF). The OLTF is the response of the system without any feedback and it is derived as: As the loops are very similar on both NE and WE PCals, the different UGFs come from the PCal setups themselves and the different gains applied to the loops which are chosen to kill the LPN in the region of interest but also to insure the stability of the servo control.

OLTF(f ) = pre (f ) post (f ) = -F c (f )H pcal (f ) (5.3) 
On both PCals the gain has been fixed at 2500 Hz in order not to change the gain at high frequency when tuning the poles and zeros at low frequency; this insures not to excite the high frequency instabilities. The value of the gains at 2500 Hz are 0.5 and 0.6 for NE and WE PCal respectively.

Another feature to look at is when the output signal is phase shifted by -π with respect to the input signal; this raises an instability point where the system will oscillate given any disturbance if the gain is close to unity. For WE PCal the frequency associated to this phase opposition is around 8.2 kHz and is around 8 kHz for NE PCal with a gain smaller than unity. These frequencies are thus the limiting maximum frequencies to which we will be able to control the PCals to calibrate AdV. This limiting frequency of 8 kHz is high enough for the calibration purpose since the actuators calibration is done from 10 Hz to 1.5 kHz.

Only verification of the reconstructed h(t) is done at high frequency with the PCals and always below 8 kHz. For instance, the online data analysis for compact binary coalescences is limited to 4 kHz.

Closed-loop characterization

It is also interesting to look at the transfer between the input signal and the output signal when the feedback is on which is characterized by the Closed-Loop Transfer Function (CLTF). The feedback will allow to mitigate the LPN and to stabilize the laser output power to the requested value. The CLTF is derived as:

CLTF(f ) = P out (f ) P req (f ) (5.4)
Using the block diagram shown in Figure 5.13 without noise (n = 0):

P out (f ) = H pcal (f )F c (f ) post (f ) = H pcal (f )F c (f )(P req (f ) + pre (f )) = H pcal (f )F c (f )(P req (f ) -P out (f )) (5.5) 
Then it follows:

P out (f ) = H pcal (f )F c (f )P req (f ) 1 + H pcal (f )F c (f ) (5.6)
Eventually the CLTF can be written as:

CLTF(f ) = H pcal (f )F c (f ) 1 + H pcal (f )F c (f ) = -OLT F (f ) 1 -OLT F (f ) (5.7)
In practice we inject a broadband noise n from ∼ 0 Hz to 10 kHz and take the ratio pre(f )

-n(f )
which is also the CLTF derived as follows:

pre (f ) = -H pcal (f )F c (f ) post (f ) = -H pcal (f )F c (f )(P req (f ) + n(f ) + pre (f )) = -H pcal (f )F c (f )(P req (f ) + n(f )) 1 + H pcal (f )F c (5.8)
As the requested laser power P req is a DC input signal, P req (f )+n(f ) ∼ n(f ) for f ∈ ]0, 10000]. Using Eqs. 5.7 and 5.8, the CLTF can be expressed as:

CLTF(f ) = pre (f ) -n(f ) (5.9)
Figure 5.17 and 5.18 show the CLTF measured for both PCal. The flatness of the amplitude around 1 has to be noticed, with variations lower than 10% below 1 kHz and lower than 30% between 1 and 5 kHz. Above 5 kHz, the effect of the oscillation around 8 kHz is visible with the CLTF gain increasing. The phase is flat from 10 Hz to 100 Hz with a negligible delay and slowly decreases down to -π at the instability point.

When calibrating AdV with the PCal, the shape of the CLTF is not taken into account because the estimated Signal-to-Noise Ratios (SNR) for the PCal sine wave excitations do not differ a lot from the true injected signals between 10 Hz and 1.5 kHz. The amplitude of the CLTF is close to 1 and the needed SNRs are reachable with this FCL. Moreover, it does not impact the calibration analysis since we use the power of the sine wave excitations read by PD1 and PD2. However, the CLTF needs to be known and well-fitted if we want to do hardware injections of known time evolution (i.e astrophysical signal) with the PCal via n(t).

Digital noise

Since the control loop is digital, one needs to be careful of the digital noise that could be introduced in the loop and that could spoil the error signal.

The process used to run the control loop decomposes the poles and zeros of the correction filter into a product of second order filters which are expressed as:

H(s) = G s 2 + ωzs Qz + ω 2 z s 2 + ωps Qp + ω 2 p ( 5.10) 
with s = jω, ω z and ω p the zero and pole angular frequencies, Q z and Q p their quality factors and G a static gain.

In reality, Eq. 5.10 is only true for analog filters and one needs to apply the bilinear transformation (also called the Z transformation) for digital filters since there is a finite sampling frequency f s at stake in the process:

s → 2f s 1 -z -1 1 + z -1 (5.11) 
Using Eq. 5.11 into Eq. 5.10 one can derive:

H(z) = K 1 + a 1 z -1 + a 2 z -2 1 + b 1 z -1 + b 2 z -2
(5.12)

with the coefficients K, a 1 , a 2 , b 1 , b 2 that can be found in [START_REF] Passuello | Digital Filters. Virgo Internal Note[END_REF].

The interesting point is that the accuracy on the frequency of a pole or a zero will depend on the number of bits n in the mantissa used for the computation and the sampling frequency f s of the process. This creates a digital noise inherent to the discrete nature of the digital calculation. Indeed, it has been shown in [START_REF] Passuello | Digital Filters. Virgo Internal Note[END_REF] that the relative precision of specific ω and Q implemented in the filter:

∆ω ω = ∆Q Q = 3f 2 s 2 n+1 ω 2 (5.13)
Using that the relative resolution on the frequency should be lower that the inverse quality factor, ∆ω ω < 1 Q , one can get:

2 n > f s ω 2 3Q 2 (5.14)
Thus, the relation 5.14 means that an angular frequency ω chosen in a digital filter which runs in a process at a frequency f s cannot be as small as wanted without overriding the memory during the calculation.

Low noise calculation

In the correction filter of the PCal FCL, we have implemented a pole at f p = 0.005 Hz with Q p = 0.7. The calculation is done in a DSP which works at a sampling frequency of 200 kHz with an extended floating-point format of 40 bits with 32 bits of mantissa. In that case, the relation 5.14 is not fulfilled and the low frequency pole introduce a huge error in the correction signal.

In practice, the second order filter from Eq. 5.12 is rewritten in a product of first order complex poles and zeros as:

H(z) = K (1 + cz -1 )(1 + c * z -1 ) (1 + dz -1 )(1 + d * z -1 ) (5.15) 
with c, d, c * , d * the complex coefficients and their complex-conjugate. Their expression can be found in [START_REF] Passuello | Digital Filters. Virgo Internal Note[END_REF].

It can then be shown that this "low noise" transformation eliminates the squared dependency between the number of bits in the mantissa and the ratio of the sampling frequency over the angular frequency. The relation 5.14 becomes:

2 n > f s 2ω (5.16)
Thus the digital noise is reduced and the memory is not overridden anymore with the low frequency pole at 0.005 Hz.

Online digital noise subtraction

It is possible to implement a digital noise subtraction by comparing the output correction signal of the DSP computed in extended floating-point format of 40 bits with the output of a process in a RTPC which does the computation in double-precision floating-point format of 64 bits. Figure 5.20: Spectra of different channels from the online digital noise subtraction. The blue curve is the spectrum of the DSP correction, the orange curve is the digital noise correction coming from the difference between the RTPC correction and the DSP correction, the cyan curve is the final correction signal and the green curve is the residual digital noise after the subtraction. The impact of the digital noise subtraction is stronger at low frequency.

PCal power noise in closed-loop

The effect of the FCL on the LPN of the PCal is shown in Figure 5.21. In closed-loop, the noise level is well below the requirements for the O3 scenario at 85 Mpc by nearly an order of magnitude in the critical region around 50 Hz. The spectral lines above the required LPN at 34.5 Hz, 36.5 Hz, 60.5 Hz and 63.5 Hz are calibration lines used to monitor the uncertainty on the reconstruction of the gravitational wave signal in real time 8 . The 50 Hz line is not of great importance since it is the utility frequency of the alternating current from the electrical main power and it is already present in the AdV sensitivity coming from many systems in the interferometer. 

PCal for O2

A first version of the photon calibrator was installed on WE for the observing run O2.

The control loop to mitigate the LPN was not yet fully operational and the PCal was just used to make some consistency checks on the verification of the reconstruction of h(t) as stated in Chapter 4. The main problem was power variations between the injection (PD1) and reflection (PD2) photodiodes of more than 15%. Therefore, only a relative verification of h(t) was possible and not an absolute one. We found out that polarization was one of the main reasons for these variations. Indeed, the laser beam delivered by the laser driver is not perfectly s-polarized and the optics were chosen and aligned considering s-polarization. However, a small fraction of p-polarized beam varying in time could be transmitted up to the photodiodes and cause non negligible power variations on the photodiode as the power of the s-polarized beam was strongly attenuated from 2 W to ∼ 3 mW reaching the photodiode.

PCal at LAPP

We installed a PCal setup at LAPP 9 to investigate this issue and to upgrade the software and hardware parts to have working PCals during O3. The solution to the polarization problem was to implement a polarizing beamsplitter cube just after the collimator in order to dump the p-polarized residual laser beam and only transmit the s-polarized beam in the optical path. The first reflecting mirror of the setup was also too constraining in terms of polarization and angle of incidence and it was replaced for a mirror with more tolerance on the angle of incidence.

The first digital control loop we designed was completely running in a RTPC at 10 kHz and prevented us to mitigate the LPN above 300Hz since it was close to the UGF. We tried to push the frequency of the control loop to 20 kHz to get a higher UGF and it was sufficient to reduce the LPN so that it fulfilled the requirements for the O3 observing scenario. However, it was not possible to inject sine wave excitations in closed-loop above 500 Hz without raising instabilities. The control loop was limited by its sampling frequency which introduced too much delay in the loop.

PCal during the commissioning of O3

WE and NE PCals were installed during the commissioning of O3 since we had to prepare the calibration for the run. We had to implement a different architecture of the control loop on site which is similar to what is used for the SSFS to push the UGF at higher frequency. This fast control loop uses a DSP running at 200 kHz to make the calculations and send them to a RTPC by packets at 20 kHz. With this FCL we achieved the results described in this chapter.

Thermal sensors were added to the setup to monitor the temperature variations inside the A laser diode in the laser driver of NE PCal broke during calibration tests and had to be repaired before O3.

Both PCal powers were calibrated before O3 and the procedure is described in Chapter 6.

PCal during O3

Both PCals were running in closed-loop during the observing run O3 and were used to calibrate AdV.

NE PCal was down during 5 days in June 2019 after a weekly calibration.

A laser diode in the laser driver of WE PCal broke during a weekly calibration by the end of August 2019 and prevent from any calibration with this PCal during September (the interferometer was still calibrated with NE PCal).

During the October break between O3a and O3b a laser diode in the laser driver of NE PCal broke after a mains failure. We replaced WE PCal with a spare during the break and we also put humidity sensors on the optical benches. The O3b calibration was only done with WE PCal until mid-January when we put back NE PCal in operation. 120 CHAPTER 6. PCAL CALIBRATION 

Objectives

Before calibrating Advanced Virgo with the photon calibrators, one needs to precisely estimate the displacement of an end test mass of the interferometer in meter for a given modulated laser power of the PCal in watt. Since the laser power impinging on the test mass will be estimated with a photodiode signal, the transfer function to convert the photodiode signal of the PCal V P D in volt to the displacement of the end test mass of the interferometer ∆x pcal in meter has to be determined.

This chapter aims at describing the calibration of the PCal both on the amplitude ∆x pcal and on the phase or timing of this displacement. We then give the global uncertainty budget for WE and NE PCal based on Type-A and Type-B uncertainties which are described in Appendix C. The calibration of the laser power of the PCal is done with an integrating sphere, the model 819C-IG-3.3-CAL from Newport. The principle of an integrating sphere is shown on Figure 6.1. An incoming laser beam enters the sphere through a hole, it hits an isotropic homogeneous porous material called the spectralon that homogeneously diffuses the light into the sphere coated with a diffuse reflective material. A photodetector is located on the exit port and receives a small fraction of light. There is a baffle in between the photodetector and the spectralon so that the photodetector does not receive directly the light diffused by the spectralon. The advantages of such a sphere for calibrating powers are that it has a uniform scattering so that the light is equally distributed in all points of the sphere, it preserves power and it destroys spatial information such that the sensor is independent to the beam inclination and shape. For our calibration purpose this sensor reduces the systematic errors induced by the power measurement devices. The characteristics of the sphere 819C-IG-3.3-CAL are given in Table 6.1. In the following sections, this sphere is called Virgo Integrating Sphere (VIS).

Power measurement devices

1936-R Powermeter

The acquisition of the laser power read by the photodetector mounted onto the integrating sphere is done by a 1936-R powermeter from Newport shown in Figure 6.2. The power is acquired at 1 Hz with a RS232 connection. The fiber lasers used for the PCal are pumped with laser diodes. In order not to generate harmonics when injecting a PCal signal in the interferometer we need to determine the linearity range of the laser diode. To do this we did the three following measurements:

1. VIS vs DAC command: To measure the laser diode response several values of DAC command have been sent to the laser driver while the ensemble {VIS+1936-R} was recording the output laser power. The measurements are shown in Figure 6.3. The laser diode range was swept from 0.4 V to 4 V, corresponding to a laser output power of 0.03 W to 3 W. The curve indicates that below 0.6 V corresponding to a laser output power of 200 mW, either the laser diode or {VIS+1936-R} is not linear. In order to disentangle this situation we performed similar measurements with a photodiode used on the injection bench of the PCal.

2. VIS vs PD: Figure 6.4 shows the same discrepancy between the laser power measured by VIS and the photodiode voltage below 200 mW indicating that the system {VIS+1936-R} can be considered linear only above 200 mW with an uncertainty on the linearity of ±0.4%.

3. PD vs DAC command: Figure 6.5 actually confirms that the response of the laser diode is linear from 0.4 V to 4 V with an accuracy better than 0.03% and does not play a role in the discrepancy between the command and the laser output power.

In conclusion, VIS can be used to calibrate the photodiodes responses in [W/V] using a laser power in the range 200 mW to 3 W. 

Intercalibration between Advanced LIGO and Advanced Virgo

The first intercalibration between LIGO and Virgo is described in this section. In order to perform this work, I went to LHO from January 2019 to February 2019 to cross-calibrate the LIGO calibration reference with the one used on Virgo. The project was made in collaboration with Yannick Lecoeuche and Dr. Richard L. Savage from LHO.

A global calibration reference for the GW detectors network

The LIGO Virgo collaboration analyses the data coming from the three detectors in coincidence during the observing runs. Each interferometer produces its own reconstructed gravitational detector's strain h i rec (t), i ∈ {H, L, V } with its own calibration such that:

h i rec (t) = A i cal • h i true (t) (6.1)
with A i cal a calibration factor which depends on the standard used as reference to calibrate a given detector and h i true (t) the true gravitational detector's strain. In a perfect case scenario A i cal = 1 but it is not the case in reality.

If the chosen reference to calibrate the interferometers differs from one to another, the calibration factors given by the references are likely to be different, meaning the A i cal are different. Thus the relative calibration in amplitude between the detectors will be biased. Consequently, the estimated distance of the astrophysical sources detected in coincidence by the three interferometers will be biased and in a cumulative process the estimation of the Hubble constant H 0 too. During O2, LIGO's interferometers were already using the PCal with a common reference between Hanford and Livingston but Virgo was running Free Swinging Michelson measurements to calibrate the interferometer. This means that

A H cal = A L cal = A LIGO cal and A V cal = A LIGO cal .
The relative calibration between LIGO and Virgo was biased by a factor A LIGO cal /A V cal that we do not know for O2. A comparison between Virgo Free Swinging Michelson and PCal measurements has been done during O3 and is reported in Chapter 7.

To reduce the error of the gravitational wave amplitude for O3, we chose to implement PCals on AdV and to use them for calibration. The wavelength of the auxiliary lasers is 1047 nm which is the same wavelength as for the aLIGO PCals. As the calibration reference is the laser power of the PCal, it is possible to use the same standard as LIGO to measure this laser power and thus calibrate the three interferometers with respect to the same reference. In this way, the calibration factors A i cal = A cal for all the detectors with a known quantitative uncertainty. Eq. 6.1 becomes:

h i rec (t) = A cal • h i true (t) (6.2)

LIGO Gold Standard (GS)

The calibration reference used on LIGO is called the Gold Standard (GS) and is shown in Figure 6.6. It is a LabSphere integrating sphere with an InGaAs photodetector which
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has been calibrated at the 1σ level of 0.32%1 by the National Institute of Standards and Technology (NIST). This device is used as the reference for LIGO's PCals and thus the calibration of LIGO's interferometers. In order to limit the interactions with the GS and to avoid changes in its calibration unintentionally, the GS is installed in LHO's laboratory and moved only for recalibration by NIST. Working Standards similar to GS have been assembled for Hanford (WSH) and Livingston (WSL) and are used to calibrate the PCals laser power. Those WS are calibrated with respect to GS at LHO's laboratory and then the transmitter and receiver module power sensors of the PCals are calibrated with respect to the WS. Figure 6.7 shows the different calibration transfers required to calibrate the PCal power sensors with respect to GS in LIGO and Virgo. 

Calibrating the Virgo Integrating Sphere (VIS)

The integrating sphere used on AdV is VIS whose characteristics have been reported in Section 6.1.1. In order to have the same calibration reference as aLIGO for the calibration of AdV, I spent one month in January-February 2019 at LHO to calibrate VIS with respect to GS. More precisely, what has been calibrated is the ensemble {VIS + 1936-R}.

LHO PCal calibration transfer setup

The transfer setup is shown in Figure 6.8. A PCal module is used to generate a servocontrolled laser beam similar to the ones used on aLIGO's interferometers and then a beamsplitter (BS) divides the beam into two beams which are sent to the integrating spheres using the M1, M2 and M3 mirrors. Since BS is not perfect, it does not split the laser beam into two beams of equal power and the integrating spheres do not measure the same amount of power. In order to properly calibrate VIS with respect to GS, the spheres are mounted on pneumatic sliders which are used to swap the positions of the spheres several times so that the spheres measure both beams.

When doing the measurements GS is connected to a Keithley 2100 6.5-Digit Multimeter which records the output voltage of the photodetector. The power is then estimated using the calibration factor of GS measured by NIST which is -8.0985 V/W ±0.32%. VIS is connected to a 1936-R powermeter which converts the output voltage of the photodetector into power unit. 

Computation of the calibration transfer factor

The calibration transfer factor Γ V IS/GS from GS to VIS is computed as follows:

Γ V IS/GS = (P V IS,r -P BG V IS,r ) • (P V IS,t -P BG V IS,t ) (P GS,r -P BG GS,r ) • (P GS,t -P BG GS,t ) (6.3) 
with r and t standing for the reflected and transmitted beam respectively which denote the position of the spheres. P stands for the measured powers and BG indicates the background 6.2. INTERCALIBRATION BETWEEN ADVANCED LIGO AND ADVANCED VIRGO 127 measurements with the laser turned off that are subtracted to the measured laser power values. Doing ratios of power measured by GS and VIS eliminates simultaneous laser power variations and swapping their position eliminates the beamsplitter imperfections. As a result this procedure gives access to the ratio of the integrating spheres' responsivity ρ which is what we want to measure. Thus the calibration factor can be written as:

Γ V IS/GS = ρ V IS ρ GS (6.4)
We did five series of measurements during different days at LHO in February 2019 and the calibration transfer factors are plotted in Figure 6.9. The average of those measurements is Γ V IS/GS = 0.9623 ± 0.1% with the systematic uncertainty. We also need to take into account the uncertainty on the linearity of VIS, the calibration factor measured by NIST, and add them quadratically to the systematic uncertainty previously estimated which gives Γ V IS/GS = 0.9623 ± 0.52%. This means that the power read by VIS with the 1936-R powermeter has to be multiplied by Γ -1 V IS/GS = 1 0.9623 = 1.0392 ± 0.52% to be consistent with GS calibration. During O3, the AdV PCal laser power has been corrected by this calibration factor. 

Assembling a Working Standard for Virgo (WSV)

The calibration of VIS has to be monitored during O3 to see whether the calibration factor measured at LHO is stable in time. Since there is only one GS which remains at LHO we decided to assemble a WSV2 similar to aLIGO's WS and GS which will be the calibration reference for AdV staying at LAPP to check the stability in time of the calibration factor between VIS and WSV. The WS and GS have been used for a long time in LIGO and are expected to have a stable calibration factor randomly drifting in time by a few hundreds of percent.

WSV has been calibrated with respect to GS at LHO first to derive its calibration factor in V/W. The WSV and GS output voltage of their photodetector are recorded simultaneously on Keithley multimeters using the same setup as the one previously describe to calibrate VIS. The ratio of voltage instead of power are then done to compute the calibration transfer factor Γ W SV /GS . Figure 6.10 shows the results of six series of measurements of Γ W SV /GS . The average of those measurements is Γ W SV /GS = 0.5613 ± 0.1% and multiplying it with the conversion factor of GS we get the conversion factor of WSV, C W SV f = Γ W SV /GS × (-8.0985) = -4.5455 V/W ± 0.34%. WSV and GS have different responsivities since we have adapted the transimpedance amplifier of WSV so that it does not saturate the ADC we use at LAPP to acquire its voltage. In practice the resistor of the transimpedance amplifier has been reduced by a factor 2 with respect to the value used on the GS and WS.

Checking VIS calibration stability with WSV

To check the stability of the calibration transfer factor Γ V IS/GS we evaluated the ratio Γ V IS/W SV at different epochs. Four measurements were done at LHO in February 2019 and four measurements were done at LAPP in June 2019 plus one in October 2019. The measured values of Γ V IS/W SV are plotted in Figure 6.11. The red points have been measured at LHO using the same setup as previously described. The blue points have been measured at LAPP with a different setup shown in Figure 6.12. The mean of the LHO points differ from the mean of the LAPP measurements in June by ∼ 0.5%. This discrepancy can be due to many factors since both setups are different and surrounded by a different environments (temperature, humidity...). The environmental parameters were not monitored at LAPP but they will be in the future.

The principle of the measurements performed at LAPP is the same as the setup at LHO but the spheres are not on pneumatic sliders. They are put on tracks and have to be swapped manually. The readout acquisition of WSV is not a Keithley multimeter but an ADC of a DAQ-Box made at LAPP which has been calibrated with a 1048 current voltage loop calibrator from Time Electronics. This calibrator is used as a voltage source to calibrate the ADC we use for the acquisition of WSV data. In the range of voltage from -1 V to -9 V (useful range for WSV data) the calibration gives a precision on the generated voltage better than 0.007%. The ADC has thus been calibrated with this calibrator in December 2019 and the value given by the calibrator is 0.07% smaller than the value read on the ADC. The data taken at LAPP in Figure 6.11 have been corrected by this factor. Note that in principle, a check of this calibration should be done before each measurement. 

WSV responsivity vs temperature

The responsivity of the photodetector of a sphere depends on the temperature and the calibration should be made in the same conditions every time. WSV is equipped with a thermal sensor on the printed circuit board very close to the photodiode; one can thus measure its responsivity ρ W SV as a function of the temperature. We performed the measurement at LHO on January, 2019 where we put WSV in an oven warmed up at 35 • C so that it stabilizes to this temperature. Then we compared the data of WSV for a given laser power output when it was cooling down against WSH which was at its nominal "room temperature"3 . The results are shown in Figure 6.13. The responsivity coefficient for WSV is estimated at 0.07%/ • C.

Since WSV warms up when it is power supplied, one needs to wait a few hours before taking any measurements so that the photodetector works at its nominal temperature. This would avoid to bias the measurements by a few tenths of a percent. 

Measurement of the PCal mechanical response

The PCal mechanical response is expected to satisfy Eq. 3.25. In order to measure it we use a computed equivalent strain h pcal = x pcal L 0 with L 0 = 3 km considering only the simple pendulum approximation for the mechanical response of the PCal:

h pend pcal ∝ H pend × F (6.5)
with F the force on the mirror induced by radiation pressure with the PCal. On the other hand, we assume that the real strain computed by the reconstruction algorithm Hrec sees the global response of the PCal such that:

h rec ∝ (H pend + H drum ) × F (6.6)
By taking the ratio hrec h pend pcal , one can measure the main features of the PCal mechanical response detailed below.

Drum mode frequency

The drum mode frequency is directly highlighted from the discrepancy between the two strains h rec and h pend pcal from Eqs. 6.5 and 6.6 using H drum as in Eq. 3.24 and: The data are selected only when META_ITF_LOCK_index ≥ 160 which means the ITF is at least in "LowNoise 3". The distribution is spread over 0.85 • C.

H pend = G p f 2 p f 2 = - 1 (2πf )

Notch frequency

The other important feature is the notch frequency f n in the mechanical response of the PCal since it will help determining the gain G d from Eq. 3.24 by solving H pend (f ) = H drum (f ). Indeed H pend and H drum are in phase opposition from 10 Hz to f n and the notch results from the sum of the equal amplitudes of both responses in phase opposition.

In order to measure the notch we consider the ratio hrec h pcal between 10 Hz and 3000 Hz so that the expected response takes the form:

h rec h pcal ∝ H pend + H drum H pend ∝ G 0     1 - f 2 λ 2 1 -f f d 2     (6.8)
With G 0 and λ the parameters to fit the data, H pend from Eq. 6.7 and

H drum ∼ G d 1-f f d 2
around the notch frequency since the quality factor of the drum mode is Q ∼ 10 6 . The notch frequency is determined when | hrec h pcal | = 0 and is expressed as: 

f n = λf d λ 2 + f 2 d (6.9)
σ fn = ∂f n ∂λ 2 σ 2 λ + ∂f n ∂f d 2 σ 2 f d (6.10)
It is important to notice that H pend (f n ) = H drum (f n ) determines the gain G cross where the two responses cross each other and fixes the static gain G d = G cross we want to obtain. Indeed, the parameter λ = 1 (2π) 2 mG d = f n given by the fit is directly the frequency at which the pendulum response needs to be evaluated to get G d . Thus:

G d = H pend (λ) = H pend (f n ) 1 - f n f d 2 = 1 (2πλ) 2 m (6.11)
The uncertainty on G d can be computed as: 

σ G d = 2 σ λ 4π 2 λ 3 m (6.

Frequency dependent uncertainty on the mechanical response

From the overall mechanical model measured in this section, the relative uncertainties

∆G d = σ G d G d = 2 σ λ λ and ∆f d = σ f d
f d establish a frequency dependent uncertainty on the mechanical responses of WE and NE PCals. The relative uncertainties on the gain G d and the drum mode frequency f d for both mirrors are shown in Table 6.2. Figure 6.20 shows how the errors on G d and f d impact the uncertainty σ resp on the amplitude of the mechanical response of the PCals. This uncertainty σ resp (f ) will be added to the uncertainty budget of the calibration of the PCal power which is detailed in the next section to make the global frequency dependent uncertainty budget of the PCals.

Mirror

∆G d ∆f d WE ±0.35% ±0.014% NE ±0.37% ±0.006% From Eq. 3.21 we distinguish two types of uncertainty that add up in the global uncertainty budget on the ETM displacement induced by the PCal. The ones coming from the geometric parameters and the ones coming from the laser power estimation impinging on the ETM. This section enumerates the different sources of uncertainty on the geometric parameters of the PCals.

Angle of incidence on the end mirrors

The reconstructed displacement of the end mirror ∆L ETM with the PCal depends on the angle of incidence of the PCal laser beam on the end mirror θ. In order to evaluate the uncertainty on this angle, we used the Optocad design of the PCal setup from the conceptual design report [START_REF] Marion | Conceptual design of Advanced Virgo photon calibration[END_REF] which is the reference for the opto-mechanical constraints and also from the Virgo Reference System [START_REF] Marsella | Virgo reference system (vrs) control point network monographs[END_REF]. The drawing is shown in Figure 5.1.

The viewports of the end tower used for the PCal are located at a distance of 1.53 ± 0.01 m of the inner surface of the end mirror and see the latter with an angle of incidence θ = 18.5 • .

As the viewports have a diameter of 63 mm, the maximum error done on the angle of incidence is δθ = 0.063/2 1.53 180

π = 1.2 • . Thus θ = 18.5 • ± 1.2 •
. This angle appears in a cosine when computing the displacement of the mirror due to the laser radiation pressure. Consequently, the uncertainty on the angle contributes to the uncertainty budget better than ±0.7% which is the maximum error when the beam is located on the edge of the viewports. Since the beam is not located near the edge of the viewports and has been centered within better than ±1 cm, the estimated error is ±0.2%.

Treating this as a Type-B uncertainty (see Appendix C), the relative 1σ uncertainty coming from the angle of incidence of the PCal laser beam is ±0.2%/ √ 3 = ±0.12%.

Position of the PCal laser beam on the end mirrors

If the laser beam of the PCal and the ITF beam are not well-centered on the mirror, the induced torque will cause angular deflection. Figure 6.21 is a drawing of a situation where the two laser beams are not centered on the mirror.

Eq. 3.21 is then modified by adding a correction factor which depends on the position of the PCal laser beam b with respect to the center of the mirror, the ITF laser beam a with respect to the center of the mirror and the moment of inertia I = ml 2 12 + mr 2 4 where m is the mass of the cylindrical mirror, l = 0.200 m its thickness and r = 0.175 m its radius: We have considered the worst case scenario where a and b are collinear to maximize the dot product between the two vectors. The position of the ITF beam is centered with an accuracy of ±0.5 mm and the PCal beam is centered with an error better than ±20 mm due to mechanical constraints of the set-up so that the beam passes through the viewport of the reflection bench.

The uncertainty coming from the misalignment of the beams should not exceed ±0.001%. 

Mass of the end test masses

The mass of the end mirrors is m = 42.30 ± 0.02 kg [START_REF] Puppo | Evaluation of the quality factors of the mirrors in advanced virgo using the fem ansys model[END_REF]. As the displacement of the mirror is inversely proportional to the mass of the mirror this uncertainty directly contributes to ±0.05%. 

Photodiodes conversion factors

The calibration of the photodiodes on the PCal are crucial since they are used to estimate the laser power reflected by the ETM to reconstruct its displacement ∆L ETM and thus calibrate the actuators of the interferometer. In order to calibrate the photodiodes we measure the conversion factor C MIR PDi in [V/W] for each photodiode i ∈ {1,2} such that:

V MIR PDi [V ] = C MIR PDi [V /W ] × P ET M [W ] (6.14) 
with P ET M the power reflected by an end test mass of AdV. Figure 6.23 is a drawing of the PCal principle with the different powers and losses at stake for the estimation of P ET M .

ETM Inj. viewport losses

Ref. viewport losses

P 2 P 1 l view l view P ETM
PCal laser beam R>99.99 % Figure 6.23: Drawing of the powers and losses at stake in the estimation of the power reflected by the end test mass. P 1 is the power of the PCal laser beam before the viewport on the injection bench, P ET M is the power reflected by the end test mass (it is assumed to be equal to the power hitting the mirror since R > 99.99%) and P 2 the power after the viewport on the reflection bench. The losses of both viewports l view are assumed to be equal.

PD1 calibration

For each PCal we first calibrate the photodiode PD1 on the injection bench using the following procedure:

1. Put the integrating sphere connected to the powermeter on the injection bench before the viewport 2. Send a command in volt to the DAC connected to the laser driver to have a laser output power of 2 W which is the DC value at which the AdV PCals operate 3. Do a long measurement (a few hours) at this fixed laser power value5 P 1 to be able to check the temperature transient 4. Move the integrating sphere connected to the powermeter on the reflection bench in front of the viewport 5. Repeat 2. and 3. with the arms of the interferometer locked so that the reflected laser beam by the end mirror reaches the reflection bench of the PCal in the standard working point with a power P 2 6. Average P 1 and P 2 taking into account the losses of the viewports.

PD2 calibration

The photodiode PD2 on the reflection bench is calibrated with respect to PD1 comparing their measured laser power once PD1 has been calibrated.

A source of systematic uncertainty on power

When we measured the power on the injection bench and on the reflection bench for a fixed laser power value, we found a greater power on the reflection bench by 0.5% which was unexpected since the total optical efficiency of both PCals cannot be greater than 1. We thus investigated on the injection bench why the value was lower and we realized that the power was varying at maximum by 0.8% (from -0.5% to +0.3% of the power on the reflection bench) depending on the position of VIS between the viewport and the last reflecting mirror of the injection path. Two effects are suspected to change the power measured by VIS:

1. Under-estimation: if the laser beam is close to its waist when reaching the inner surface of the sphere, a bigger fraction of diffused light in the sphere will be backreflected towards the input port. In this case, the laser power is under-estimated.

2. Over-estimation: if the optical components of the injection path are too close to the input port of the sphere, the lost light getting out of the input port of the sphere is back-reflected into the sphere. In this case, the laser power is over-estimated.

Those assumptions were also supported by the fact that when we put a diaphragm between the last mirror of the injection bench and VIS, the more the diaphragm was closed, the more the power measured by VIS increased since the diaphragm sent the lost light of the sphere back into it.

As the laser beam is close to its waist on the injection bench, the error done on the estimation of the laser power is higher than on the reflection bench where the laser beam diameter measures a few millimeters. The measurement was thus performed at the position where the power on the injection bench was higher by 0.3% and we gave a conservative uncertainty of 0.8% on it. This uncertainty will have to be reduced in the future by characterizing the power read by VIS as a function of the distance to the waist of the laser beam.

Effect of viewports losses

The powers measured on the injection and reflection benches are measurements done outside the vacuum tower containing the end mirror. The laser beam is thus affected by the losses of the viewports between the tower and the PCal benches. Hence, to precisely estimate the power reflected by the ETM, one needs to take into account the viewport losses.

The viewports are made of two windows with 1064 nm broadband anti-reflective coatings whose reflectivity had been estimated to be around R = 0.05%/coating at 1047 nm, see Appendix D. A PCal setup is composed of two viewports, one on the injection bench and one on the reflection bench. We will assume that their losses are equal and that the absorption of the viewport is negligible compared to the reflectivity. The losses l view induced by a viewport are thus given by:

(1 -l view ) = (1 -R) 2 (6.15)
and one can find l view = 0.1%. Under the previous assumptions, the power reflected by the ETM can be estimated as:

P ET M = P 1 (1 -l view ) = P 2 (1 -l view ) (6.16)
Assuming that l view 1, it is equivalent to take the average power P of P 1 and P 2 to estimate P ET M keeping only the first order term in l view :

P = 0.5 × (P 1 + P 2 ) = 0.5 × (P 1 + P 1 (1 -l view ) 2 ) = 0.5 × P 1 (2 -2l view + l 2 view ) = P 1 (1 -l view + 0.5 × l 2 view ) ∼ P 1 (1 -l view ) = P ET M
(6.17) Figure 6.24 shows the error 0.5 × l 2 view done on P ET M using P as an approximation for l view from 0.01% to 1%. For l view = 0.1% the error done on P ET M is 0.00005% and can be neglected. Therefore the uncertainty on P ET M can be estimated using the optical efficiency η = P 2 /P 1 which should be close to 0.998 considering the viewports losses. This gives an uncertainty of ±0.2% at maximum on P ET M .

Uncertainty on the conversion factors

We keep a conservative 1% uncertainty for the conversion factors of the photodiodes gathering the systematic uncertainty on the viewport losses and the VIS power error coming from its position on the bench. The conversion factors have been measured to:

C NE PD1 = 2.38 ± 0.024 V/W, C NE PD2 = 2.38 ± 0.024 V/W C WE PD1 = 3.05 ± 0.031 V/W, C WE PD2 = 3.26 ± 0.033 V/W
The conversion factors given above have to be corrected with the intercalibration factor 1.0392 ± 0.52% coming from the intercalibration of aLIGO and AdV PCal to give the values used for O3a:

C NE PD1 = 2.47 ± 0.028 V/W, C NE PD2 = 2.47 ± 0.028 V/W C WE PD1 = 3.17 ± 0.036 V/W, C WE PD2 = 3.39 ± 0.034 V/W Figure 6
.24: Error 0.5 × l 2 view done on P ET M using P as an approximation for different values of l view .

Clipping issues

The total uncertainty on the photodiode conversion factors have also to take into account their stability in time. In order to evaluate this uncertainty we monitor permanently the ratio of the DC power and of the calibration lines 6 power amplitude read by the photodiodes PD1 and PD2 with respect to time. Variations of these ratios reveal that the two photodiodes do not see the same beam and that at least one of the two photodiodes calibration is changing. The first source of variations could come from clipping on PD2 and one needs to ensure that the reflected beam from the ETM does not change orientation too much to avoid this clipping.

During the commissioning of AdV for O3, several power drops on PD2 were noticed on both PCals. We first put a lens on the reflection bench (see Section 5.1.5) to reduce the size of the laser beam on the photodiode PD2 located on the image plane of the mirror. It was then found correlations between the longitudinal position of the end mirrors and the power drops. The problem was that the longitudinal position of the end mirrors drifted of hundreds of micrometers at each unlock of the interferometer, see Figure 6.25, reaching a cumulative drift of a few millimeters and shifted enough the laser beam on PD2 to induce clipping 7 . 6 The calibration lines are sine wave excitations induced by the modulation of the PCal laser beam. On WE PCal, the calibration lines are at 36.5 Hz and 60.5 Hz. On NE PCal, the calibration lines are at 34.5 Hz and 63.5 Hz. Those frequencies have been chosen for O3. 7 The effect of a longitudinal displacement l on the position of the laser beam on the photodiode is 2l sin(θ). For instance, l = 1 mm induces 0.63 mm beam offset on the photodiode. From March 5, 2019, the longitudinal position of the end mirrors is being reset after each unlock of the ITF in order to keep the setup in the same optical alignment configuration as we made during the installation of the PCals. The calibration of the photodiodes mentioned in the previous section was done after this action was made so that the end mirrors longitudinal positions were the same during the calibration and during the O3 run.

Temperature dependence of the photodiodes responsivity

The photodiodes used on the PCals are in Silicon and the specifications given by the manufacturer evaluate the responsivity of the photodiodes at 1047 nm to vary by 0.5%/ • C. When calibrating the PCals power, the temperature varies around its mean value of ±0.5 • C as shown in Figure 6.26. Those variations corresponds to ±0.25% on the photodiodes responsivity and are due to actions we made like opening the optical benches, putting the integrating sphere on them and closing the benches. Only PD1 photodiodes were calibrated at this time but the integrating sphere was put on the injection and reflection benches each time. Therefore only the temperatures on the injection benches have to be considered for those measurements. PD2 photodiodes have been calibrated with respect to PD1 a few days later when the temperatures were stabilized. Among the four benches, the maximum range of temperature variations is for NE reflection bench, with a range of 0.65 • C. This error implies a maximum range of photodiodes calibration variations of 0.33%. Treating this as a Type-B uncertainty, the relative 1σ uncertainty is obtained by dividing the range of uncertainty by 2 √ 3. Thus, the uncertainty on the photodiodes calibration coming from the surrounding temperature is ±0.1%.

NE PCal calibration stability during O3a

Some variations of power calibration between PD1 and PD2 were seen during O3a. In April 2019, a first analysis was done to determine the culprit between the two photodiodes and to recalibrate the NE PCal power with respect to WE PCal. A long term study was then done over O3a to understand the source of variations mainly using the calibration lines of the PCal which are sinewave excitations sent to the end test mass by modulating in amplitude the laser beam of the PCal at given frequencies 8 .

During the first month of the run O3, the NE PCal power ratio at the calibration lines drifted by more than 4%. Figure 6.29 shows the variations at 63.5 Hz during April 2019 that were not due to longitudinal end mirrors motion which was stable since March 2019. In order to tackle those variations one needs to know if one of the two photodiodes on the PCal setup is reliable. Since the ratio of PD2 power over PD1 power is varying and PD1 is the in-loop photodiode stabilized at 2 W, we know that PD2 power should vary like the ratio. Two cases can be distinguished:

1. The PCal power injected onto NE mirror is varying as seen by PD2, which means that the servo stabilizing PD1 is following optical or sensing variations from PD1.

2. The PCal power injected onto NE mirror is constant, consistently with PD1, and it is PD2 power that varies due to optical or sensing variations.

These two behaviors can be disentangled comparing the PCal injected strain h pcal with the reconstructed interferometer strain output h rec . In practice, two PCal strains h pcal,P D1 and h pcal,P D2 are computed with PD1 and PD2 signals and are then compared to h rec . Indeed, if one of the two photodiodes measures what is effectively injected in the interferometer, the ratio h rec /h pcal with h pcal computed with the unbiased photodiode should be stable in time.

Otherwise, the ratio h rec /h pcal computed with the biased photodiode should vary like the ratio between PD2 power and PD1 power. This is under the assumption that h rec does not vary too much in time. Figure 6.30 shows the ratio h rec /h pcal at the calibration lines of NE and WE PCals using h pcal computed with PD1 and PD29 during April 2019. The first thing that can be noticed is that the variations of h rec /h pcal,P D1 on NE does not vary like the other ratios but varies like the ratio between PD2 power and PD1 power from Figure 6.29. This indicates that NE PD1 is affected by optical or sensing variations which in turn induces variations of the NE PCal power via the control loop. Therefore, NE PD2 measures the effective power injected by the NE PCal since the ratio h rec /h pcal,P D2 is stable in time. The residual variations of this ratio are similar to the variations seen with the WE PCal which indicates that they are likely induced by h rec .

NE PD2 re-calibration before O3a

Since NE PD2 was initially calibrated on NE PD1, we considered to re-calibrate it with respect to WE PD1 which is more stable. Note that the ratio of h rec /h pcal,P D2 has already been re-calibrated10 with WE PD1 on Figure 6.30, thus the ratio is close to 1.

To transfer WE PD1 calibration to NE PD2 we used the calibration lines of the WE and NE PCal respectively at f 1 = 60.5 Hz and f 2 = 63.5 Hz. One can write the effect of the calibration lines on DARM signal in the frequency domain as:

DARM pcal W E (f 1 ) = x pcal W E (f 1 ) • O IT F (f 1 ) = P ref W E (f 1 ) • A pcal W E (f 1 ) • O IT F (f 1 ) (6.18) DARM pcal N E (f 2 ) = x pcal N E (f 2 ) • O IT F (f 2 ) = α(f 2 ) • P ref N E (f 2 ) • A pcal N E (f 2 ) • O IT F (f 2 ) (6.19) with x pcal i = P ref i • A pcal i
the motion of the i mirror induced by the i PCal, P ref i the laser power hitting the end mirror read by PD1 for WE and PD2 for NE, α the calibration transfer coefficient from WE PD1 to NE PD2, A pcal i the model of the i PCal actuator and O IT F the closed-loop response of the interferometer. By swapping the frequency of those calibration lines, we get the same Eqs. as (6.18) and (6.19) but with f 1 replaced by f 2 and vice versa and we can measure the following ratios:

DARM pcal W E (f 1 ) DARM pcal N E (f 1 ) = P ref W E (f 1 ) α(f 1 ) • P ref N E (f 1 ) • O IT F (f 1 ) O IT F (f 1 ) (6.20) DARM pcal W E (f 2 ) DARM pcal N E (f 2 ) = P ref W E (f 2 ) α(f 2 ) • P ref N E (f 2 ) • O IT F (f 2 ) O IT F (f 2 ) (6.21)
Then we can extract α(f 1 ) and α(f 2 ) which should be frequency independent for a linear photodiode response assuming that the configuration of the interferometer has not changed between the swap of frequency. The typical time between the measurements is about one minute.

α(f 1 ) = DARM pcal N E (f 1 ) DARM pcal W E (f 1 ) • P ref W E (f 1 ) P ref N E (f 1 ) (6.22) α(f 2 ) = DARM pcal N E (f 2 ) DARM pcal W E (f 2 ) • P ref W E (f 2 ) P ref N E (f 2 ) (6.23)
We find that α(f 1 ) = 1.053 and α(f 2 ) = 1.050 so they are in agreement within 0.3%. The conversion factor of NE PD2 has thus been multiplied by the average value of α(f 1 ) and α(f 2 ) which gives a new value of C N E P D2,new = C N E P D2 × 1.0515 = 2.50 ± 0.025 V/W. We keep the 1% uncertainty on this conversion factor as mentioned in Section 6.5.1 which is still conservative here. The updated value of the conversion factor after applying the intercalibration coefficient is 2.60 ± 0.027 V/W.

Stability of NE PCal calibration during O3a

The ratio of PD2 power over PD1 power on NE PCal has been monitored with calibration lines during O3. From this ratio, one can look at any variations between the two photodiodes during the whole considered period. Figure 6.31 shows this ratio at the 63.5 Hz line during O3a from April 1, 2019 to September 30, 2019. As expected from the previous section, PD1 sensing variations seen in April 2019 were still present and induced variations of more than 6% along O3a. In order to investigate those variations, we demodulated the individual signals at 63.5 Hz from PD1 and PD2. Figure 6.32 illustrates these signals during the same period. Two main features stand out from those plots. One is the long period variations of the power on PD2, as seen on the ratio of the PD2 and PD1 powers, and the other is variations in the second half of the period for both photodiodes that are not seen in the ratio.

The long period variations are correlated to the variations of humidity seen by the hygrometer in the NE building as illustrated in Figure 6.33. The humidity data have been rescaled to easily see the correlations with the DC power variations on PD2 which are similar to the variations at 63.5 Hz for the long trends. Since PD1 is the in-loop photodiode, the humidity must affect the optical path of the injection bench or the sensing of PD1 such that the power read by the photodiode is biased and changes the correction signal of the fast control loop sent to the laser driver. Nevertheless, we have shown at the beginning of this section that PD2 sensing was more stable in time than PD1 during April and it is confirmed with Figure 6.34 on a longer period. The mean value of h rec /h pcal,P D1 has variations of ∼ 6% and the mean value of h rec /h pcal,P D2 is stable within ∼ 0.5%. The distribution of h rec /h pcal,P D2 is shown in Figure 6.35 and one can deduce a 1σ uncertainty σ hrec/h pcal,P D2 = ±0.5%.

However, σ hrec/h pcal,P D2 is not just the uncertainty on the calibration stability of NE PCal but also account for the variations in h rec during the whole period. σ hrec/h pcal,P D2 can thus be used as a superior limit on the calibration stability uncertainty of NE PCal writing: The other trend of variations that are not seen by the power ratio is likely to be related to the correction of the PCal control loop itself which appeared to be noisier at some point and decreased the SNR of the calibration line at 63.5 Hz. 

σ hrec/

WE PCal calibration stability during O3a

During O3a the ratio of PD2 power over PD1 power on WE PCal has also been monitored with calibration lines11 as on NE PCal. Figure 6.36 shows this ratio at 60.5 Hz with variations of the order of 1.5% during the period. The individuals demodulated lines at 60.5 Hz on PD1 and PD2 are shown in Figure 6.37. The amplitude of the line on PD1 is stable within 0.3% whereas it is varying by ∼ 1.5% on PD2. Contrary to the NE case, we did not have any evidence for the power to vary with the humidity. In order to know if one of the photodiode is tracking the real power injected in the interferometer we use the same method as for NE PCal looking at the ratios h rec /h pcal,P D1 and h rec /h pcal,P D2 on Figure 6.38. In this case, the strain computed with PD1 is consistent with the strain reconstructed with the Hrec process. It indicates that, for WE PCal, PD1 sensing is stable, while PD2 sensing varies by ∼ 1.4%. As for NE PCal we can keep a superior limit for σ h pcal,P D1 on WE PCal using the RMS value of the h rec /h pcal,P D1 distribution shown in Figure 6.39. Therefore we consider an uncertainty of ±0.5% on the calibration stability of WE PCal.

For both NE and WE PCal we find that the sensing of one photodiode is less stable than the other one. We have selected the more stable one to estimate the PCal injected strain, PD2 for NE and PD1 for WE. 

Calibration of the PCals timing

It is important to precisely know when we inject a strain signal into the interferometer when we check the reconstruction of h(t). We thus have to calibrate the timing of the photodiodes sensing.

PCal timing consists in determining the delay of the sensing chain of the PCal photodiodes in order to have a synchronised reconstruction of the mirror motion with respect to the GPS time. To do so, a LED is flashing an IRIG-B signal on the photodiode PD2 located on the reflection bench and can be remotely enabled or disabled for dedicated measurements.

Timing expected from the sensing chain

The scheme of the sensing chain for the PCal photodiodes is drawn in Figure 6.40 and the different parts are described below.

GPS receiver 3 km optical fiber

End TD-Box Analog part: The analog part is composed of an ADC_2378 with an anti-imaging filter. This filter induces a delay τ analog = 6.6 µs and the ADC samples the analog signal at 1 MHz.

DSP:

The DSP downsamples the 1 MHz signal to 200 kHz after a 8 th order Butterworth filter with 20 dB attenuation at 100 kHz and a decimation selecting the last sample out of 5. The delay induced by the Butterworth filter is 10.9 µs as shown in Figure 6.41 and the decimation moves forward by 4 µs the last sample over 5 ordered in the frame. The total delay of this part is thus τ DSP = 10.9 -4 = 6.9 µs. 

PCal absolute timing

The 1PPS of the IRIG-B sent to the LED is delayed by τ dist = 16 µs due to the timing distribution in the 3 km optical fibers. As a consequence the PCal timing between the power impinging on the photodiode and the photodiode channel at 20 kHz is: Taking into account all the uncertainties we have stated in this chapter, one can make the uncertainty budgets on the displacement of the end mirrors ∆x NE pcal and ∆x WE pcal using both photon calibrators for the O3a period. Table 6.3 summarizes the frequency independent uncertainties which does not take into account the error on the mechanical response of the PCal. The total 1σ budget of frequency independent uncertainty is computed as To this budget, one needs to add the frequency dependent uncertainty part which is the error made on the mechanical response of the PCal as described in Section 6.3.3. The global frequency dependent uncertainty budget is thus σ pcal (f ) = σ 2 tot + σ 2 resp (f ). Figure 6.47 illustrates the global frequency dependent uncertainty budgets for NE and WE PCals that are used for the calibration of AdV.

τ pcal = τ tot -τ dist = 110 ± 3 µs
σ tot = i σ 2 i = 1.

Timing

The absolute delay of the PCals sensing chain is 110 ± 3 µs from the measurements, in agreement with the expected delay of 111.3 µs. The model of the mechanical response of the PCal does not affect the timing since the sum of the different components are just adding a phase shift of π at the notch frequency and at the drum mode resonance as illustrated in Figure 3.9.

In practice during the analysis of the calibration measurements we correct the data for the last Butterworth filter of the sensing chain whose delay is not constant up to 10 kHz as shown in Figure 6.42 and then we correct for the residual delay 110 -108.8 = 1.2 ± 3µs. 

Objectives

The calibration of Advanced Virgo actuators consists in measuring the actuator response in [m/V] for every mirror and marionette and to convert a measured signal 1 in [V] into a mirror displacement in [m] at an absolute GPS time.

Up to O2 (and March 2019) the PCals were used as a cross-check for the calibration and the reference of calibration was the Free Swinging Michelson technique (see Chapter 4 for more details).

For the third observing run O3 the choice was made to use the photon calibrators as reference to calibrate the AdV detector which was thus a new feature compared to the previous runs. This choice was motivated by several aspects.

First, we discovered before O3 a source of systematic uncertainty for the Free Swinging Michelson technique due to a non-flat photodiode response which was probably already present during O2. Then we trusted more the PCal calibration and its stability after the upgrades and studies done during my Ph.D work between O2 and O3. Moreover the choice of the PCals was also motivated by the work of intercalibration of the AdV photon calibrators with the ones of aLIGO to put the gravitational waves detectors network on the same calibration reference: the LIGO Gold Standard (see Chapter 6).

This chapter describes the new calibration strategy using the photon calibrators and gives a comparison of the actuators models derived from the photon calibrators and from the previous technique using the Free Swinging Michelson.

7.1 A new calibration strategy using the PCals

Principle of calibration transfer

The calibration between two systems consists in comparing a system of reference to another one that needs to be calibrated. Figure 7.1 illustrates the calibration transfer based on the comparison of the detector's response R to two different excitations Exc ref and Exc new which are respectively applied to a calibrated actuator of reference A ref and to an actuator that needs to be calibrated A new .

The output signal S of the detector can be written as:

S = Exc × A × R (7.1)
Then combining the two following transfer function measurements:

S Exc ref = A ref × R (7.2) S Exc new = A new × R (7.3)
It is possible to extract the wanted actuator's response:

A new = S Exc new × S Exc ref -1 × A ref (7.4)
1 Sc_MIR_Z_CORR and Sc_MAR_Z_CORR This principle is completely general and it is used to calibrate all the different mirrors and marionetta actuators of AdV.

PCals as reference actuators

The calibration of AdV during O3 consists in measuring the mirror and marionetta actuators response used in the reconstruction algorithm of the gravitational wave signal Hrec and measuring the absolute timing of the detector. The elements of the ITF that need to be calibrated have been described in Chapter 4. In order to calibrate the interferometer we use the PCals which are located in NE and WE buildings. They are used through different steps to calibrate all the electromagnetic mirror and marionetta actuators in their state of working point when the interferometer is in observing mode and then derive the associated models A Sc mir/mar,i . The reference used for the PCal calibration is the power of the auxiliary lasers reflected on the End Test Masses (ETM) P ref i which is measured by the Virgo Integrating Sphere (VIS) calibrated with respect to the LIGO Gold Standard (GS).

For this new calibration procedure we need to know precisely the PCal actuators for WE and NE in [m/W] which are given by:

A pcal,i (f ) = 2 cos(θ) c • H(f ) • (S pcal (f )) -1 (7.5)
with i = {WE,NE}, θ the angle of incidence of the PCal laser beam on the ETM, c the light speed, H(f ) = H pend (f ) + H drum (f ) the mechanical response of the ETM and S pcal (f ) the sensing function of the PCal photodiode which is a Butterworth filter at 10 kHz and a delay of 1.2 µs described in Chapter 6. We then need to multiply A pcal,i by the modulated power 2 reflected on the end mirror P ref i to get the displacement of the end mirror in meter at an absolute GPS time.

Once the actuator response of the PCal has been calibrated we can establish a strategy to calibrate AdV. A diagram of the new strategy of calibration of AdV with the PCals is shown in Figure 7.2. During March 2019, we performed several calibration measurements in order to derive the actuators models for the O3a period. Then, during O3a, weekly calibration measurements were done and the final models of the actuators are the average of all the measurements performed from March 2019 to October 2019 taking care of their stability over the run. Those updated models are the ones used in Hrec for O3b.

Automated calibration with the PCals

An automated process called Metatron written in python and composed of several nodes is used for the acquisition of the different steps of the lock of the interferometer and for its control. Among the nodes, the CALI node is the one used for calibration measurements. This node was already used for the previous calibration techniques and I added to it a fully automated sequence of measurements with the photon calibrators. Also, a procedure describing the different configurations of the interferometer in order to calibrate the mirrors and marionetta actuators has been documented in the Virgo wiki pages [START_REF] Estevez | Calibration measurements procedure[END_REF]. This is used every week by the operator on site to perform the calibration measurements during the observing run. The calibration measurements include PCal and Free Swinging Michelson and last ∼ 3h/week. They are done on a fixed day and at a fixed time (typically on Wednesdays at 15:00 UTC during O3a) before LIGO calibration so that the coincident time of observation of at least two detectors is maximized.

Direct calibration of the end mirrors and marionetta actuators responses with the PCals

The calibration at the start of O3a was estimated from the measurements done from March 22 to April 1, 2019. Then, at the end of the O3a period, an analysis of all the weekly measurements performed from March 22 to October 1, 2019 was done to extract the final actuators responses for the start of O3b. We describe here the method we used to calibrate WE, NE mirrors and marionetta actuators. The final results for O3a are constructed from the average of the all the weekly measurements assessing their stability. We also compare the results with the initial O3a models derived in March 2019.

Stability of the transfers in time

To assess the stability of the actuation responses of the actuators, the time evolution of the modulus and phase of the calibration transfer functions from the reference actuator to the target actuator have been studied from March 22 to October 1, 2019. If the actuators are stable during a long period of time, the measurements can be averaged to get a better uncertainty on the actuators response. OBSERVING RUN O3A

In order to evaluate this stability, a constant value is fitted onto the distribution of points for every frequency as a function of time. The weighted mean x of the measurements, the unbiased weighted standard error on the weighted mean σ and the χ 2 of the constant fit are computed as follow:

x = 1 i σ -1 i i σ -1 i x i (7.6) σ = σ √ n = 1 √ n N N -1 i σ -1 i x 2 i i σ -1 i -x2 (7.7) χ 2 = i (x i -x) 2 σ 2 i (7.8)
with x i and σ i the value and the standard deviation of the i-th measurement, σ the unbiased weighted standard deviation with N the number of points with non-zero error bars and n the total number of points; in our case, N = n and n = 20 for the end mirrors and marionetta actuators3 .
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interferometer to a motion of an end mirror.

Thus the actuators of the end mirrors are computed as7 :

A Sc mir,W E (f ) = E mir,W E Cal zC mir,W E • P ref W E E pcal,W E • A pcal,W E (f ) • T F CalT oSc mir (7.11) A Sc mir,N E (f ) = E mir,N E Cal zC mir,N E • P ref N E E pcal,N E • A pcal,N E (f ) • T F CalT oSc mir (7.12)
Those actuators responses are measured several times during an observing run to check their stability in time and to get more precise measurements combining all the datasets. For each χ 2 /ndf , one can attached a p-value which is an indicator for rejecting or not the null hypothesis. The p-value threshold above which we cannot reject the null hypothesis has been chosen to a conventional value of 0.05 [START_REF] Fisher | Statistical methods for research workers[END_REF]. This means that if the p-value related to the computed χ 2 /ndf is above 0.05, the data points are consistent with a constant fit in our case. The error bars on the plots are only statistical uncertainties coming from the measurements and they are sometimes too small to have a p-value > 0.05 because one needs to take into account some systematic uncertainty. We have thus implemented an algorithm that iteratively adds systematic uncertainties on the statistical errors and compute the new χ 2 /ndf which thus gives a new p-value until the p-value is higher than 0.05.

Stability of the measurements during O3a

Figures 7.5 and 7.6 show the statistical errors and the statistical plus the systematic errors on the amplitude and phase of the calibration transfers from the photon calibrators to WE and NE mirrors actuators. For the WE mirror actuator response, systematic errors smaller than 0.25% are added to the statistical errors in amplitude on the whole frequency band. Regarding the phase, systematic errors smaller than 2.5 mrad have also been added to the statistical errors so that the actuator response is compatible with a stable behavior.

The NE mirror actuator response has been impacted by similar systematic errors. It is noticeable that the statistical error bars increase with the frequency, as expected. In the high frequency part of the plots, statistical errors increase because the lines SNR decrease. As a consequence, possible small systematic errors are no longer visible.

The conclusion of this analysis is that the WE and NE mirror actuator responses are stable in time with systematic uncertainties smaller than 0.25% in amplitude and smaller than 2.5 mrad in phase on the whole frequency band. It is thus reasonable to average the data for each frequency point in order to fit the final models of the actuators for the O3a period 8 . OBSERVING RUN O3A 

Final models for O3a

The final actuators models for O3a result from the average of all the weekly measurements done during O3a. Figures 7.7 and 7.8 show the final end mirrors actuators response normalized by the simple pendulum mechanical response and their fit. It is convenient to normalize the actuators responses by the mechanical response since the deviation due to the electronics is small compared to the ∝ f -2 attenuation of the simple pendulum. 

Comparison with the nominal values

A comparison can be done between the nominal values of the gains and of the pole frequencies derived from the electronic considerations of the electromagnetic actuators that were reported in Table 3 

WE and NE marionetta actuators response calibration

The end marionetta actuators A Sc mar,i , i = {WE,NE}, are also calibrated with the interferometer set in the "Low Noise 3" configuration. The technique is similar as for the calibration of the end mirror actuators except that we compare photon calibrator multiplets of sine wave excitations applied on the end mirrors with excitations driven by the EM actuators of the end marionetta 10 . The actuators of the end marionetta are then constructed as: As for the end mirrors actuators, the stability of these measurements have been checked during O3a.

A Sc mar,W E (f ) = E mar,W E Cal zC mar,W E • P ref W E E pcal,W E • A pcal,W E (f ) • T F CalT oSc mar (7.13) A Sc mar,N E (f ) = E mar,N E Cal zC mar,N E • P ref N E E pcal,N E • A pcal,N E (f ) • T F

Stability of the measurements during O3a

The statistical errors and the systematic errors on the amplitude and phase of the end marionetta actuators are shown in Figures 7.9 and 7.10. The systematic errors added to the statistical ones are also estimated based on the p-value computed with the χ 2 /ndf test for a constant fit. For WE marionette actuator, the systematic errors added on the amplitude are smaller than 0.25% and 2 mrad in phase on the whole frequency band. For NE marionette actuator, the systematic errors added on the amplitude are smaller than 0.3% and 2 mrad in phase on the whole frequency band.

The final models for the end marionetta actuators can thus be derived from the average of the O3a measurements.

Final models for O3a

Figures 7.11 and 7.12 are the plots of the final WE and NE marionette actuators response respectively. The measurements are normalized by the marionette mechanical response since the deviation of the electronics is small compared to the ∝ f -4 attenuation of the double pendulum.

Table 7.3 summarizes the models of the end marionetta actuators response before and after O3a. The gains before and after O3a are in agreement within better than 0.3% for WE marionette and 0.7% for NE marionette. 

Transfer of calibration from end mirror actuators to WI, NI, PR and BS actuators

Calibration transfers of the mirrors and marionetta actuators

Once the actuators response of NE and WE mirrors have been calibrated with the photon calibrators it is possible to calibrate the actuators response of WI, NI, BS, PR mirrors and BS marionette by transferring the calibration using the following technique:

1. The interferometer is put in a specific configuration with the needed locked cavities depending on the mirrors and marionette to calibrate. The optical response of the interferometer to a mirror motion in a specific configuration is O conf mir,i . 

Sinewave excitations

E ref = Cal zC ref • T F CalT oSc ref • A Sc ref • O conf mir,ref (7.15) OBSERVING RUN O3A
3. The same injections of sinewave excitations are done with the actuator of the mirror that needs to be calibrated and the error signal E new is measured:

E new = Cal zC new • T F CalT oSc new • A Sc new • O conf mir,new (7.16) 
4. Assuming that the optical response of the interferometer has not changed during the measurements, one can extract the target actuator response of the mirror that needs to be calibrated:

A Sc new = E new Cal zC new • Cal zC ref E ref • A Sc ref • T F CalT oSc ref T F CalT oSc new • O conf mir,ref O conf mir,new (7.17) 
It is thus possible to measure the target actuator of the mirror A Sc new that needs to be calibrated knowing the reference actuator A Sc ref and measuring the transfer functions from the calibration signal Cal zC to the error signal E.

In the following sections we will use this technique to transfer the calibration from a mirror to another mirror or a marionette. All the needed actuators of AdV used in the reconstruction of the gravitational waves signal Hrec have been calibrated following the method described above.

WI and NI mirror actuators response calibration

The input mirrors are not used in the reconstruction algorithm of the gravitational wave signal but are used in the calibration transfer procedure. Therefore they have to be calibrated. The input mirrors actuators A Sc mir,i , i = {WI,NI}, are calibrated transferring the WE and NE mirror actuators calibration following Eq. 7.17. This transfer requires a specific configuration of the interferometer 12 which uses the end mirrors actuators in standard "Low Noise 2" mode but the input mirrors actuators in "High Power" mode. This configuration is close to the standard "Low Noise 3" configuration where the input mirrors actuators are normally in "Open" mode. Using the input mirror actuators in HP mode induces a strong noise coming from the DAC to have enough dynamic to drive the input mirrors with sine wave excitations. The SNR of the sine wave excitations applied on the end mirrors have been consequently increased to get a good coherence with the error signal of the interferometer spoiled by the input DAC noise which is filtered by the mechanical response of the suspended mirror proportional to f -2 . Figure 7.13 shows the error signal of the interferometer in standard "Low Noise 3" configuration, i.e. the input mirrors actuators are in "Open" mode, and the error signal with the input mirrors actuators in HP mode. The actuators of the input mirrors are then derived as: . On the phase, the end mirror optical response has 10 µs more delay than the input mirror optical response. In practice, we measure the actuators response without taking into account the ratio of the optical responses but then we correct the actuators response models for it.

A Sc mir,W I (f ) = E mir,W I Cal zC mir,W I • Cal zC mir,W E E mir,W E • A Sc mir,W E (f ) • O EndT oIn mir,W E O EndT oIn
The measurements of these actuators were done every week during O3a and the stability of the calibration transfers has been analyzed.

Stability of the measurements during O3a

Figures 7.14 and 7.15 show the statistical and systematic errors on the stability of the calibration transfer between the end and input mirror actuators both on amplitude and phase. Compared to the direct measurements of the end actuators with the PCal, the statistical errors of these transfers are ∼ 4 times larger. Fewer systematic errors are added on the amplitude and phase. For both WE to WI and NE to NI calibration transfers, the systematic errors on the amplitude are better than 0.3% and better than 2.5 mrad on the phase over the whole frequency band.

The weekly measurements of those transfers have been averaged over O3a to derive the final actuator models on the input mirrors. 

Final models for O3a

Comparison with the nominal values

Table 7.5 gathers the expected and measured values of the gains and pole frequencies for the input mirror actuators. The nominal values are taken from Table 3.2. The gain and pole values for the actuators of WI and NI mirrors are in agreement within better than 20%. The differences are coming from the same reasons as given for the actuators of the end mirrors. 

Mirror (mode)

BS and PR mirror actuators response calibration

Once the input mirrors actuators have been calibrated, it is possible to transfer their calibration to BS and PR mirrors actuators. In order to do this, the configuration of the interferometer is set to "PR-WI" which requires only the "PR-WI" cavity locked with WI and PR in HP mode and BS in LN mode.

Figure 7.18 is an illustration of the cavity "PR-WI" configuration used for those calibration transfers. It can be noticed that the error signal E for this configuration is no longer from B1 photodiodes at the output of the interferometer but from B2 photodiodes 13 which see a pick-off beam of the "PR-WI" cavity. BS and PR mirror actuators response are computed as:

A Sc mir,BS (f ) = E mir,BS Cal zC mir,BS • Cal zC mir,W I E mir,W I • A Sc mir,W I (f ) (7.20) 
A Sc mir,P R (f ) = E mir,P R Cal zC mir,P R • Cal zC mir,W I E mir,W I • A Sc mir,W I (f ) (7.21) 
The stability of WI to BS and WI to PR measurements have been studied to compute the final actuators models at the end of O3a.

Stability of the measurements during O3a

The systematic errors on the stability of the calibration transfers to PR and BS mirror actuators are shown in Figures 7.19 and 7.20. We see that for both mirror actuators, the statistical errors are almost high enough for every frequency to have data points compatible with a constant fit. The uncertainty for both actuators are better than 1.5% in amplitude below 400 Hz and close to 3 -3.5% above. The uncertainty on the phase is better than 15 mrad below 400 Hz and close to 30 -40 mrad above. The final models of these actuators result from the average of the weekly measurements performed during O3a. OBSERVING RUN O3A Table 7.6 gives the models used for O3a and the final models derived from the weekly measurements done during O3a for both BS and PR mirrors actuators. The gain measured for the final BS mirror actuator model has 1.7% discrepancy with the one used during O3a. This could be explained by the fact that BS mirror actuator was calibrated with the Free Swinging Michelson at the start of O3a and had its gain renormalized by the calibration discrepancy between the end mirrors actuators gains measured from the PCals and from the Free Swinging Michelson (see section 7.4.2 for more details).

The double zero at 1225 Hz has been fixed when fitting the final model since the frequency of the highest data point for BS mirror actuator derived with the PCal as reference is around 500 Hz. The shape at high frequency thus relies on the previous model derived with the Free Swinging Michelson measurements. The lack of points above 500 Hz is due to the "PR-WI" configuration which is a noisy configuration and BS mirror actuator is in LN mode and thus has not enough dynamic to inject high enough lines above 500 Hz. However, we managed to increase the SNR of the high frequency points for O3b calibration measurements by tuning the parameters during a dedicated shift and the future models for BS mirror actuator could incorporate data points with frequency between 500 Hz and 1 kHz with error bars of a few percents.

The gains of the PR actuator models between and after O3a are compatible within better than 0.6% though the model before O3a was measured from Free Swinging Michelson technique and renormalized by the same calibration factor used on BS mirror actuator.

Model

O3a BS MIR Final O3a BS MIR O3a PR MIR Final O3a PR MIR Gain (µm/V) 1.0703 ± 0.0004 1.052 ± 0.002 0.825 ± 0.003 0.830 ± 0.001 7.6: BS and PR mirror actuators models. The models "O3a" used during O3a and "Final O3a" derived from all the calibration measurements done during O3a are given. The "O3a" models are derived from Free Swinging Michelson measurements but the gains are renormalized by -2.2% in accordance with the PCal actuators. The "Final O3a" models are derived from PCal measurements. 

Pole f p (Hz) - - 305 ± 10 300 ± 3 Zero f z (Hz) 649 ± 7 600 ± 20 - - Q 0.660 ± 0.003 0.675 ± 0.009 - - Zero f z (Hz) 1225 ± 5 1225 fixed - - Q 1.

Comparison with the nominal values

The gains at 100 Hz and the pole frequencies expected from the electronic chain of the BS and PR mirrors actuators computed in Chapter 3 are shown in Table 7.7 with the measured values. The discrepancy between the gains for BS (respectively PR) mirror actuator is ∼ 50% (respectively ∼ 30%). The frequency of the pole cannot be estimated for BS mirror actuator since it is higher than the frequency band of the measurements. For PR mirror actuator, the frequency of the pole is compatible with the expected one within 10%. 

Mirror (mode) A mir (100 Hz) [m/V] A mir meas (100 Hz) [m/V] f elec [Hz] f meas elec [Hz] BS (LN) 1.

BS marionette actuator response calibration

Eventually, with the calibrated BS mirror actuator, it is possible to calibrate the BS marionette actuator. To do so, sine wave excitations are sent to BS mirror and then to BS marionette actuators in LN mode with the interferometer set in "Low noise 3" configuration. The transfer of calibration from BS mirror actuator to BS marionette actuator is done as follows: 

A Sc mar,BS (f ) 

Stability of the measurements during O3a

Figure 7.23 shows the statistical and systematic errors on the amplitude and phase of the calibration transfer for BS marionette actuators as a function of frequency. The systematic error on the amplitude is smaller than 0.25% and smaller than 1.5 mrad on the phase in the region 10 Hz to 40 Hz where the BS marionette control signals contributes to h(t).

Final models for O3a

Figure 7.24 shows the data points and the fit of the BS marionette actuator response normalized by the mechanical response in ∝ f -4 from the double pendulum.

The model used for O3a and the final model for BS marionette actuator are summarized in Table 7.8. The gain of the final model actuator is 1.9% smaller than the one used for O3a. This is consistent with the gain of the final BS mirror actuator measurements which is 1.7% smaller than the one used for O3a. OBSERVING RUN O3A 

Model

O3a BS MAR Final O3a BS MAR Gain (µm/V) -4. [START_REF] Jaranowski | Gravitational-wave data analysis. Formalism and sample applications: The Gaussian case[END_REF] O3a" derived from all the calibration measurements done during O3a are given. The "O3a" model is derived from Free Swinging Michelson measurements but the gain is renormalized by -2.2% in accordance with the PCal actuators. The "Final O3a" model is derived from PCal measurements. The 400 µs difference between both models comes mainly from the difference between the fitted zeros which cannot be well constrained with data points up to 60 Hz. 

Comparison of the Free Swinging Michelson and photon calibrators measurements before O3a

At the beginning of O3a, two methods have been used to extract the end mirror actuator models used in Hrec: the Free Swinging Michelson and the Photon Calibrator. Since it was the first time that the photon calibrators were used as the reference for the calibration of AdV, a comparison between both calibration methods has been performed on the actuator responses of the end mirrors to see if they give compatible results.

WE and NE actuator models comparison

In practice, three actuator responses have to be compared for both end mirrors derived from the following measurements:

1. Free Swinging Michelson with the B1p photodiode PD1 (FreeMichPD1)

2. Free Swinging Michelson with the B1p photodiode PD2 (FreeMichPD2)

Photon Calibrator (Pcal) with PD1 on WE and PD2 on NE

A previous study between FreeMichPD1 and FreeMichPD2 had already been done in [START_REF] Estevez | Advanced Virgo Calibration for O3: calibration based on Free Swinging Michelson[END_REF] and it revealed a maximum discrepancy in DC gain ∆G syst F reeM ich = ±2.2%. In this section, we compare PCal with FreeMichPD1 and Pcal with FreeMichPD2.

For both comparisons we give the ratio of the models for NE and WE in Figures 7.25, 7.26, 7.27 and 7.28. In order to properly compare the different methods, all the statistical and systematic uncertainties have to be added to the results. The errors to take into account are the statistical errors of the fits, the systematic error on the Free Swinging Michelson measurements and the systematic error coming from the Pcal. Thus the error on the ratios of the DC gains can be estimated as:

∆G DC = (∆G stat F it ) 2 + (∆G syst F reeM ich ) 2 + (∆G syst P cal ) 2 (7.23) 
with ∆G syst F reeM ich = ±2.2% and ∆G syst P cal = ±1.34% from Chapter 6. Similarly, the total error on the timing is estimated as:

∆τ = (∆τ stat F it ) 2 + (∆τ syst F reeM ich ) 2 + (∆τ syst P cal ) 2 (7.24) 
with ∆τ syst F reeM ich = ±1.5 µs and ∆τ P cal = ±3 µs.

Table 7.9 gives the DC gain ratios and timing differences with all these uncertainties. Note that only timing differences are given for the phase error since the constant phase discrepancy is very small compared to the phase error from timing. Gain DC -1.9% ± 2.85% +0.27% ± 2.66% Timing +10 µs ±9.9 µs +18 µs ±11.3 µs Table 7.9: Summary of differences between Free Swinging Michelson and PCal end mirror actuator models considering the statistical and systematic uncertainties.

In conclusion, the three response functions from the different methods have compatible DC gains within ±2.55%. The PCal and FreeMichPD1 response functions are also in agreement for the timing within ±1 µs. The timing comparison is only done with FreeMichPD1 which is better measured than FreeMichPD2 noisier at high frequency. Those uncertainties will be used for the estimation of the uncertainty on the reconstructed gravitational signal h rec in Chapter 8.

These results show an improvement with respect to past calibration. During O2, the PCal was not well-controlled and we could not properly estimate the uncertainties with this method. During VSR4, the verification of h(t) with the electromagnetic actuators of the end mirrors based on Free Swinging Michelson measurements gave an uncertainty on h(t) of ±7% on the amplitude, ±43 mrad on the phase and ±8 µs on the timing. The verification with the PCal was giving a bias on the amplitude of h(t) of 7% ± 12%, ±50 mrad on the phase and ±10 µs on the timing. Thus both methods were in agreement within ±7% on the amplitude.

During O3a, the use of the actuator models measured with the PCal in the reconstruction algorithm Hrec was motivated by the smaller error bars on the measurements with respect to Free Swinging Michelson measurements and the work of intercalibration between AdV PCal and aLIGO PCal. It is also worth mentioning that the intercalibration of the photon calibrators corrected the measured laser power of AdV PCal by 3.92% and improved the agreement between PCal and Free Swinging Michelson techniques.

Special case at the start of O3: BS and PR actuators calibration

At the beginning of O3, the transfer from WE and NE mirrors actuators to BS and PR mirrors actuators was not ready yet. The actuator models used in Hrec before O3 were the ones derived from Free Swinging Michelson measurements with PD1. The average of the gain discrepancy for the end mirror actuator models between Free Swinging Michelson with PD1 and the PCal is 2.2%. As the reference is the PCal for the O3 run, the end mirror and marionette actuator models have been replaced by the ones derived from the PCal measurements and the gain of BS and PR mirror actuator models have been reduced by 2.2% assuming that the gain discrepancy between both calibration methods for BS and PR actuators is similar to the average of the end actuator gains discrepancy stated in Table 7.9. The timing of BS and PR actuators has not been modified since the 1 µs difference is smaller than the timing uncertainties. OBSERVING RUN O3A

Note that this renormalization of BS and PR actuators was in use for O3a since these actuators were not yet calibrated with the PCals as reference. Then during O3a (and O3b) the BS and PR actuator responses were measured from the PCals with the use of calibration transfers.

Conclusion

We have described a new calibration strategy of AdV for O3 using the photon calibrators. The advantages of this strategy compared to the Free Swinging Michelson technique previously used are:

• NE and WE mirrors are directly calibrated in LN2 mode with the interferometer locked in its standard configuration of observation. This means that the temperature of the EM actuators is the standard one and it prevents from any temperature dependent features during calibration measurements. This method also induces less errors coming from multiple transfers to calibrate the end mirrors actuators and it avoids a linear extrapolation on 6 orders of magnitude which is assumed when calibrating in Free Swinging Michelson14 .

• The intercalibration of aLIGO and AdV PCals enables to put the detectors network on the same calibration reference and reduce any systematic bias between the detectors.

• The B1p photodiodes with a non-flat response from DC to 10 kHz are not used.

• Still need to transfer calibration for PR and BS mirrors actuators but BS mirror actuator is calibrated with lower signal than in Free Swinging Michelson which prevent from any increase of temperature.

The weekly measurements are stable over 6 months with a typical uncertainty better than 0.25% in amplitude for the end mirrors actuators below 1 kHz. Both Free Swinging Michelson and PCals techniques are in agreement within better than 2.55% in amplitude and 1 µs in timing. The intercalibration between aLIGO and AdV PCals power enables to correct the AdV PCals measured power by 3.92% without which the Free Swinging Michelson and the PCal techniques would have ∼ 6.5% difference on the measured gains of the actuators.

Objectives

The gravitational wave signal h(t) is reconstructed from the interferometer's output signal and the control signals whose actuation functions have been calibrated. Since the produced h(t) is used for data analysis, any bias in the reconstruction will impact the parameters estimation of an astrophysical source. The errors on h(t) can be on the amplitude and on the phase. It is thus important to verify the reconstruction and estimate the systematic uncertainty on the released h(t).

In this chapter we detail the method used for this verification both with the electromagnetic actuators and the photon calibrators. We also compare the results with preliminary measurements done with a Newtonian calibrator. The validation of h(t) is usually given on the frequency range 20 Hz to 2 kHz which is the band where most of the gravitational sources seen with ground based detectors are expected to produced gravitational waves. However, to extend the validation above 2 kHz we show that we can use the photon calibrators with the cost of better modeling their mechanical response at high frequency.

From O2 to O3 reconstruction

The reconstruction algorithm of the gravitational wave signal h(t) used in O3 is mainly the same as what was used during O2 (see Chapter 4) but a few upgrades have been implemented. We provide below the two main upgrades that were done prior to O3:

• The computation is done in the frequency-domain using FFTs of 8 s with 4 s overlap. This enables to reduce the latency of the production of h(t) by a factor 2.5 (from 20 s to 8 s) compared to O2.

• The noise subtraction of auxiliary channels that couples with h(t) is done online. Auxiliary monitoring signals are used as noise witness and subtracted from h(t) after applying a transfer function measured on the data and updated every 500 s. We thus provide a reconstructed strain h raw (t) constructed before the noise subtractions and the final reconstructed strain h(t) constructed after the noise subtractions. Figure 8.1 shows the reconstruction algorithm used for O3. During O3a, five witness channels were subtracted.

Determination of the sign of h(t) with the PCals

In AdV, the amplitude of the gravitational wave signal h(t) is given by Eq. 4.1 that we recall here:

h(t) = L N -L W L 0 (8.1)
with L 0 = 3000 m and L N and L W the North and West Fabry-Perot cavity length respectively. The sign of h(t) is thus determined by this equation and results from a convention between LIGO and Virgo [START_REF] Reilly | Convention for the sign of the calibration[END_REF]. An error on the sign of h(t) on one interferometer would be very damageable for the multiple detectors coherent analyses. It is thus crucial to determine the sign of h(t) and this technical verification is done with the photon calibrators. 

- G ITF -1 L 0 -1 h raw (f) G ITF -1 L 0 -1 h(f) TF witness channels
Same algorithm as for O2

Figure 8.1: Scheme of the algorithm used to reconstruct the gravitational wave signal h(f ) during O3. The algorithm is similar as the one for O2 illustrated in Figure 4.13 but the noise subtraction using witness channels that couples to h(t) through specific transfer functions (TF) has been implemented online. Two reconstructed strains h raw (t) and h(t) are provided online after applying an inverse Fourier transform on the frequency domain strains.

From the definition given in Eq. 8.1, the variations of h(t) are in phase with the variations of L N and in phase opposition with the variations of L W . With the photon calibrators we know that the mirror motion and the PCal laser power are in phase opposition for frequencies above the resonance of the pendulum close to 0.6 Hz. In other words, above 10 Hz when the PCal power decreases, the North or West cavity length increases. In order to get the good sign of h(t) the sensing of the laser power should be positive and the phase of the transfer function from the PCal power to the reconstructed h(t) should be 0 for the West cavity and -π for the North cavity.

This can be derived from a mathematical point of view with the equation of motion of the NE mirror induced by the PCal as (for f 0.6 Hz):

∆L N = - 1 m(2πf ) 2 2 cos(θ) c P ref N E (8.2) 
this means:

Sign(∆L N , P ref N E ) = -1 (8.3) 
Then, if the phase of the transfer function from the PCal injections to the reconstructed h rec verifies:

φ h rec P ref N E = -π → Sign(h rec , P ref N E ) = -1 (8.4) 
we finally get:

Sign(h rec , ∆L N ) = 1 (8.5) 
Similarly we can show that for a WE mirror motion:

φ T F h rec P ref W E = 0 → Sign(h rec , P ref W E ) = +1 (8.6) 
and then:

Sign(h rec , ∆L W ) = -1 (8.7)
The sign of h(t) has been monitored during O3a using permanent calibration lines injections with the PCals around 30 Hz and 60 Hz. Figure 8.2 shows the phase of the transfer function from the NE and WE PCals power to the reconstructed h(t) in May, 2019. From both PCals, the sign of h(t) is valid. A process called TFMoni has been set up to monitor several features for calibration purpose and particularly the phase of those transfer functions at 34.5 Hz and 36.5 Hz. We can thus plot this phase as a function of time during O3a and check that the sign of h(t) was good at any time. 

Hardware injections to verify h(t)

The verification of h(t) reconstruction is based on an hardware injections method. These hardware injections can be done from the electro-magnetic actuators, the photon calibrators and the Newtonian calibrator. 

Principle of verification

The principle of the verification consists in injecting a known signal h inj in the interferometer and compare it to the reconstructed detector strain h rec . The injections can be performed with the electromagnetic actuators, the photon calibrators and the Newtonian calibrator. They can either be sine wave excitations or broadband noise (except for the NCal) sent to the end mirrors. The different injected strains h inj can be expressed as follows:

• Electro-magnetic injected strain h EM inj on an end mirror:

h EM inj (f ) = ∆x EM (f ) L 0 = 1 L 0 × A EM (f ) × V EM (f ) (8.8) 
with A EM the response of the end mirror actuator in [m/V] and V EM the signal in [V].

• PCal injected strain h P Cal inj on an end mirror:

h P Cal inj (f ) = ∆x P Cal (f ) L 0 = 1 L 0 × A P Cal (f ) × P ref (f ) (8.9) 
with A P Cal the response of the PCal actuator in [m/W] and P ref the laser power in [W].

• NCal injected strain h N Cal inj on an end mirror:

h N Cal inj (f ) = ∆x N Cal (f ) L 0 = 1 L 0 × A N Cal (f ) × V N Cal (f ) (8.10) 
with A N Cal the response of the NCal actuator in [m/V] and V N Cal the NCal monitoring signal in [V].

The comparison between the reconstructed strain h rec and the injected strain h inj is then obtained computing the transfer function from h act inj to h rec during the injections with a given actuator:

h rec h act inj = L 0 A act × h rec W act (8.11)
with W act the witness channel of the reference signal in [V] or in [W] depending on the actuator.

Two types of data

The period of the verification of h(t) presented in this chapter goes from April 2019 to September 2019. Two types of data are used for this verification:

• Close to twenty weekly measurements have been performed during dedicated calibration shifts. Those hardware injections made with the EM actuators and the PCals are used to check the stability in tim of the reconstructed signal h(t) with 28 points from 10 Hz to 1.3 kHz.

• Permanent calibration lines (i.e. permanent sine wave excitations) are sent to the mirrors with the EM actuators and the PCals to monitor the stability of calibration online at 12 frequencies from 30 Hz to 400 Hz. Those injections are performed during the observing runs.

In the next sections we describe how these hardware injections are used to verify the reconstructed h(t) and to estimate the uncertainty on h(t).

Measurements during O3a

During O3a, weekly measurements of the transfer function from h inj to h rec have been performed both from the EM actuators and the PCals1 . For a perfect reconstruction of h(t) and a perfect modeling of the injected strain h inj , the transfer function hrec h inj would have an amplitude of 1 and a phase of 0 rad on the whole frequency band. In reality, the transfer function has different values in amplitude and phase and it is used to estimate the systematic uncertainty on the reconstructed h(t).

Stability of the transfer functions

The transfer functions hrec h inj have been measured every week during O3a with both WE and NE EM actuators and both WE and NE PCals. Therefore an analysis of stability over time was done for the four different methods. For instance, Figure 8.4 shows all the weekly transfer functions from h W E pcal to h rec during O3a. The shape of the measurements is similar from one week to another with small variations on the absolute amplitude and phase. From those plots, the stability of the measurements has been assessed with a similar method as described in Chapter 7 for the calibration of the EM actuators. A constant value is fitted Figure 8.4: All O3a transfer functions h rec /h W E pcal using hardware injections performed with WE PCal. at each frequency both for the amplitude and the phase of the transfer function with respect to time. Since the statistical errors for many frequencies are not high enough to have a p-value of the fit greater than 0.05 we add systematic errors until the fit gives a p-value > 0.05. This analysis is done for both the EM actuators injections and the PCals injections. Figures 8.5, 8.6, 8.7, 8.8 show the statistical errors and the final systematic errors on the measurements of the transfer functions so that each frequency point is compatible with a stable value in time. For the different actuators a systematic uncertainty of 0.25% to 0.3% is added on the amplitude and a systematic uncertainty of 2.5 mrad to 3 mrad is added on the phase. The multiple measurements of these transfer functions are thus averaged to give the final O3a transfer function that is used to estimate the systematic uncertainty on the reconstructed h(t).

Final transfer functions for O3a

Figure 8.9 shows the transfer functions using both NE and WE EM actuators and both WE and NE PCals to make the different h inj using the average of the weekly measurements during O3a. The injections are done from ∼ 10 Hz to ∼ 1300 Hz. The four methods of verification of the reconstructed h(t) find similar results; the amplitude is around 1 and the phase around 0 rad. On the whole frequency band, a systematic "wavy shape" is seen both on amplitude and phase with all the different techniques. This bias is likely due to the algorithm of the reconstruction itself and it is possible that the approximations used for the optical responses of the different cavities could induce a frequency dependent bias. Looking into more details, we see a discrepancy on amplitude of about +10% below 12 Hz between h rec and h inj with a motion of NE mirror and +6% with a motion of WE mirror. On the phase, a discrepancy of 0.1 rad can be seen below 12 Hz between h rec and h inj with a motion of NE mirror and 0.02 rad with a motion of WE mirror. This is likely due to a wrong modeling of the optical responses to a motion of the different mirrors of the ITF below 20 Hz which is discussed in Chapter 9. Above 1 kHz there is a bias of about 1% on amplitude between the different methods of validation and the phase is dominated by a 

Online monitoring of h(t) with permanent hardware injections

The goal of the permanent sine wave excitations sent to the mirrors is to continuously monitor the stability of calibration and not only once a week. Thus the verification has not only been checked weekly with the full frequency band measurements but has also been monitored with permanent calibration lines sent with the EM actuators and the PCals. Table 8 Table 8.1: Summary of the permanent hardware injections of calibration lines. For each frequency, the excited mirror (WE or NE) and actuator (EM or PCal) is given. These frequencies have been chosen to cover the low frequencies and the so-called "bucket" region of the sensitivity of the interferometer which are the most important frequency bands to compute the gravitational waves detection range. In that way, there is a permanent monitoring of the validity of the reconstruction in this band. One should also avoid to put calibration lines at expected pulsars frequencies and at the harmonics of known signals, for instance the 50 Hz of the mains supply. The typical signal-to-noise ratio of the lines above the noise spectrum is also given, when computed with FFTs of 10 s length.

The method of verification is the same as what has been described above, except that the transfer functions are continuously monitored during the run at the chosen frequencies. In order to estimate the stability of the transfer function hrec h inj at those frequencies, we plot the distribution of the amplitude and phase of this transfer function at the calibration line frequencies. Figures 8.11 and 8.12 show the different distributions on the amplitude and phase respectively when the interferometer is locked. The distributions are Gaussian and their RMS (between 0.6% and 3% in modulus) matches the statistical fluctuations expected due to their signal-to-noise ratio. Hence it is not needed to call for significant time variations to explain the distributions2 .

Only around 405 Hz the distributions are not Gaussian and show tails, but they are still well centered around correct values close to 1 in modulus and 0 in phase. One possible explanation could be that some noise is going up and down around that line, reducing its 202 CHAPTER 8. VERIFICATION OF THE H(T ) RECONSTRUCTION DURING O3 signal-to-noise ratio when the noise is higher, hence adding statistical variations at that time.

To conclude, the continuous monitoring using these hardware injections confirms the stability of both the four actuator responses and the h raw /h inj ratio within their statistical uncertainties, i.e. better than 0.7% in modulus and 6 mrad in phase from the lines with their larger SNR and better than 2.5% and 25 mrad from the lines with lower SNR. This is consistent with the weekly measurements described in previous section: with larger SNR, small time variations were found at the 0.3% and 3 mrad level, too small to be observed with the lower SNR of the continuous monitoring. 

Estimation of h(t) uncertainty for O3a

The uncertainty on the reconstructed h(t) is a very important estimation since those calibrated data are used by the data analysis pipelines to detect gravitational waves and estimate the astrophysical parameters. From the analysis of the stability of the permanent calibration lines and the weekly measurements of hrec h inj it is possible to estimate the systematic uncertainty on the reconstructed h(t).

Let's assume that the measurements to validate h(t) are in the high SNR limit so that we drop the noise term n in the data d:

d(f ) = n(f ) + h(f ) ∼ h(f ) (8.12)
We then consider that the reconstructed strain data in the frequency domain depends on the frequency f and calibration parameters λ. It is thus possible to write the reconstructed strain data as follows:

h(f, λ) = C(f, λ) C(f, λ t ) h(f, λ t ) (8.13)
with C(f,λ) C(f,λt) the calibration transfer function applied to the true strain data, and h(f, λ t ) the true strain data. In this sense, if there were no systematic errors in the calibration procedure, λ = λ t and thus h(f, λ) = h(f, λ t ). In reality, the measured calibration parameters λ will differ by a quantity δλ from the true calibration parameters λ t and we rewrite Eq. 8.13 as:

h(f, λ) = 1 + δA A e jδφ h(f, λ t ) (8.14) 
where the global error on h(f ) is split into an amplitude part δA A and a phase part δφ.

The estimation of this error is done by measuring the following transfer function:

h rec h inj = 1 + δA A e jδφ (8.15) 
with h inj a known injected strain in the interferometer from the EM actuators or the PCals which substitutes to h(f, λ t ) and h rec = h(f, λ). In practice, h inj is also derived from measurements and based on a calibrated actuator. We thus take into account its uncertainty in the final uncertainty budget for the reconstructed h(t).

Taking the minimum and maximum amplitude and phase values from 20 Hz to 1.3 kHz in Figure 8.9 we estimate the systematic bias between the known strain signal h inj and the reconstructed strain h rec . The maximum systematics are δA max A = +3.5% in amplitude, δΦ max = +30 mrad in phase and δt = -7µs in timing which impact the phase as -2πf δt and thus dominates at high frequency. Note that the total error on the phase δφ is in fact the sum of a frequency independent part and a frequency dependent part:

δφ = δΦ + (-2πf δt) (8.16)
In addition to this, the systematic uncertainty from the actuator models used to estimate the different h inj must be added. The uncertainty on the amplitude for the PCals has been given in Chapter 6 and accounts for ±1.34%. An independent comparison with the Free Swinging Michelson technique has also been used at the start of O3a for the EM actuators calibration for which the uncertainty on the amplitude is estimated to ±2.2%. In total, we have shown in Chapter 7 that both calibration techniques (PCal and Free Swinging Michelson) are compatible within ±2.6%. Summing in quadrature this sytematic uncertainty with δA max A = 3.5% estimated from hrec h inj we get an overall systematic of ±4.4%. A conservative uncertainty of ±5% on the amplitude of the reconstructed h(t) has thus been given for O3a.

On the phase, the comparison between the PCal and Free Swinging Michelson techniques gave compatible results with negligible uncertainty compared to δΦ max = 30 mrad. For the timing, both techniques agree at the level of ±1 µs. The timing uncertainty of the PCal has been estimated to ±3 µs and the timing of the B1 photodiodes has been estimated to ±2.5 µs. The final uncertainty on the phase for the reconstructed h(t) has thus been given to ±35 mrad and ±10 µs keeping a conservative approach.

We extrapolate the estimation of uncertainty on amplitude and phase from 1.3 kHz to 2 kHz since the reconstruction of h(t) in this region uses only the B1 photodiodes signal and correct for the optical response of the interferometer as the control signals do not contribute anymore.

To conclude, the uncertainty budget from 20 Hz to 2 kHz for the reconstructed h(t) channel provided to data analysis during O3a is:

• ±5% in amplitude • ±35 mrad in phase • ±10 µs in timing
It can be noticed that we give conservative frequency independent uncertainty for the amplitude and phase, and only linear frequency dependent uncertainty on the phase. In the future, the estimation of frequency dependent uncertainty will have to be implemented to specify and reduce the impact of calibration errors on parameters estimation of astrophysical sources. Chapter 10 aims at giving an insight of the impact of calibration errors estimated in Virgo on parameters estimation for a specific case of gravitational wave event.

Consistency check of systematic uncertainty on h(t) measured with the NCal

During O3b, measurements with the Newtonian calibrator on the NE mirror have been performed by the IPHC 3 group. Those measurements allowed to have some preliminary results on the verification of the reconstructed h(t) with a third type of actuator. Figure 8.13 shows both transfer functions from h inj to h rec with the EM actuators and the NCal. The frequency dependent shape is the same for both but with some systematic offset. The results from the NCal confirm that the shape of the measured transfer function below 100 Hz is a bias in the reconstruction. However, the absolute calibration of the NCal is not yet well controlled and the systematic errors not yet precisely quantified. The offset on the amplitude is probably mainly due to the inaccuracy of the NCal distance with respect to the end mirror and investigations are on-going to better constrain the distance. For instance, as the amplitude of the NCal signal scales as d -4 with d the distance between the NCal and the end mirror, an error of 1 cm on d = 1.50 m would correspond to an error of ∼ 3% on the 206 CHAPTER 8. VERIFICATION OF THE H(T ) RECONSTRUCTION DURING O3 amplitude of the NCal signal. The shift on the phase is probably coming from the orientation of the NCal which is suspended by two metal rods which are not exactly of the same length, a default that is also impacting the NCal to mirror distance. In this case, the position of the photodiode used to measure the phase of the NCal is not in the same horizontal plane as the rotation axis and the measured phase is shifted. For instance, as the frequency of the mirror displacement induced by the NCal is twice the frequency of the NCal rotor, a phase offset of δφ = 20 mrad on the NCal signal, as shown in Figure 8.13, would correspond to an angle α = δφ 2 = 0.57 • between the photodiode and the horizontal plane of the rotation axis. 

Verification of h(t) at high frequency with the PCals

During O3a, the uncertainty on h(t) was given from 20 Hz to 2 kHz but some searches for GW bursts can be done in the high frequency region ≥ 2 kHz [START_REF]Search for high frequency gravitational-wave bursts in the first calendar year of ligo's fifth science run[END_REF]. It thus makes sense to verify h(t) at high frequency. The computation of h(t) in this region is simpler since there is no control signal and we do not expect any bigger error in this frequency region as we estimated below 2 kHz. In order to verify the reconstruction at high frequency it is in principle possible to use the PCals since we can modulate their laser power amplitude up to ∼ 10 kHz.

Limitations of the PCal mechanical model at high frequency

In Chapter 6 we have derived a model for the mechanical response of the PCal which is valid up to ∼ 2 kHz. If we want to verify h(t) at high frequency we need to be sure that the 8.4. VERIFICATION OF H(T ) AT HIGH FREQUENCY WITH THE PCALS 207 model we use for this mechanical response is also valid above 2 kHz. In fact, it is not the case.

A series of measurements at higher frequencies were thus taken and the transfer function h rec /h W E pcal from the measured data is shown in Figure 8.14 as well as the mechanical response of WE PCal from Chapter 6. In this plot, the measured h W E pcal (blue points) is just corrected for the simple pendulum response of the suspended end mirror ∝ f -2 . We can see that the model (red curve) fits well the data below 2 kHz but then starts to deviate from the experimental points on the amplitude with ∼ 15% difference at 4 kHz and ∼ 50% difference at 6 kHz. This discrepancy could either be explained by a bias in the reconstruction of h(t) or a wrong mechanical model of the PCal, or both. Since the reconstruction algorithm uses only the B1 photodiodes signal and the optical response of the interferometer in this frequency band (which are well known) it is unlikely that the main part of the bias comes from this. We thus suspected a contribution of high order axisymmetric modes of the mirror in the mechanical response of the PCal excited by the PCal beam hitting the center of the mirror and coupled to the ITF beam and DARM. A previous work of measurements of the thermally excited axisymmetric modes of the end test masses presented in 2018 by Paola Puppo is reported in [START_REF] Puppo | Q measurements on payloads with monolithic supensions[END_REF]. Seven modes were identified for the end mirrors from ∼ 7.8 kHz to ∼ 19.7 kHz; those modes could play a non negligible role in the mechanical response of the PCal at high frequency.

The strategy to adjust the mechanical model of the PCal is to find one or more structures in the response, similar to the notch around 2 kHz initially induced by the first identified drum mode at 7812.8 Hz, which would indicate that one or more high order modes (HOM) significantly contribute to the mechanical response.

Adjustment of the PCal mechanical model with axisymmetric high order modes

A series of measurements were taken in January-February 2020 to put in evidence the contributions of HOM in the mechanical response of the WE PCal. Since there could be a bias in h rec and we would like to verify the reconstruction algorithm with the PCal, one needs to be careful when fitting a model on those data in order not to fit a bias.

At high frequency, the simple pole cavity approximation for the optical response of the ITF is not valid anymore [START_REF] Rakhmanov | High-frequency corrections to the detector response and their effect on searches for gravitational waves[END_REF] and the true optical response of a Fabry-Perot cavity to a gravitational wave, given later in Eq. 9.1, has to be used. This model still has only two parameters a gain and a finesse but with a 50 kHz period instead of a simple pole. As it will be shown in Chapter 9, the discrepancy between the true optical response of the ITF and the simple pole approximation is around 6% in amplitude at 10 kHz and 10 µs on the phase. We thus have to take this into account by correcting h rec with the transfer function from the true optical response to the simple pole approximation. The parameters of the true optical response can be estimated using the finesse for the simple pole approximation computed online by Hrec. Since the finesse of the ITF is time dependent we chose to correct the data by the transfer function using the mean of the finesse on the period of the measurement. Then we do the hypothesis that if there is a bias at high frequency on h rec , it is a frequency independent bias on the amplitude. We thus assume that there is no error on the shape of the measurements.

The data above 2 kHz, shown in Figure 8.14, are located below the model used for the points below 2 kHz. This indicates that the gain of the drum mode at 7812.8 Hz has been overestimated and that other modes should contribute. If we decrease the gain of the drum mode to fit the points above 2 kHz, the notch frequency around 2 kHz will be shifted towards higher frequency which is not anymore compatible with the measurements both on amplitude and phase. Since the notch frequency is well constrained we have to embed HOM contribution to keep it fixed when decreasing the modeled gain of the 7.8 kHz mode. If the contribution of one HOM at low frequency is in phase with the contribution of the 7.8 kHz mode, it implies that there could be another notch above 7.8 kHz where the two modes are in phase opposition. We thus adopted a strategy to perform measurements in the 8 kHz frequency band to find a potential notch following the above reasoning. In order to fit those data, we chose to model the axisymmetric HOM of the end test masses identified by thermal excitation between 7 kHz and 20 kHz [START_REF] Puppo | Q measurements on payloads with monolithic supensions[END_REF]. The three first excited modes at 7812. 

H i (f ) = G i 1 + j Q i f f i -f f i 2 (8.17)
where i runs over the modes, G i is the gain of the mode, Q i and f i are the quality factor and the resonant frequency of the mode.

We assume that the next HOM are far enough from the 8 kHz region so that their contribution can be considered as a single constant gain G high added to the other modes. Since their quality factor are high (10 5 -10 6 ), the delay induced by these modes in this frequency region is negligible. The total displacement of the end test mass is thus modelled by:

∆x tot (f ) = ∆x pend (f ) + i ∆x i (f ) + ∆x high (f ) (8.18)
where ∆x pend is the motion from the simple pendulum of the end test mass defined in Eq. 3.20, ∆x high is the motion from the constant contribution of the HOM written as:

∆x high = G high ∆F (f ) (8.19)
where ∆F (f ) is the force applied on the end mirror with the PCal defined in Eq. 3.19, and ∆x i (f ) is the effective displacement induced by the three first HOM:

∆x i (f ) = H i (f )∆F (f ) (8.20) 
In the 8 kHz region, the measurements have to be performed during a few hours in order to have enough coherence between h rec and the PCal laser power channel since the detector is less sensitive in this band and there could be a notch in the PCal actuation due to HOM contribution. The measurement of many data points in the 8 kHz region is challenging since the data have to be taken when the ITF is in "LowNoise 3" configuration and the ITF has to stay locked during several hours or days in order to properly measure each point. Each data point is the average of at least 8 h of measurements.

Figure 8.15 shows the measurements of hrec h pcal corrected for the true optical response and fitted with the model described above. The blue points below 8.3 kHz are decreasing in amplitude towards high frequency and have a phase close to 0. The blue points above 8.3 kHz are increasing in amplitude towards high frequency and have a phase close to -π. This indicates that there is a notch around 8.3 kHz both seen on amplitude and phase putting in evidence a HOM contribution in the mechanical response of the PCal. Unfortunately, the points close to 8.3 kHz have not enough coherence to precisely measure the notch frequency but it confirms that the extracted signal is very low in this region and that it can be explained by a notch. The fitted parameters are gathered in Table 8.2. The signs of the HOM gains are consistent with the simulations from [START_REF] Puppo | Q measurements on payloads with monolithic supensions[END_REF]. One can notice that the gain of the first mode is smaller than the other ones and that the sum of the gains is equal to (2.98 ± 0.01) × 10 -22 h/W using the errors of the covariance matrix between the parameters of the fit. This is 5.7% higher than the gain of (2.82 ± 0.01) × 10 -22 h/W found in Chapter 6 only assuming the 7812.8 Hz drum mode contribution up to 2 kHz. This is due to the fact that the notch frequency around 2 kHz is conserved but the contribution of the HOM above 8 kHz is bigger than the contribution of the drum mode at 7812.8 Hz previously computed.

PCal would be to increase the bandwidth of the laser power amplitude modulation to be able to check Hrec at high frequency with permanent calibration lines.

Nevertheless, looking at the residuals of the fit and the data on the whole frequency band in Figure 8.16, it is reasonable to extend the O3a uncertainty above 2 kHz up to 7 kHz with ±15% on the amplitude and keep the ±35 mrad and 10 µs for the phase as given for O3a. Figure 8.17 shows the modulus residuals envelope between the statistical error covariance matrix of the fit and the data. The error given on the fit is smaller than ±2% between 2 kHz and 7 kHz. For this analysis, one has to keep in mind that we use h rec to fit the HOM. The verification of h rec at high frequency tells us that the PCal mechanical model needs a better modelling rather than really verifying h rec . However, we obtain a model that is consistent with what we expect considering the HOM deformation of the mirror. 

Conclusion

In conclusion, we have estimated the systematic uncertainty up to 2 kHz on the reconstructed h(t) to ±5% in amplitude and ±35 × 10 -3 ± 2πf × 10 -5 rad in phase for O3a as a frequency independent envelope of the measured uncertainty. The transfer function h rec /h inj to estimate those uncertainties have been measured with both the EM actuators and the PCals up to ∼ 2 kHz giving the same results on the frequency dependent systematic bias on h rec . A continuous monitoring of this transfer function has been performed with permanent calibration lines and weekly measurements enabled to reach this uncertainty. The total uncertainty budget that we give for Virgo is a frequency independent envelope limited by the extremal values of the systematic bias. Figure 8.17: Modulus residuals envelope between the statistical error covariance matrix of the fit and the data. The error given on the fit is smaller than ±2% between 2 kHz and 7 kHz.

The NCal measurements also show a similar frequency dependent systematic bias for this transfer function. However, the NCal measurements are not yet properly normalized and do not allow to determine the uncertainty on h rec .

Since the same frequency dependent systematic bias is seen by three independent atuators, it indicates that the bias comes from the reconstruction of h(t). A frequency dependent uncertainty budget on h(t) could be given by estimating a frequency dependent envelope around the amplitude and phase of the transfer function h rec /h inj . However, we will show in Chapter 10 that providing frequency dependent calibration errors for Virgo does not impact significantly parameters estimation of astrophysical sources compared to frequency independent calibration errors. This is mainly due to the fact that Virgo calibration errors are not a limiting factor in parameters estimation since the current events have low SNR in the Advanced Virgo detector.

The determination of the sign of h(t) has also been possible with the PCals and it has been monitored all over the run with permanent calibration lines.

The verification of h rec at high frequency is possible with the PCal but with the constrain of a more complex modelling of its mechanical response than we need for the verification up to 2 kHz and assuming the knowledge of the true Fabry-Perot optical response of the ITF. Using a sum of resonant high order modes of the end test mass, we performed a fit of the transfer function h rec /h W E pcal to estimate the uncertainty on h(t) at high frequency. A first estimation of the systematic uncertainty from 2 kHz to 7 kHz has been given by extending the uncertainty on the amplitude to ±15%. The main source of systematic uncertainty comes from the unprecision of the notch frequency around 8.3 kHz which impede a precise measurement of the HOM gains. 

Objectives

In this chapter, we describe a new technique for Advanced Virgo to measure the optical response of the ITF to a given mirror motion using the PCal and the EM actuators. This work was motivated by the frequency dependent systematic bias in the verification of h(t) which is stable in time. We have seen that the verification of h(t) at high frequency has to take into account the true response of the Fabry-Perot cavity because the simple pole cavity approximation is no longer valid. At low frequency, we expect the approximation to be correct but only a measurement would clarify this assumption. Since the reconstruction algorithm of the GW signal uses a simple pole approximation for the optical responses of the ITF cavities, it could be a potential candidate to the frequency dependent bias.

Simple pole cavity approximation

The optical response of a Fabry-Perot cavity to a gravitational wave is given by the following formula [START_REF] Rakhmanov | High-frequency corrections to the detector response and their effect on searches for gravitational waves[END_REF]:

O F P (f ) = 1 -r 1 r 2 1 -r 1 r 2 e -j4πf τ F P (9.1)
with r 1 , r 2 the amplitude reflection coefficients of the cavity mirrors, τ F P = L 0 c with L 0 the length of the cavity, and f the frequency of the gravitational wave. This function is periodic with a frequency called the Free Spectral Range (FSR), f F SR = 1 2τ F P . The finesse of a Fabry-Perot cavity is given by F

= π √ r 1 r 2 1-r 1 r 2 .
When the length of the cavity is modified by displacements x in and x end of the input and end mirrors respectively, the response of the detector is:

R(f ) = 2 L 0 O F P (f )[x end (f )e -2jπf τ F P -x in (f )] (9.2)
The optical response of the cavity to an end mirror displacement is thus similar to the response to a gravitational wave but with a delay of τ F P = 10 µs.

In the reconstruction algorithm of the amplitude of the gravitational wave signal h(t), the optical response of the Fabry-Perot cavities has been approximated by a simple pole response:

O p (f ) = G p 1 + j f fp (9.3)
with G p the optical gain of the cavity in [W/m] and f p = c 4F L 0 the pole frequency of the cavity for r 1 r 2 ∼ 1. Figure 9.1 shows the difference in modulus and phase between a true Fabry-Perot cavity optical response with a finesse F = 450 and a simple pole approximation with a pole frequency at 55.5 Hz. The FSR is seen at 50 kHz in the true response. When using the pole approximation for the Fabry-Perot cavity optical response, the error done on the modulus is -0.28% at 1 kHz and +6.13% at 10 kHz. The error done on the phase up to 10 kHz is of the form -2πf τ p with a negative delay τ p = -10µs.

In any case, this approximation has to be kept in the reconstruction algorithm since the data analysis of the GW signal is done in the long wavelength approximation which nicely almost compensates the errors done on the amplitude and phase using the simple pole cavity approximation [START_REF] Rakhmanov | High-frequency corrections to the detector response and their effect on searches for gravitational waves[END_REF]. However, it has to be taken into account when comparing h rec with a known hardware injection h inj as seen in Chapter 8. O ITF (f).S(f) 

+ + D(f) ∑ i A i (f ) -1 Δ L ext DARM DARM_NOISE Δ L ctrl

Principle of measurement

The principle of the measurement of the interferometer's optical response O IT F is a two step approach:

1. Measure the closed-loop transfer function of the DARM control loop:

O IT F (f )S(f ) 1 + O IT F (f )S(f )D(f ) i A i (f ) = O IT F (f )S(f ) 1 + G(f ) with G(f ) = O IT F (f )S(f )D(f ) i A i (f )
the OLTF and i runs over WE and NE mirrors and marionetta.

2. Measure independently the inverted suppression gain of the DARM control loop:

1 1 + G(f )
Once the measurements of the two needed quantities have been done we can extract the optical response of the interferometer to an end mirror displacement as:

O IT F (f )S(f ) 1 + G(f ) • 1 1 + G(f ) -1 • S -1 (f ) = O IT F (f ) (9.4)
In practice, the optical gain and finesse of the interferometer are computed from the mean value of both North and West Fabry-Perot cavity parameters. Hence we have to measure the optical response of the ITF to a motion of the NE and WE mirrors. 9.2. MEASUREMENT OF THE OPTICAL RESPONSE OF ADV WITH THE PCAL217

Measurement of the optical response of AdV during O3a

The measurement of the DARM closed-loop response is done by sending external sine wave excitations to an end mirror with the PCal. These excitations displace the mirrors by a quantity x pcal (f ) at different frequencies. Comparing the signal sent to the end mirror and DARM signal from the output of the interferometer, we get a direct measurement of the PCal to DARM transfer function:

DARM (f ) x pcal (f ) = O IT F (f )S(f ) 1 + G(f ) • G s • e -2jπτ 0 (9.5)
with G s = 3.52 the gain between the B1 photodiodes signal in watt and DARM signal1 , τ 0 = 110 µs a delay composed of the light travel time in one arm of the interferometer 10 µs and the delay from the digital distribution of B1 photodiodes signal to DARM signal 100 µs.

Then, in order to get the inverted suppression gain of the DARM control loop, we send a digital noise called DARM_NOISE directly into the DARM loop and we compare it to DARM signal:

DARM (f ) DARM _N OISE(f ) = 1 1 + G(f ) (9.6) 
The measured optical response to a displacement of an end mirror is then constructed as:

O end (f ) = DARM (f ) x pcal (f ) • DARM _N OISE(f ) DARM (f ) S -1 (f ) • G -1 s • e +2jπτ 0 (9.7)
with S(f ) = e -2jπf τs the sensing function of B1 photodiodes which is just composed of a delay τ s = 140 µs (see Chapter 4 for more details).

During O3a, we performed weekly measurements of the optical responses of both North and West Fabry-Perot cavities to an end mirror motion and we made a simple pole fit with a gain and a pole frequency for each dataset. One can notice that below 20 Hz the model used for the optical response does not match the experimental data both in amplitude and phase. We will discuss later in this chapter what could be the potential sources of this low frequency feature. 

Comparison of the optical response parameters with Hrec

Over the O3a run, the optical gains and finesses of the different cavities have been changing since the configuration of the interferometer is not stable in time. Those parameters are computed online by the reconstruction algorithm Hrec in order to correct for their time dependency when producing the h(t) signal. The estimation of those parameters with Hrec has been detailed in Chapter 4.

Since we performed weekly measurements of the optical responses with the PCal during O3a, it is interesting to compare the values of the optical gains and finesses extracted with the PCal and Hrec online. The plots have been done using only the statistical uncertainties of the measurements for the PCal datasets and the values given by Hrec are shown without error bars. The systematic uncertainty on a displacement x pcal (f ) at low frequency is ±1.34% as reported in Chapter 6.

Moreover, the values of the optical gain and finesse depends on the frequency band where the data are fitted and the down turn feature at low frequency seen on Figures 9.3 and 9.4 can impact the estimation of the optical response parameters by 1%. The optical gains and finesses given by Hrec are based on one permanent calibration line per mirror around 60 Hz and extrapolating a simple pole response from the amplitude and the phase of this single line. This measurement depends on the mirrors actuation response which has to be first calibrated and also depends on the knowledge of the different optical responses of the AdV cavities. A systematic uncertainty of 1 or 2% on the values given by Hrec is thus not excluded. As a result, both methods give similar results on a long time period and the PCal measurements enable to check the optical response parameters independently of the reconstruction algorithm for the West and North cavities.

Another independent method to estimate the finesse of the West and North cavities based on the so-called "cavity ringdown" [START_REF] Acernese | Measurement of the optical parameters of the Virgo interferometer[END_REF] has been used in September 2018 and it reported [START_REF] Allocca | Virgo logbook entry 42806 on optical characterization[END_REF]:

F W E = 455 ± 5 and F N E = 464 ± 7
The measurement is done by looking at the shape of the TEM 00 Airy peaks passing on the photodiodes in transmission of the cavity when the cavity mirrors are freely swinging. The shape and the width of the Airy peak depends on the cavity finesse, but it is distorted due to the speed of the "cavity elongation", adding bounces after the main peak. Fitting every Airy peak as a function of a fixed finesse and a varying speed, one can extract the cavity finesse.

The results given by the ringdown measurements and the mean values estimated from the PCal and Hrec measurements are not compatible. There are at least two options to explain this difference:

• The PCal and Hrec measurements are done in the standard LN3 configuration of the VIRGO ITF whereas the ringdown measurements are performed with an unlocked ITF. This implies different temperatures of the mirrors and a different alignment of the ITF.

• The approximation of a simple pole model for the optical response of the ITF is not valid below 20 Hz and biases the fit results.

In the next sections we explore the second possibility. 

The low frequency discrepancy

The PCal measurements reveal a discrepancy between the measured optical responses of the cavities and the simple pole approximation below 20 Hz. Thus, there must be some low frequency effects in the interferometer that change the optical response of the interferometer below 20 Hz. This feature was not known so far and has not been taken into account in Hrec. It could be the cause of the larger systematic uncertainty below 20 Hz when we verify the reconstructed h(t) as seen on Figure 8.9.

This "down turn" at low frequency has already been seen in the LIGO interferometers during O1/O2 and was thought to be related to the signal recycling cavity detuning as shown in [START_REF] Hall | Long-baseline laser interferometry for the detection of binary black-hole mergers[END_REF]. As the optomechanical cavities are made of displaceable mirrors, the electromagnetic modes of the cavity can couple to the mechanical oscillator modes. This can induce an optical spring effect due to a small displacement of the oscillator which is linked to a change in radiation pressure force: starting from a cavity perfectly on resonance, when the laser power slightly increases (as radiation pressure noise) it pushes on the mirrors, hence going sligtly off-resonance which in turns decreases the laser power inside the cavity and thus the mirrors move inward, etc... This effect is enhanced when detuning a Fabry-Perot cavity such that the intracavity power is proportional to the cavity length. However, it has been found out during O3 that the "down turn" was also related to the ITF working point depending on the alignment and that their low frequency points could also go up (pro-spring) instead of going down (anti-spring) [START_REF] Kissel | Update on parasitic angle coupling to DARM loop in O3. DCC LIGO Presentation[END_REF]. Since LIGO has evidence for point absorbers on their input mirrors, the interferometer laser beam spot has been pushed ∼ 2 cm away from the geometrical center of the input mirrors to avoid those points. This results in a longitudinal to angular to longitudinal coupling when the angular torques induce longitudinal forces on the mirrors [73] [74].

In Advanced Virgo, SR is not yet installed and cannot be the cause of this effect. However, compound effects from different angular and longitudinal couplings, radiation pressure and non-zero offsets of the DOFs may play a role in the optical spring.

Time evolution

The first thing to look at is to see if this low frequency shape is stable in time. Since the optical gain of the cavities is changing in time, we renormalized all the weekly measurements of the optical responses by their associated optical gain and then plot the measurements as a function of time for every frequency. Figure 9.7 shows the normalized gain and phase of the 18.2 Hz line weekly measured over O3a. The amplitude of the 18.2 Hz is stable in time within 4% but one can notice three data points which are more than ∼ 2σ away from the distribution. They could be a hint that the low frequency feature depends on the configuration of the ITF.

Optical anti-spring model

In this section, we propose to use the same optical response model as the one used in LIGO to see if it could be consistent with our data. The optical anti-spring model used in LIGO [START_REF] Cahillane | Calibration uncertainty for advanced ligo's first and second observing runs[END_REF] is an approximation for the optical spring induced by the signal recycling cavity [START_REF] Buonanno | Quantum noise in second generation, signal-recycled laser interferometric gravitational-wave detectors[END_REF]. where f asp and Q asp are the anti-spring pole frequency and quality factor.

The total optical response of the ITF can thus be modeled as:

O tot (f ) = O p • O asp (9.9)
We thus took the data from June 12, 2019 to be consistent with the figures of section 9.3 and fit this total optical response O tot . Those results show that there are some parameters in AdV that induce an effect similar to an optical spring at low frequency. There is no clear dependency between DARM offset and the shape of the data below 20 Hz neither with the laser input power. However, we see that during O3b some of the measurements show data points going up towards lower frequency which looks like the so-called "pro-spring" as seen in LIGO [START_REF] Kissel | Update on parasitic angle coupling to DARM loop in O3. DCC LIGO Presentation[END_REF]. Since many parameters of the ITF configuration change from one week to another, it is diffcult to track which parameters could be causing this. Further investigations will have to be made in order to study how the optical response at low frequency changes with some parameters during dedicated shifts. The idea would be to explore a specific range for a given parameter, for instance a gain of the angular control loops, and perform PCal injections and DARM_NOISE injections to measure the optical response for the different values of gain. 

Optical response of the ITF to a motion of PR and BS mirrors

In Hrec, the control signals sent to PR mirror and BS mirror are also subtracted from the dark fringe signal assuming a simple pole cavity for their optical response. Indeed, PR and BS control signals are not expected to contribute to DARM signal directly but there still remain some residual couplings smaller than for WE and NE. In this section, we propose to measure the optical response of the ITF to a PR motion O P R and to a BS motion O BS . First, one has to measure the PR displacement (resp. BS displacement) to DARM transfer function:

Couplings of PR and BS to DARM

DARM (f ) x P R (f ) = O P R (f )S(f ) 1 + G(f ) • G s • e -2jπτ 1 (9.10) DARM (f ) x BS (f ) = O BS (f )S(f ) 1 + G(f ) • G s • e -2jπτ 1 (9.11)
with τ 1 = 100 µs the delay from the digital distribution of B1 photodiodes signal to DARM signal.

Then using the measurement of Eq. 9.6, it is possible to compute the optical responses as:

O P R (f ) = DARM (f ) x P R (f ) • DARM _N OISE(f ) DARM (f ) S -1 (f ) • G -1 s • e +2jπτ 1 (9.12) O BS (f ) = DARM (f ) x BS (f ) • DARM _N OISE(f ) DARM (f ) S -1 (f ) • G -1 s • e +2jπτ 1 (9.13) 
O ITF (f) 

+ + D(f) ∑ i A i (f ) -1 Δ L ext DARM DARM_NOISE Δ L ctrl + + O BS (f) O PR (f) Δ L BS Δ L PR S(f)

Measurements of PR and BS optical responses

The procedure to measure these optical responses have been set during O3b. The first results of those measurements are shown in Figures 9.14 and 9.15.
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For the BS optical response one can see a similar shape as for the measurements with the end mirrors. It reveals that there could also be some compound effects changing the simple pole model at low frequency. One can notice that the optical gain for BS is close to 286 times smaller than the optical gain for WE previously measured as it is expected from the Fabry-Perot cavity enhancement explained in Chapter 1.

The PR optical response measurements show that it cannot be approximated by a simple pole and it is more varying in time than the other optical responses. The issue of having a wrong model for the PR optical response in Hrec was already known. However, the subtraction of auxiliary channels in the reconstruction such as the SSFS error signal remove the possible contributions of a wrong optical response for PR since this error signal is controlled with the PR mirror actuator. Figure 9.16 illustrates the efficiency of the noise subtraction in Hrec to remove any contributions of the PR mirror. but since the optical response is wrong the subtraction is not optimal. After the noise subtraction, the final h rec has no coherence with PR control signal since the SSFS error signal is subtracted.

Conclusion

This chapter presented the first measurements of the optical response of the AdV interferometer to a mirror motion of any suspended mirrors. The simple pole approximation for the optical response of the ITF is not good below 20 Hz because of an unexpected dependency on some ITF configuration parameters which is not yet well understood. We have explored the impact of laser input power and DARM offset with the O3 data and have shown no clear dependency on the shape of the measurements. Further investigations will have to be performed during dedicated shifts to understand how the low frequency part of the optical response of the ITF depends on the ITF configuration. The optical anti-spring model used in LIGO fits well the Virgo data for the down turn at low frequency but its origin in Virgo is unclear. However, we have also seen the low frequency points going up during O3b which revealed that the optical anti-spring model is not a durable solution and has to be deeper understood.

Eventually we presented new measurements of BS and PR optical responses which also confirm that the simple pole approximation cannot be a good model below 20 Hz for BS and on the whole frequency band for PR. However, the wrongly subtracted contributions of the control signals for PR are removed by the noise subtraction performed before releasing the final h rec . The wrong modeling of PR optical response is thus not so critical but still should be understood and better modeled in the future. Another solution would be to find a way to get rid of PR control signals subtraction in the reconstruction algorithm using noise subtraction.

Those results are encouraging to find a main source of the frequency dependent systematic uncertainty on h(t) that we have seen since O2.

Chapter 10

Impact of calibration errors on the estimation of astrophysical parameters 

Objectives

In the previous chapters we have described new techniques for the Advanced Virgo calibration and the LIGO-Virgo intercalibration in order to precisely estimate the uncertainty on the reconstruction of the GW signal and to reduce as much as possible these uncertainties. The estimation of astrophysical parameters for CBC sources is not only impacted by the Signal-To-Noise ratio in the detector but also by the knowledge of the GW signal models, that we call the templates, and by calibration errors (CE). A study of what could be the impact of CE on parameters estimation of astrophysical sources has already been presented by S. Vitale in 2012 [START_REF] Vitale | Effect of calibration errors on bayesian parameter estimation for gravitational wave signals from inspiral binary systems in the advanced detectors era[END_REF]. It has been shown that CE given by the advanced detectors LIGO-Virgo with amplitude errors ∼ 10% and phase errors ∼ 3 • would not have a significant effect on accurate parameters estimation as long as the SNR of the detections is of a few tens which is the current situation.

The study presented in this chapter is an exploratory work on evaluating the weight of Virgo CE during O3 on the estimated luminosity distance and orbital inclination of a simulated BNS signal located in the best sky-localization for Virgo. We also evaluate what could be the impact of an uncorrect intercalibration between the detectors on the estimation of those parameters. This work has been done in collaboration with Dr. Simone Mastrogiovanni and Dr. Eric Chassande-Mottin from APC 1 .

Data analysis framework

The work we present here is based on an analytical framework that has been described in [START_REF] Chassande-Mottin | Gravitational wave observations, distance measurement uncertainties, and cosmology[END_REF]. As seen in Eq. 1.21 the gravitational wave amplitude of a BNS signal depends on the luminosity distance D, the orbital inclination ι, the chirp mass M and the coalescence phase φ 0 . In our analysis, we focus on the estimation of the luminosity distance and the orbital inclination for a BNS source detected by LIGO-Virgo.

The method to detect a GW signal h in the data d is done by matched filtering [START_REF] Samuel Finn | Observing binary inspiral in gravitational radiation: One interferometer[END_REF]. This is an optimized linear method correlating a known template with an unknown signal to maximize the signal-to-noise ratio to detect the template in the signal. We thus work with a likelihood L which represents the probability for a signal h to be in the data d. Assuming the noise to be stationnary, Gaussian and uncorrelated between the detectors, the likelihood is [START_REF] Jaranowski | Gravitational-wave data analysis. Formalism and sample applications: The Gaussian case[END_REF]:

L(d|h(θ)) ∝ e -1 2 d-h(θ)|d-h(θ) (10.1)
where the scalar product is defined as:

α|β = 4 a Re ∞ 0 α * a (f )β a (f ) S n,a (f ) df (10.2)
where ' * ' denotes the complex conjugation, S n,a is the PSD of the detector a and the sum is over all the detectors of the network (i.e. LHO, LLO and Virgo).

For our study we use the Cutler and Flanagan likelihood [START_REF] Cutler | Gravitational waves from merging compact binaries: How accurately can one extract the binary's parameters from the inspiral waveform?[END_REF] with the addition of CE described below.

Implementation of calibration errors

For implementing the CE contribution in the GW likelihood we will follow [START_REF] Hall | Systematic calibration error requirements for gravitational-wave detectors via the Cramér-Rao bound[END_REF]. We write the data in the frequency domain d(f, λ) as:

d(f, λ) = C(f, λ) C(f, λ t ) d(f, λ t ). (10.3) 
where C is the estimated response function from the detector's calibration that is applied to the data. It is a function of the frequency f and the estimated calibration parameters λ.

Because of systematic calibration errors, λ can differ from the true response function parameters λ t and thus it can induce errors on the data d.

We write the data as a superposition of noise n and signal h, such that:

d(f, λ) = C(f, λ) C(f, λ t ) [n(f, λ t ) + h(f, θ t )]. (10.4) 
where θ t are the true parameters of the GW signal (i.e luminosity distance, chirp mass etc...).

The Power Spectral Density (PSD) S n,a (where n stands for noise) of a detector a is also affected by calibration errors since it is computed from data:

S n,a (f, λ) = C(f, λ) C(f, λ t ) 2 S n,a (f, λ t ) (10.5) 
From the above equation we see that the phase CE do not play any role when estimating the PSD.

The Cutler and Flanagan likelihood

From Eq. 10.1 we can write the log-likelihood for a GW signal h (f, θ) with parameters θ to be in the data d as:

ln L(d|h (θ)) = - 4 2 Re a ∞ 0 df S n,a (f, λ) [d(f, λ) -h (f, θ)] * [d(f, λ) -h (f, θ)] (10.6) 
In the above equation h (f, θ) represents a given template of a GW signal. Using Eq. 10.3 and 10.5 we can rewrite Eq. 10.6 as:

ln L(d|h (θ)) = - 4 2 Re a ∞ 0 df S n,a (f, λ t ) [d(f, λ t )- C(f, λ t ) C(f, λ) h (f, θ)] * [d(f, λ)- C(f, λ t ) C(f, λ) h (f, θ)]
(10.7) Eq. 10.7 is convenient since we can absorb the CE in the template. This procedure has the advantage of computing the effect of CE together with the computation of the template without computing the PSD once again.

In order to compute the bias introduced by the CE in Eq. 10.7, we make the assumptions that we work in the high SNR limit. Hence d(f, λ t ) ≈ h(f, λ t ). For convenience, we define the function:

T (λ) = C(f, λ t ) C(f, λ) (10.8) ASTROPHYSICAL PARAMETERS
The likelihood from Eq. 10.7 can be written as:

ln L(d|h (θ)) = - 1 2 h|h + T (λ)h |T (λ)h -T (λ)h |h -h|T (λ)h (10.9)
In the following work, the gravitational wave signal h will be considered to be emitted during a BNS inspiral in quasi-circular orbit neglecting spin and tidal forces. Since we have to write the scalar products of Eq. 10.9 in the frequency domain, the template should be written in the frequency domain. The expression of h in the frequency domain is the Fourier transform of Eq. 1.21 and we use the stationary phase approximation [START_REF] Samuel Finn | Observing binary inspiral in gravitational radiation: One interferometer[END_REF]:

h A (f ) = e -iφ 0 D χ A (ι)k(f ; t 0 , M) (10.10) 
where (A, B) indicates the GW polarizations (+, ×),

χ + (ι) = 1 + cos 2 (ι) 2 and χ × (ι) = -i cos(ι) and k(f ; t 0 , M) = 5 24π 4/3 (GM) 5/6 c 3/2 f -7/6 e iΨ(f ) (10.11a) Ψ(f ; t 0 , M) = 2πf t 0 - π 4 + 3 4 (8πMf ) 5/3 (10.11b)
We will use the lowest order approximation in Post-Newtonian (PN) expansion [START_REF] Sathyaprakash | Physics, Astrophysics and Cosmology with Gravitational Waves[END_REF] so that the amplitude and phase of the signal only depend on the chirp mass defined in Eq. 1.24.

The high-order modes and spins are thus neglected which is reasonable for BNS sources [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]. We will also fix the sky position of the source (i.e. right ascension α and declination δ) assuming an electromagnetic counterpart.

To express the strain signal in the detector reference frame of a given detector a, we have to project the strain onto the antenna patterns for the two polarizations F + a (α, δ, ψ) and F × a (α, δ, ψ) defined in Eq. 1.61. Those antenna patterns depend on time but can be assumed constant within the duration of a BNS signal in the detectors (∼ 1 min). The dependence of the antenna patterns on the polarization angle ψ can be factorized using a rotation matrix R(2ψ) [START_REF] Cutler | Gravitational waves from merging compact binaries: How accurately can one extract the binary's parameters from the inspiral waveform?[END_REF] 

such that F A a (α, δ, ψ) = R A B (2ψ)F B a (α, δ
) and the signal in the detector reference frame can be written as:

h a (f, θ) = e -i(φ 0 +2πf τa) D R A B (2ψ)F B a (α, δ)χ A (ι)k(f ; t 0 , M) (10.12)
with τ a the time delay of the GW signal in the detector frame. Eventually, the GW signal inside a given detector a can be expressed as [START_REF] Chassande-Mottin | Gravitational wave observations, distance measurement uncertainties, and cosmology[END_REF]:

h a (f, θ) = e -2iπf τa A B (ι, ψ)F B a (α, δ)k(f ; t 0 , M) (10.13) 
where A B = e -iφ 0 D R A B (2ψ)χ A (ι) is an amplitude factor depending on the extrinsic parameters of the source assuming that the sky localization of the source is known. The antenna response of the detector a is represented by F B a which does not depend on ψ anymore and eventually there is an harmonic part which depends on the coalescence time t 0 , the chirp mass M, and the frequency f . Assuming that the chirp mass is well constrained we can start computing the different scalar products of Eq. 10.9. From there we will now use the Einstein summation convention.

T (λ)h |T (λ)h = 4 Re A

* A A B F A a F B b γ(M) D 2 ∞ 0 |T a (f, λ)| 2 S n,a (f, λ t ) f -7/3 df (10.14)
where γ(M) = 5 24π 4/3

(GM) 5/3 c 3 . We can now multiply and divide the right part of Eq 10.14 by:

D 2 ∞ 0 f -7/3 S n,H (f, λ t ) df (10.15)
where D is the true luminosity distance and S n,H (f, λ t ) is the harmonic mean of the ITFs PSD:

S -1 n,H (f, λ t ) = n -1 d a S -1 n,a (f, λ t ) (10.16)
with n d the number of detectors.

Then Eq. 10.14 becomes:

T (λ)h |T (λ)h = ρ 2 0 d -2 l Re A * A A B F A a F B b κ ab (λ) , (10.17) 
where ρ 2 0 = 4 γ(M) D 2 is the SNR squared of the BNS as it was face-on (ι = 0), d l = D D is the ratio of the template distance over the true luminosity distance, and the n d × n d matrix κ ab is a relative weight matrix for the detectors and is defined as:

κ ab (λ) = δ ab ∞ 0 |Ta(f,λ)| 2 Sn,a(f,λt) f -7/3 df ∞ 0 f -7/3
S n,H (f,λt) df (10.18) where δ ab is the Kronecker delta.

By performing the same kind of computation for the other scalar products one can show:

h|h = ρ 2 0 Re A * A A B F A a F B b l ab , (10.19) 
with

l ab = δ ab ∞ 0 f -7/3 Sn,a(f,λt) df ∞ 0 f -7/3 S n,H (f,λt) df . (10.20) T (λ)h |h = h|T (λ)h * = ρ 2 0 d -1 l Re A * A A B F A a F B b m ab (λ) , (10.21) 
with

m ab (λ) = δ ab ∞ 0 T * a (f,λ) Sn,a(f,λt) f -7/3 df ∞ 0 f -7/3 S n,H (f,λt) df . ( 10 

.22)

Eventually we get the log-likelihood from Eq. 10.9:

ln L(d|h (θ)) = - ρ 2 0 2 d -2 l A * A A B F A a F B b κ ab + A * A A B F A a F B b l ab -2 Re[d -1 l A * A A B F A a F B b m ab ] ( 10 
.23) Eq. 10.23 is the log-likelihood that we will use in the simulations. In the case where no calibration errors are present, the matrices κ, l, m are all equal and the matrix F A a F B a l ab can be diagonalized [START_REF] Chassande-Mottin | Gravitational wave observations, distance measurement uncertainties, and cosmology[END_REF]. However in our case, CE are present and we have to compute the matrices coefficients analytically.

The bias introduced on the extrinsic parameters

In order to check which is the effect of the CE, we calculate the maximum likelihood given by the extrinsic parameters encoded in A A (ι, ψ). In particular, we are looking for the template which maximizes the likelihood. The maximum of the likelihood can be found by deriving the log-likelihood from Eq. 10.23 with respect to A :

∂ ln L ∂A C = 0 ⇒ d -1 l ∂(A * A A B F A a F B b κ ab ) ∂A C = 2 ∂(Re[A * A A B F A a F B b m ab ]) ∂A C (10.24)
We then compute the derivatives and get:

d -1 l Re[δ C A A B + δ C B A A ] κ AB (λ) = 2 Re[δ C A A B m AB (λ)] (10.25) 
where we have defined two symmetric matrices

κ AB ≡ F A a F B b κ ab and m AB ≡ F A a F B b m ab (κ +× = κ ×+ and m +× = m ×+ ).
We can thus solve the following equation for C = +, ×:

d -1 l (δ C A A B + δ C B A A ) κ AB (λ) = 2 δ C A A B m AB (λ) (10.26)
then the two solutions are:

A + = d l A + [m ++ κ ×× -m +× κ +× ] det{κ} + A × [m ×+ κ ×× -m ×× κ +× ] det{κ} (10.27) 
and

A × = d l A × [m ×× κ ++ -m +× κ +× ] det{κ} + A + [m ×+ κ ++ -m ++ κ +× ] det{κ} (10.28) 
where det{κ} = κ ++ κ ×× -κ ×+ κ +× is the determinant of the matrix κ.

From the above solutions, we can notice that assuming no CE (i.e. κ = m), the maximum likelihood is located at A × = A × and A + = A + , which means that the likelihood is maximized when the template is equal to the signal, as it is expected. However when CE are non zero, there is a bias that is stronger the more κ differs from m.

Parameters for the simulations

Using the framework described above and the likelihood from Eq. 10.23, we now give the parameters and inputs of the different simulations and some technical features we use for the computation and the analysis.

BNS signal with electromagnetic counterparts

Our work focuses on the simulation of a BNS signal with EM counterpart in a good skylocalization for Virgo. In order to test the impact of Virgo CE on parameters estimation, we simulate a source located at one of the maxima of the Virgo antenna response. In fact, the detected SNR in Virgo will be of the order of the ones in LIGO detectors since the chosen value of the antenna pattern is twice higher in Virgo than in LIGO but Virgo is also half less sensitive than LIGO.

The simulation is basically the same BNS signal as GW170817 but with a sky position shifted so that the source is located at the maximum value of the antenna response pattern of Virgo. The sky position is given by the right ascension RA = 2.919 rad and the declination Dec = 0.746 rad. 

O3 strain power spectral densities

The PSDs used 2 for LHO 3 , LLO 4 and Virgo 5 have been selected from the pycbc.psd package [START_REF] Nitz | pycbc[END_REF]. We have chosen PSDs that were close to the real ones during O3. They are shown in Figure 10.2.

O3 calibration errors

The calibration errors that we implemented in our simulations are the CE for the three detectors given during O3a. Figure 10.3 shows both LHO and LLO frequency dependent uncertainty budgets. For Virgo, we use the frequency independent uncertainty budget given in Chapter 8 shown in Figure 10.4. In the next sections, the implementation of a simulated frequency dependent uncertainty budget for Virgo in the simulations will also be discussed. 

Computing grid and bias definition

The simulations use BNS signals previously described in this section but with different SNR of detection and different orbital inclinations. We use a 33 × 33 computing grid running on the SNR from 10 to 40 with 33 steps and on the orbital inclinations from cos(ι) = 0 to 1 with 33 steps. In the following section, we will focus on the bias introduced on the estimated luminosity distance and on the estimated cos(ι) due to CE. We will compute the posterior probability density P (θ |d) for parameters θ = (D , cos(ι) ) given the data h of the detectors with CE parameters λ and knowing the sky localization of the source, the polarization angle and the intrinsic parameters ν = ν = (α, δ, t 0 , ψ, M). The posterior probability density can thus be written as:

P (θ |d, λ) ∝ L(d|θ , λ) • p(θ ) (10.29) 
where p(θ ) is the prior probability on θ .

The prior distributions for both parameters d l = D D and cos(ι) will be uniform. The estimated distance ratio d l spans from 0.2 to 3 with 300 steps and the estimated cos(ι) spans from -1 to 1 with 300 steps.

In order to estimate the bias induced by CE on the recovered parameters we will use the marginalized posteriors for d l and cos(ι) given by: P (d l |d) = With this definition, we directly get the bias in luminosity distance expressed in %.

The effect of calibration errors on the luminosity distance and the orbital inclination

The effect of CE on parameters estimation has been studied for different scenarios presented in this section.

Constant amplitude errors on the detectors network

The first study was to simulate an edge-on BNS (cos(ι) = 0), an inclined BNS with cos(ι) = 0.4, a face-on BNS (cos(ι) = 1) detected with a global SNR of 20, and a face-on BNS with a global SNR of 50. CE of -20%, -10%, 0%, +10% and +20% have been added as a constant amplitude error for the three detectors to see their effect. Figure 10.5 shows the shape of the posterior probability densities represented in the (d l ,cos(ι)) plane for different input parameters of the BNS and different CE. We call them the joint probability density functions (PDF) on luminosity distance and inclination. Three features can be noticed:

• The correlation between the luminosity distance and the inclination increases as the source is close to face-on. This is due to the degeneracy between these two parameters induced by the '+' and '×' polarizations as seen in Eq. 1.21. For small inclinations (close to face-on system) both polarizations have similar amplitudes and it is difficult to measure the luminosity distance and the inclination individually.

• The constant amplitude CE basically shift the estimated distance by nearly the amount of the CE amplitude.

• The joint PDF becomes sharper as the SNR increases.

If we want to look at the bias in luminosity distance and inclination introduced by the CE we can plot the quantities given in Eqs. 10.32 and 10.33 as a function of the detected SNR and the true inclination of the source. Figure 10.6 shows the bias on both parameters for CE of 5% and 10%. The bias in luminosity distance is relatively constant with the detected SNR but it depends on the inclination. The strongest bias is for inclinations close to 60 • and the average bias over all the inclinations is close to 5% or 10% which corresponds to the CE value.

The bias on cos(ι) is 0 since there is no phase error. The small fluctuations around 0 are only due to computing grid discretization. 

O3 calibration errors

We are now interested in how the O3 calibration errors would impact the luminosity distance and inclination of this source. Since the CE are given for the three detectors as a distribution, we draw random values in amplitude and phase from those distributions at 15 frequency nodes evenly log-spaced between 20 Hz and 1024 Hz. Following [START_REF] Vitale | Effect of calibration errors on bayesian parameter estimation for gravitational wave signals from inspiral binary systems in the advanced detectors era[END_REF], we use a 7 th order polynomial to interpolate the points so that we obtain a smooth curve for the CE. For the estimation of d l,bias and cos(ι) bias we perform ten simulations with a uniform prior on d l and cos(ι) but with different CE for the three detectors randomly generated as stated above. We then average over the bias estimated for each simulation which gives the final mean posterior distribution for the bias on both parameters. Figure 10.8 shows the final d l,bias and cos(ι) bias averaged over the ten realizations. There is a clear correlation between the bias on the distance and the inclination. The bias on both parameters for the considered BNS signal mainly depends on the inclination of the source and less on the detected SNR. The O3 CE contributes to a bias on the luminosity distance between 0 and 2% which is what we would expect from the distribution of CE for the three detectors centered around 0.

For GW170817, the 1σ uncertainty reported on the luminosity distance is D = 41.1 +4.0 -7.3 Mpc (i.e. between 10% and 20%) [START_REF] Abbott | A gravitational-wave standard siren measurement of the Hubble constant[END_REF]. Comparing this uncertainty to our simulation it indicates that the CE are not limiting the estimation of this parameter. For the inclination the typical 1σ uncertainty reported for GW170817 is ι = 152 +14 -17 deg, which means a variation on cos(ι) between 0.1 and 0.2 [START_REF] Abbott | A gravitational-wave standard siren measurement of the Hubble constant[END_REF]. The bias on the inclination induced by CE that we get from our simulation is also small enough for the different source inclinations compared to what we could expect for the detection of a typical BNS. 

Simulation of frequency dependent calibration errors for Virgo

The main difference between LIGO and Virgo CE is the frequency dependent estimation both on the amplitude and phase. On Virgo, we basically take the minimum and maximum values of the bias that we get grom Figure 8.9 and add the systematic errors of the calibration parameters. From those extremal values we draw a frequency independent CE on the whole calibrated frequency band both on the amplitude and phase. On the phase we also add a linear frequency dependent part which is due to the timing uncertainty.

For the next observation runs it is planned to develop a method to estimate frequency dependent uncertainty on both the amplitude and phase for Virgo to better constrain the parameters of the astrophysical sources. We thus simulate a frequency dependent distribu-ASTROPHYSICAL PARAMETERS tion of CE for Virgo based on the bias we have for O3 from Figure 8.9. The distribution is shown in Figure 10.9. A reasonable 1σ envelope of ±2.4% (1.34% from the PCal in Chapter 6 and a reasonable 2% from unknown sources added quadratically) is drawn around the mean bias on amplitude which is formed by the real verification of the reconstruction of h(t) for O3 in Chapter 8. On the phase, we give a simulated 1σ envelope of ±20 ± 2πf × 0.005 mrad around the mean bias given for O3. If a detection of a BNS signal similar to the one we simulated was to occur during O3, the use of frequency independent CE on AdV would lead to similar results on the estimated parameters as for frequency dependent CE.

Intercalibration of the detectors network

In this section, we focus on the effect of the relative calibration between the detectors of the gravitational wave network on the luminosity distance and orbital inclination of the BNS.

In Chapter 6 we have described the work of intercalibration between LIGO and Virgo detectors and we found 3.92% difference between the absolute calibration of aLIGO and AdV due to PCal powermeter calibration. Even if we use the the corrected calibration for O3, it is interesting to consider the effect of a incorrect intercalibration between the detectors on d l,bias and cos(ι) bias . In order to better see this effect we assume LHO and LLO detectors to perfectly reconstruct their h(t), i.e. their CE are 0% on amplitude and 0 • on phase. Then, we assume the O3 AdV CE still valid but we shift the mean bias from 0% to -3.92%. This case would have been real if we had not intercalibrated the detectors and the relative bias between the detectors would have been hidden. The comparison of the results with the incorrect intercalibration has been done with a reference result obtained with a perfect intercalibration.

Figure 10.11 shows the bias on luminosity distance and inclination for a perfect intercalibration of the detectors assuming no CE for LHO and LLO and the O3 CE for AdV. The result is obtained from ten simulations with different realizations of CE and it is similar to what we get using the O3 CE for the three detectors. The effect of LIGO CE is thus less important for this specific source than the effect of Virgo CE, hence assuming no CE for LIGO have a small impact on the results.

Figure 10.12 shows the bias on luminosity distance and inclination for an incorrect intercalibration of the detectors assuming no CE for LHO and LLO and the O3 CE for AdV with an offset of -3.92%. For an average over ten simulations, the bias is now more important than in the previous cases and can go up to more than 10% on the luminosity distance depending on the inclination of the source. This bias goes along also with a strong bias on the estimated inclination. We thus see that the worst case scenario of an incorrect intercalibration of Virgo with respect to LIGO is now strongly impacting the parameters estimation. ASTROPHYSICAL PARAMETERS 

Case of GW170817

During O2, Virgo calibration was not done with the PCal but with the Free Swinging Michelson technique. It was thus not possible to intercalibrate LIGO and Virgo detectors and an unknown systematic offset on the amplitude of CE between the detectors could have been hidden. Therefore, we also studied the effect of an incorrect intercalibration on GW170817 detected during O2 which was not in a good sky localization for Virgo. This time there is almost no bias due to the incorrect intercalibration of -3.92% between the detectors as shown in Figure 10.13. This is mainly due to the fact that the GW signal in Virgo has very low SNR. 

Conclusion

In this chapter we have studied an analytical approach of the estimation of luminosity distance and inclination of a BNS signal including CE. The BNS has been chosen to be in the best sky localization for Virgo detector in order to consider the worst case scenario for the effect of calibration errors on parameters estimation.

We have shown that the bias introduced by CE is not yet limiting the luminosity distance and inclination estimation since the CE for each detector are small compared to the typical uncertainty given on those parameters by a full MCMC analysis [84] [85]. The uncertainty on the parameters is mainly due to the SNR of detection which is not high enough to precisely constrain the luminosity distance but the inclination of the source is also a source of uncertainty due to the difficulty to resolve both plus and cross GW polarization.

Frequency independent CE for Virgo have not yet a critical effect compared to frequency dependent CE since their impact is still small. However the relative calibration between the detectors should be one of the main priority when a GW signal is seen in three detectors (or more with KAGRA joining the network). The impact of an incorrect intercalibration of the LIGO and Virgo photon calibrators affects more the parameters estimation than the uncertainty budget of a single detector because it is directly an offset on the mean of the amplitude errors distribution of one detector with respect to the others. As the sensitivity of the detectors improves and other detectors join the network, it will be more and more critical to have a very accurate intercalibration between the detectors in order not to bias parameters estimation with unknown CE offsets between the detectors. For instance, as the statistics of the events increase, the Hubble constant measurement will be more and more precise and CE will eventually be a limiting source of systematic uncertainty on H 0 . It will thus raise the point of developing a better absolute reference of calibration for the GW detectors network (for the moment the LIGO Gold Standard 6 is the absolute reference of calibration with 0.32% of uncertainty on its responsivity). The Newtonian calibrator described in Chapter 3 246 CHAPTER 10. IMPACT OF CALIBRATION ERRORS ON THE ESTIMATION OF ASTROPHYSICAL PARAMETERS and in [START_REF] Estevez | First tests of a newtonian calibrator on an interferometric gravitational wave detector[END_REF] could be a good candidate for being the future absolute reference of GW detectors.

We recall that the results presented in this chapter are not derived from a full MCMC analysis as it is really done for GW events and that we only marginalize on d l and cos(ι) parameters assuming the other parameters known.

Introduction

This chapter aims at discussing the future implementations and improvements that should be foreseen for Advanced Virgo+ calibration and the reconstruction of h(t). Advanced Virgo+ will experience two phases of upgrade. The first phase will be for the observing run O4 to start early 2022 for one year, and the second phase for O5 to start in 2025.

The configuration of Advanced Virgo+ Phase 1 will differ from Advanced Virgo by the addition of SR mirror, the increase of the input laser power to 40 W (∼ 26 W during O3b) and the implementation of frequency dependent squeezing. Those upgrades will broaden and improve the sensitivity on the whole frequency range of interest for GW detections, aiming to a BNS range between 90 Mpc to 120 Mpc. The Signal Recycling mirror actuator will have to be calibrated since it will probably have a contribution in the reconstruction algorithm of the GW signal. An updated strategy of calibration will have to be set up to adapt to the new configuration of the interferometer.

The Advanced Virgo+ Phase 2 is foreseen to have a similar configuration as in Phase 1 but with larger and heavier test masses and an input laser power of 125 W. This will give access to the best design sensitivity of the current apparatus with an increasing number of astrophysical detections and stronger SNR, aiming at a BNS range between 150 Mpc and 260 Mpc. The challenge for calibration will be to reach a level of uncertainty on h(t) of about 1% in amplitude in order not to bias the parameters estimation of astrophysical sources nor cosmological parameters.

Current status

During the run O2, the calibration of the ITF was based on the Free Swinging Michelson technique. A first version of the photon calibrator on Advanced Virgo had been implemented in order to verify the reconstruction of h(t) with an independent method but only relative consistency check were possible due to variations of laser power calibration of almost 20% in time. After O2, the Advanced Virgo photon calibrators have been upgraded and implemented on the detector for the run O3. The upgrades and the new calibration strategy allowed to achieve an uncertainty on the online reconstructed h(t) of 5% in amplitude, 35 mrad in phase and 10 µs on the timing from 20 Hz to 2 kHz. We give a list of items summarizing the PCal status for O3 and the related calibration and reconstruction activities:

• Two PCals acting on WE and NE test masses are installed on Advanced Virgo. Their laser power and the timing of their sensing path have been calibrated.

• Both PCals are used to directly calibrate the WE (resp. NE) mirror and marionetta actuators response.

• The first intercalibration between Virgo and LIGO detectors has been possible thanks to the PCals and revealed a discrepancy between Virgo and LIGO PCal laser power of 3.92% which has been corrected for the run O3.

• A fast control loop has been designed and implemented to mitigate the laser power noise of the PCals and stabilize the laser output power to a given offset (+2 W during O3).

• The mechanical response of the PCals can be approximated below 2 kHz using a simple pendulum response at 0.6 Hz for the suspended end test masses and a drum mode response around 7813 Hz.

• The sign of h(t) has been determined using the PCals since the induced direction of the end test mass displacement is known.

• The verification of h(t) with the electromagnetic actuators and the PCals are in good agreement within better than 1% in amplitude from 20 Hz to 2 kHz.

• The high frequency verification of h(t) (above 2 kHz) can be done with the PCals only using a more complex model taking into account the high order mode deformations of the end test masses. It has been shown that the uncertainty on the amplitude of h(t) can be extended to ±15% from 2 kHz to 7 kHz.

• The optical response of the ITF to a motion of an end mirror have been measured with the PCals and revealed an unmodeled feature below 20 Hz that varies with the ITF configuration. The optical response for a BS mirror motion has also been measured and shows a similar shape as for the end mirrors.

• The optical response for a PR mirror motion cannot be approximated by a simple pole but its contribution in the reconstruction of h(t) is subtracted thanks to auxiliary noise subtraction.

Calibration of Advanced Virgo+

In this section we give some leads on how to improve the calibration of the ITF for the next observing runs. The Signal Recycling mirror will be implemented and its actuator response will have to be calibrated. The addition of this new mirror, and thus a new optical cavity, will change the global optical response of the ITF to a gravitational wave signal which will have to be measured.

A better estimation of the end test masses displacement with the PCals

During O3, the PCals were used for the first time as the reference of calibration for Advanced Virgo as described in Chapters 6 and 7. We have thus drawn some conclusions about how to further improve the current PCal setup and better calibrate the displacement ∆x pcal of an end test mass.

Improving PCal calibration stability

The mirrors used on the optical benches should be replaced by custom mirrors that have an optimized transmission or reflection at a given angle specified by the constraints on the optical benches. The current setup uses Thorlabs mirrors optimized for an angle of incidence close to 45 • but opto-mechanical constraints drive us to use some of the mirrors at small angles of incidence. The number of mirrors could also be reduced to avoid too much polarization dependent parameters. For instance, some mirrors used to attenuate the power of the laser beam before the photodiodes could be replaced by using a quarter waveplate to THE RECONSTRUCTION OF THE GRAVITATIONAL WAVE SIGNAL H(T ) convert the linear polarization into a tunable elliptical polarization followed by a polarizing beamsplitter which splits the s and p polarizations of the beam before the photodiodes to better tune the power impinging on them. It can also be stressed that this solution should help to tackle the low SNR issue on position sensitive detectors described in Chapter 5 and should contribute to a better monitoring and a better stability of the PCal beam. Some variations of laser power in time are correlated with the humidity of the PCal environment. This could be mitigated with a better isolation of the optical setup by using a closed cover for the PCal. The current cover has an aperture for the supply cables and the optical fiber guiding the laser beam. For instance, an electrical board interface fixed on a close cover would avoid any aperture and it would separate the cables on the PCal benches from the cables outside the PCal benches. Another solution would be to put the optical benches under light vacuum. This would require to change the setup with vacuumcompatible components.

Temperature is also a parameter of power calibration variations (∼ 0.1%) mainly due to the responsivity of the Si photodiodes used to acquire the PCal signal. A trade with better InGaAs photodiodes that have a flat responsivity with respect to temperature in the 1047 nm region would reduce the systematic uncertainty of the laser power monitoring. These photodiodes have generally a smaller detection area thus the laser beam should be focalized. They would allow to increase the SNR of the PCal signal with a reduced sensing noise by increasing the incident laser power to a few 10 mW, the bias voltage of the photodiodes and by better using the dynamic voltage range of the ADC (±10 V). A lower sensing noise would also allow to mitigate further the laser power noise with a fast control loop which will be needed for O5.

Cleanliness of the optical benches

The metal covers of the optical benches produces some metal dust when one opens and closes the benches. It could be improved by using screws to fix the covers to the benches instead of fitting together the covers and the benches. Also if the optical benches are under vacuum, the covers have to be sealed vacuum. Another feature would be to use an absorbing material for the cover to reduce the diffused light which may impact the power calibration of the PCal.

Improving PCal power calibration

When calibrating the laser power with the integrating sphere on the bench we have noticed a dependency on the measured laser power with respect to the sphere position along the laser beam. This should be either tackled with a diaphragm to remove this dependency or characterized by series of measurements taken with the sphere at different positions. Also, the responsivity of VIS with respect to temperature should be characterized to estimate the systematic uncertainty related to this parameter. It could also be considered to trade VIS with a new custom integrating sphere similar as the ones used in LIGO but probably with a smaller radius so it can fit on the optical benches of the Advanced Virgo+ PCals. Then the photodiodes could be calibrated with this sphere.

Modelling 2 kHz to 10 kHz mechanical response

The mechanical response of the PCal between 10 Hz and 10 kHz is complex because the laser beam is hitting the center of the end mirror and thus excites its axisymmetric modes. A better model of those deformations has to be derived in order to have a better estimate of the PCal injected strain and therefore a better uncertainty on the reconstructed h(t) at high frequency.

The possibility to extend the modulation of laser power amplitude above 10 kHz would be useful to measure the high order modes of the mirrors deformation. It would probably require an Acousto-Optic Modulator or Electro-Optic Modulator to achieve such frequency of amplitude modulation. It would be necessary to have the possibility to have a laser driver that could deliver a laser power greater than the current 3 W to be able to implement high frequency permanent calibration lines for the online monitoring of the high frequency region. A higher sampling frequency of the PCal signals would also be needed to simplify the high frequency analysis and DARM signal with a high sampling frequency could be used instead of h rec signal. Actually, what really matters for the PCal mechanical response measurement are the phase shifts of ±π in the phase of the transfer function from an end mirror displacement with the PCal to DARM. The frequencies where those phase jumps occur allow to constrain the gain of the different high order modes deformations of the end mirror excited by the PCal laser beam. In order to properly perform those high frequency measurements, the fast control loop to stabilize the PCal laser power and to mitigate the laser power noise could also be enhanced by adjusting the control filter and increasing the sampling frequency of the loop.

Along with those improvements, Virgo could use a new optical setup for the PCal to simplify its mechanical response. Since many years, LIGO has adopted a PCal configuration where the laser beam is split into two beams before hitting the end mirror symmetrically above and below the center of the optic on a nodal circle for the axisymmetric modes [START_REF] Karki | The Advanced LIGO photon calibrators[END_REF]. In this sense, the axisymmetric modes are not excited anymore and the simple pendulum response in f -2 is valid at high frequency. This technique could be convenient for Virgo but it would require to install new hardware and significantly change the current setup. It also has drawbacks related to the balancing of power in the two beams which has to be carefully controlled and the rotation of the test mass induced by the misalignment between the two beams and the ITF beam on the mirror. Moreover, the verification of h(t) at high frequency is hard because the PCal signal is very low at high frequency due to the simple pendulum attenuation.

Intercalibration of the detectors network

It is essential to keep the work of intercalibration on-going between LIGO, Virgo and KAGRA to determine the relative calibration between the detectors using the Gold Standard. For the moment, the Working Standard for Virgo serves as a reference at LAPP to monitor the calibration of Virgo Integrating Sphere and should be checked against LIGO Gold Standard at least once a year. The current setup at LAPP could be improved by adding a monitoring of environmental parameters (temperature, humidity...) and become a permanent setup dedicated to the intercalibration of the gravitational wave detectors network as the LHO setup.

Using the Newtonian Calibrator as absolute reference?

The Newtonian calibrator is still under development but starts to bring some interesting results regarding an absolute calibration of the detector. The systematic uncertainties between 10 Hz and 100 Hz on the NCal in the near future are expected to be competitive with the ones for the PCal with hopefully lower systematic errors than PCal absolute power measurement. It will be useful to cross-calibrate the NCal and PCal below 100 Hz and compare it to the Gold Standard measurements. The verification of h(t) from 10 Hz to 10 kHz could then be performed with the PCal calibrated on the NCal.

Reconstruction of the gravitational wave signal h(t)

Improvements in the reconstruction algorithm of the GW signal are also foreseen.

Noise subtraction

The current noise subtraction is not optimized for multiple noise subtractions. As it is done in the reconstruction algorithm, the subtraction is performed if an auxiliary channel has enough coherence1 with the reconstructed h(t). This technique is efficient if the noise are independent but it is not always the case in reality. In this way, if two witness channels have some coherence between them and are subtracted in Hrec, the noise is subtracted twice and thus added to h rec . This typical case is avoided by defining the noise subtraction of auxiliary channels on distinct frequency bands. This method is thus not optimal and a correlation matrix between all the witness channels which monitor the noise that couple to the reconstructed h(t) will be useful to better subtract several noise partially coherent between each other on the same frequency band.

Improvement of the optical response models

The optical responses of the different cavities are not always well modeled by a simple pole. This is even more true for the optical response of the ITF to a PR motion which is never well approximated by a simple pole. This means that the reconstruction of the GW signal does not always take into account a good optical response model when subtracting the different control signals. It could be improved by using better models especially at low frequency and track the needed parameters to correct for online changes. The first measurements of the ITF optical response described in Chapter 9 will have to be carried on and the dependency on the ITF working point will have to be studied. Simulations could also be useful to model the variation of the optical response with different parameters. The addition of SR will also change the optical response of the ITF to an end mirror motion and it will have to be measured and corrected in the reconstruction algorithm [START_REF] Buonanno | Quantum noise in second generation, signal-recycled laser interferometric gravitational-wave detectors[END_REF]. Permanent lines to monitor the optical response in time will also have to be implemented. Those improvements could reduce the systematic bias seen in the reconstruction algorithm and the analysis could be performed offline with an updated algorithm.

Towards a frequency dependent uncertainty on h(t)

A frequency dependent uncertainty budget for Virgo h(t) could be produced as it is done in LIGO [START_REF] Cahillane | Calibration uncertainty for advanced ligo's first and second observing runs[END_REF]. To do this properly, the propagation of systematic uncertainties from the measurements of the mirrors and marionetta actuators plus the optical responses to the reconstructed h(t) signal has to be studied. The residuals of the fit for the actuators and the optical responses give some information on the stability of the measurements in time as well as the permanent calibration lines. The distribution of the residuals could be fitted with, for instance, a Gaussian Process Regression2 as it is done in LIGO and then be incorporated in the uncertainty budget for h(t). The final uncertainty budget on h(t) should be compatible with the verification measurements comparing a known signal h inj to the reconstructed signal h rec with the EM actuators, the PCal and the NCal.

Improving the low latency

During O3, the first public alerts have been implemented for the gravitational wave candidates. Telescopes or satellites have to obtain the alert as fast as possible to be able to catch some potential electromagnetic counterpart of a gravitational wave source. This implies that the latency of the h(t) reconstruction has to be optimized to be able to send an alert in a few seconds. In Advanced Virgo, the reconstruction algorithm Hrec is performed in the frequency domain. Therefore the length of the fast Fourier transforms are limiting the latency of the reconstruction. Currently, the latency of the reconstruction is 8 s because the FFT are performed over 8 s with an overlap of 50% to produce one h(t) frame of 4 s. The FFT length cannot be smaller in order to reduce the latency without losing information of the h(t) signal because of a low resolution. A solution would be to make a time domain reconstruction algorithm. This would require to use Infinite Impulse Response filters or Finite Impulse Response filters to be able to properly reconstruct h(t).

Since the first direct detection of a gravitational wave signal GW150914 by the LIGO-Virgo collaboration which occured during O1 in 2015, a few tens of gravitational wave signals have been detected up to O3. The astrophysical sources that emitted these signals are all compact binary coalescences involving black holes or neutron stars. The calibration of LIGO and Virgo detectors is thus more and more important as the sensitivity of the detectors improves and as the number of gravitational wave events increases. The work presented in this thesis started in 2017 and finished in 2020. Thus it covers the last five months of the run O2 until the last month of the run O3. The work focuses on the upgrade and the implementation of the photon calibrators (PCal) on Advanced Virgo and their use for the calibration of the interferometer and the verification of the reconstructed gravitational wave signal h(t).

Between O2 and O3 the PCal underwent many upgrades. A problem of power calibration stability of ∼ 20% faced during O2 was mainly caused by variations of laser beam polarization and has thus been tackled adding polarizing optics on the setup. For O3, the noise induced by the PCal should not contribute more than 10% of the designed sensitivity.

A fast control loop has thus been implemented to achieve this requirement and to stabilize the PCal output power. Two PCals were installed on Advanced Virgo, one at the end of each arm of the interferometer. The calibration of the PCals laser power has been performed at the beginning of O3 and between O3a and O3b. The results have given a systematic uncertainty of 1.34% on the amplitude of the displacement of the end test mass due to radiation pressure and the main errors come from the dependency of the measured laser power on the position of the integrating sphere on the optical bench and from small variations of the laser power calibration. The timing calibration of the mirror displacement with the PCals has been estimated to ±3 µs and a weekly monitoring of the timing has also been set up during O3. A global continuous monitoring of the PCals calibration with permanent calibration lines revealed a calibration stability better than 1% on WE PCal but more than 6% on NE PCal due to variations correlated with humidity. The prospects for Advanced Virgo+ calibration are to improve the absolute calibration of the PCal power and its stability in time by better controlling the systematic uncertainties related to the integrated spheres and by changing some parts of the optical setup.

The Advanced Virgo and Advanced LIGO PCals have been intercalibrated for the first time before O3 in order to use the PCals as the reference of calibration for Virgo and revealed 3.92% discrepancy between Virgo and LIGO measured laser power. This factor has thus been corrected for Virgo PCals laser power and strengthened our will to develop a calibration of the Advanced Virgo detector based on the PCals. The intercalibration between the detectors will have to be kept on going for O4 with the addition of KAGRA joining the network.

255 256 CONCLUSION Thanks to the PCal improvements, a new strategy for the calibration of Advanced Virgo based on the PCals was set using a direct calibration of the end mirrors and marionetta actuators. It has been shown that the uncertainty on these actuators has been reduced and that the overall results of calibration are in agreement with the previous technique of calibration based on the Free Swinging Michelson within better than 2.55% in amplitude and 1 µs in timing. The Free Swinging Michelson was the reference for the calibration during O2 and before. For O3, it was only used as an independent check for the calibration.

The PCals were also used for the verification of h rec during O3 and allowed to reach an uncertainty of ±5% on the amplitude, ±35 mrad on the phase and ±10 µs on the timing of h(t) from 20 Hz to 2 kHz. These results were also in agreement within better than 1% with the verification using the electromagnetic actuators on the end mirrors. A systematic frequency dependent shape on the estimation of these uncertainties has been seen since O2 and is stable in time. We thus investigated the model used for the optical response of the ITF to a given mirror motion in the reconstruction algorithm and we have shown an unmodeled feature in the optical responses for WE, NE and BS mirrors below 20 Hz that was so far unexpected in Virgo. Also, the optical response for PR mirror is not well approximated by a simple pole on the whole frequency band. Those differences between the approximation of the simple pole model for the optical responses and the measured optical responses are probably impacting h rec and thus could be one of the main part of the frequency dependent bias when estimating the uncertainties on h(t). The approximation done on the optical response in the reconstruction algorithm should be further studied and characterized with the addition of the Signal Recycling mirror for O4. Also, since the bias on h rec has been stable in time, it will be possible to improve the estimation of h(t) uncertainties giving a frequency dependent calibration error with a 1σ envelope. It will be useful for the parameters estimation of astrophysical sources to give a full frequency dependent uncertainty budget on h rec for Virgo in order to better constrain the scientific results for strong SNR events in the coming runs.

The verification of h rec can also be performed above 2 kHz up to 7 kHz trading a better and more complex model for the mechanical response of the PCal taking into account high order modes of the mirrors deformations. The results are currently limited by the ability to perform sine wave excitations on an end test mass with the PCal around 8 kHz and constrain the gains of the high order modes in this region. A better modelling of the PCal mechanical response would be possible with a higher modulation of laser power amplitude up to a few tens of kilohertz. Moreover, the optical response approximation of the ITF used in the reconstruction algorithm is not valid at high frequency and assessment about the true optical response parameters have to be made in order to correct for the discrepancy. We have shown that the uncertainty on h rec from 2 kHz to 7 kHz can be extended to ±15% in amplitude and keeping the uncertainty on the phase as they are below 2 kHz.

Eventually we focused on what could be the impact of Virgo calibration errors and a wrong intercalibration between the LIGO-Virgo detectors during O3 on the luminosity distance and the orbital inclination of a simulated binary neutron stars located at the maximum of the Virgo antenna pattern. This study was performed within an analytical framework and the results show that a wrong intercalibration of ∼ 4% on the amplitude between the detectors could cause an impact as large as ∼ 10% on the estimated luminosity distance for such a source and thus directly on the estimation of the Hubble constant. We also estimated what would be the benefit of using a frequency dependent uncertainty budget on h rec for Virgo instead of using the current uncertainty for O3 and the results have shown a slight improvement of only a few tenths of a percent on the estimated luminosity distance for detected SNR ranging from 10 to 40. The topic of the impact of calibration errors on astrophysical and cosmological parameters estimation has started to be important in the gravitational wave community and has triggered a strong interest from the LIGO-Virgo cosmology group.

The period of my Ph.D. was full of new results regarding gravitational wave astronomy and the implications on fundamental physics, astrophysics and cosmology. Between the end of the observing run O2 and the end of the observing run O3, the number of gravitational wave events went from 11 to more than 60. Those events gave new information on astrophysical population study and new constraints on BBH formation scenario. Most of the BBH detected have a mass which is higher than what has been detected so far in optics. Also compact objects lying in the so-called "mass gap" between neutron stars and black holes have been detected bringing more information and questions on what could be the nature of these objects that were unknown up to O3. The framework of gravitational wave emission is also one of the best place to test General Relativity in strong field regime. The Hubble constant can also be inferred with gravitational wave events and especially for BNS with electromagnetic counterparts. In the next years, with the growing statistics of events, a more precise measurement of the Hubble constant will be achieved and it will be compared to other independent measurements.

In the future, calibration will start to be a limiting factor in the parameters estimation and the goal for Virgo calibration is to reach an uncertainty of 1% on h(t) for O5. For the 3G detectors the calibration level will have to be at the level of 0.1%. Current methods of calibration have thus to be improved because they will still be used for the future detectors and new methods have also to be developed. For instance, the NCal could be the reference to achieve a calibration uncertainty smaller than 1% on gravitational wave detectors and the PCal could be cross-calibrated on this reference below 100 Hz and used to extend the calibration up to a few kilohertz. and the phase is:

φ(f ) = arg(H(f )) = arctan Q f c f - f f c (A.12)
The amplitude and phase of H(f ) is represented in a so-called Bode plot in 

Control Loop

The above example illustrates a passive system which does not need any feedback to operate at its working point. Another category of systems is called active systems which are dynamical and need a feedback to be controlled to their working point. For instance, active noise cancelling headphones use feedback control loops to cancel in real-time the surrounding noise.

A typical structure of a control loop using a block diagram is shown in Figure A.3. The plant P is the system that needs to be controlled to a specific working point using a filter F and a sensor S that measure the output O of the system in real-time. The measured output of the system is fed back to a comparison with the request R sent to the system to keep the error signal E close to zero. 
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 1 Figure 1: Représentation temps-fréquence du signal d'onde gravitationnelle GW170817 dans le détecteur LIGO-Livingston.
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 2 Figure 2: Fonction de transfert entre le signal h(t) reconstruit et un signal injecté sur le miroir NE. Les différentes couleurs correspondent à différents jeux d'injections mesurés pendant O2. Les lignes rouges donnent l'incertitude systématique sur le signal h(t) reconstruit à la fois en amplitude (±4%) et en phase (±35 mrad).

Figure 3 :

 3 Figure 3: Bruit en puissance du laser du PCal WE hors boucle de contrôle (bleu) et avec la boucle de contrôle active (noir). La courbe rouge représente la contrainte sur le bruit en puissance du PCal à 10% de la sensibilité nominale d'Advanced Virgo pour O3.

Figure 4 :

 4 Figure 4: Réponse de l'actionneur du miroir WE normalisée par la réponse mécanique de la suspension du miroir. Les points bleus représentent les mesures et la courbe rouge représente le fit des données. L'amplitude et la phase sont fittés simultanément, à gauche. Les résidus sont montrés à droite.

Figure 5 :

 5 Figure 5: Fonction de transfert finale pour O3a entre les signaux injectés par les PCals WE et NE (et par les actionneurs électromagnétiques des miroirs WE et NE) et les signaux reconstruits.

Figure 6 :

 6 Figure 6: Réponse optique de l'interféromètre à un mouvement du miroir NE. Les mesures faites avec le PCal sont montrées en bleu et le fit avec un pôle simple est tracé en rouge.

Figure 1 . 1 :

 11 Figure 1.1: Effect of a gravitational wave propagating along the z direction on a free test masses circle located in the (O, x, y) plane. The deformations of the circle are shown for the h + and h × polarizations.
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 3 Astrophysical sources in the 1 Hz-kHz band

Figure 1 .Figure 1 . 2 :

 112 Figure1.2 shows a gravitational waveform emitted by a BNS composed of two stars of 1.4 M each, located at 50 Mpc from Earth with a null inclination. The signal has growing amplitude and frequency over time until the merger phase where the signal reaches its maximum amplitude. During the merger, the two compact objects reach relativistic speed and the wave frequency goes from a few hertz to hundreds of hertz entering the detectable frequency band of ground base detectors such as LIGO and Virgo.
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 13 photodetector
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 14 Figure 1.4: Basic scheme of a Fabry-Perot cavity.
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 15 photodetector
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 16 photodetector
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 117 Figure 1.7: System of coordinates to describe the antenna response of a Michelson interferometer with the arms aligned with the x and y axes. θ is the polar angle, φ is the azimuthal angle and ψ is the polarization angle. The system ( e r , e θ , e φ ) defines the propagation and the polarization of the gravitational wave.

Figure 1 . 8 :

 18 Figure 1.8: Magnitude of the plus (left) and cross (right) antenna response pattern for a Michelson interferometer.

Figure 1 . 9 :

 19 Figure 1.9: Map of the current and future ground-based gravitational waves detectors. Credits: [26] Shawhan P.
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 111 Figure 1.11: Sensitivity curves of future gravitational waves experiments and the expected sources of gravitational waves expected to be detected. IPTA: International Pulsar Timing Array, LISA: Laser Interferometer Space Antenna, CE: Cosmic Explorer, ET: Einstein Telescope, A+: Advanced+ detectors. Credits: [35].
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 21 Figure 2.1: Aerial view of the Advanced Virgo detector located near Pisa, in Cascina, Italy.
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 11 Photodetectors

Figure 2 . 2 :

 22 Figure 2.2: Simplified scheme of the Advanced Virgo detector.

f 2 above

 2 the resonant frequency f r . A series of N = 5 filters (from Filter 0 to Filter 7) leads to a reduction factor of fr f

Figure 2 . 3 :

 23 Figure 2.3: Super-attenuator of Advanced Virgo. It is composed of a series of filters starting from the F0 filter down to the F7 filter. The marionette is then suspended to the F7 filter and the mirror is suspended to the marionette. The last stage of the suspension composed of the marionette and the mirror is called the payload.

Figure 2 .

 2 Figure 2.4 shows the transfer function from a seismic motion to a mirror displacement. The total attenuation factor of the super-attenuator is 10 14 around 10 Hz.

Figure 2 . 4 :

 24 Figure 2.4: Transfer function from a seismic motion to a mirror motion with an Advanced Virgo super-attenuator.

Figure 2 . 5 :

 25 Figure 2.5: Advanced Virgo sensitivity foreseen for O3 with a laser input power of 18 W and a power-recycled configuration corresponding to a BNS range of ∼ 90 Mpc. Only the fundamental noise are taken into account and are also shown.

Figure 2 . 6 :

 26 Figure 2.6: Advanced Virgo noise budget during the observing run O3b with a laser input power of 26 W. The various technical noise are shown with the sum of all the noises (green) which is compared to the measured sensitivity (dash black) and the targeted sensitivity for O3 (red).
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 27 Figure 2.7: Simplified scheme of the interferometer with the photodiodes used for the longitudinal controls of the interferometer during the locking sequence and the Science mode.

Figure 3 . 1 :

 31 Figure 3.1: Simplified scheme of the Advanced Virgo detector with the location of the different types of actuators. The PCal and NCal are only used to act on the end mirrors.

Figure 3 . 2 :

 32 Figure 3.2: Sketch of the Advanced Virgo payload and EM actuators. The coils attached to the actuation cage are used to act on the magnets of the mirror and the marionette suspended to a series of filter with F7 the last filter before the marionette. The upper filters are not drawn.

Figure 3 . 3 :

 33 Figure 3.3: Electronic chain of the mirrors and marionetta actuators from the generation of the control and calibration signals to the displacement of the mirrors and marionetta.
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 34 Figure 3.4: Mechanical response of the Advanced Virgo mirror actuators.
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 35 Figure 3.5: Mechanical response of the Advanced Virgo mirror actuators and the approximation by a simple pendulum model. Above 10 Hz the residuals between the two models are flat in gain and in phase.The ratio in gain between the two models is quasi-constant within better than 0.1% and has to be corrected by a normalization factor. The difference in phase is quasi-flat above 10 Hz within better than 1 mrad.

Figure 3 . 6 :

 36 Figure 3.6: Mechanical response of the Advanced Virgo marionette actuators.

Figure 3 . 7 :

 37 Figure 3.7: Mechanical response of the Advanced Virgo marionette actuators and the approximation by a simple pendulum model squared. Above 10 Hz the residuals between the two models are flat in gain and in phase.The ratio in gain between the two models is quasi-constant within better than 0.2% and has to be corrected by a normalization factor. The difference in phase is quasi-flat above 10 Hz within better than 3 mrad.

  the suspension wires for the mirror or the marionette, M mir/mar the mass of the mirror or the mirror plus the marionette and g = 9.81 m.s -2 the standard gravity. Nevertheless, for the calibration of the actuators we fit the measurements above 10 Hz and extrapolate the global gain of the actuators response of the mirrors and marionetta G mir/mar tot = G mir/mar mech × G elec after renormalization of the response by the approximated mechanical models.
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 2632 THE PHOTON CALIBRATOR (PCAL) The Photon Calibrator (PCal)

Figure 3 Figure 3 . 8 :

 338 Figure 3.8: Drawing of the photon calibrator principle. The radiation pressure generated by the auxiliary laser beam induces a force on the mirror which modulates its position.

Figure 3 . 10 :

 310 Figure 3.10: Drawing of the Newtonian calibrator principle. Two rotating masses generates variations of the local gravitational field which acts as a force onto the mirror and put it into motion. The (x,y) plane is the plane of the interferometer (z = 0).
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 17541 Figure 4.1: Sketch of the photodiode readout chain. It is the same for both B1 photodiodes and both B1p photodiodes.

  The first step is to calibrate the actuators of the input mirrors of each arm's cavity (NI and WI) and of the beamsplitter mirror (BS) in a Free Swinging Michelson configuration using the main Virgo laser wavelength (1064.0 ± 0.1 nm) as length etalon. When the interferometer is put in the short Free Swinging Michelson, the PR, NE and WE mirrors are misaligned and the longitudinal controls of the BS, NI and WI mirrors are switched off. The NI and WI actuators are in HighPower mode and the mode of the BS actuator is set on LowNoise. The Free Swinging Michelson configuration is shown in Figure4.2.

  is used to reconstruct the short Michelson differential arm length ∆L as a time series. The photodiode signals used for this reconstruction are the DC signal and the in-phase 6 MHz signal of B1p photodiode. They are shown in Figure 4.3(a).

Figure 4 . 2 :

 42 Figure 4.2: Sketch of the Free Swinging Michelson configuration used to calibrate the NI, WI and BS actuators. NE, WE and PR mirrors are misaligned in order to use only the short Michelson made of NI, WI and BS. The fringes resulting from the interferences are detected with the B1p photodiodes located before the output mode cleaners and the B1 photodiodes.
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 4 Figures 4.4, 4.5, 4.6 shows the NI, WI and BS mirror actuator responses measured up to 900 Hz and normalized by the simple pendulum response. The fit of the data is also shown with the residuals.

  Figures 4.4, 4.5, 4.6 shows the NI, WI and BS mirror actuator responses measured up to 900 Hz and normalized by the simple pendulum response. The fit of the data is also shown with the residuals.

Figure 4 .

 4 Figure 4.3: (a) Top: times series of the B1p photodiode channels: DC and I signal demodulated at 6 MHz. Bottom left: ellipse formed by the DC vs I signal. Bottom right: reconstructed time series of ∆L. (b) Amplitude spectral density of the reconstructed ∆L signal in the Free Swinging Michelson configuration. Two dataset are shown with different sinewaves excitations applied on the mirror actuators. Green: five sinewaves are applied between 15 Hz and 45 Hz to each of the three mirrors. Blue: two sinewaves are applied between 200 Hz and 250 Hz to each of the three mirrors.

Figure 4 . 4 :

 44 Figure 4.4: NI mirror actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 4 . 5 :

 45 Figure 4.5: WI mirror actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 4 . 6 :

 46 Figure 4.6: BS mirror actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

  Figures 4.7 and 4.8 show the NE and WE mirror actuator responses normalized by their simple mechanical response model from 10 Hz up to 900 Hz. The normalized modulus are mainly flat, within small deviations of ±3% coming from the electronics actuator response. These small deviations are fitted (red curve) to provide the full actuator response model whose residuals are centered around 0 in amplitude and phase which indicates a good modelling between 10 Hz and 1 kHz.The statistical plus systematic uncertainties for NE and WE mirror actuator responses are given in Table4.1.
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 47 Figure 4.7: NE mirror actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 4 . 8 :

 48 Figure 4.8: WE mirror actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

  , 4.10, 4.11 show the normalized NE, WE and BS marionette actuator responses that have been measured up to 200 Hz for NE, WE and up to 60 Hz for BS. The actuators are well-modeled between 10 Hz and 100 Hz.

Figure 4 . 9 :

 49 Figure 4.9: NE marionette actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 4 .

 4 Figure 4.10: WE marionette actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 4 .

 4 Figure 4.11: BS marionette actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 4 .

 4 Figure 4.12: PR mirror actuator transfer function normalized by the mechanical transfer function. Each blue point is an average over all the calibration measurements done at this frequency, with their 1 σ statistical uncertainty. The red line is the fitted model for the normalized actuator response. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

  call E the error signal (or dark fringe signal) of the interferometer in [W], S the sensing function of the photodiodes, O i the optical response of the interferometer to the i mirror in [W/m], ∆L mir/mar,i the displacement of the i mirror or marionette in [m], O IT F the global optical response of the interferometer to a differential arm length variation induced by a GW [W/m] and L 0 = 3000 m the nominal length of the Fabry-Perot cavities in [m].

  the initial optical response using G ref = 1 and f ref = 55.5 Hz corresponding to a finesse F ref = 450. If O k was equal to O ref , X k would be equal to 1 in

  Figure 4.14: Distribution of the West Fabry-Perot cavity optical gain as a function of time during O2. The mean amplitude of fluctuations is around 10% over the month.
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 415 Figure 4.15: Distribution of the West Fabry-Perot cavity finesse as a function of time during O2. The mean amplitude of fluctuations is around 10% over the month.

Figure 4 .

 4 Figure 4.16 compares the amplitude spectral densities of the three versions of h(t). They are all very similar, but with some slight improvements of the reprocessing versions. It is mainly visible between 15 Hz and 30 Hz and between 150 Hz and 200 Hz, where the sensitivity has been improved with respect to the online h(t) reconstruction, mainly due to the frequency noise subtraction. At frequencies above 3 kHz, the AdV data are contaminated by a significant amount of spectral and transient noise. In the first reprocessing, the frequency noise subtraction was not well tuned at high frequency and added a slight excess of noise above 2 kHz that was no more present in the second reprocessing.
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Figure 4 . 16 :

 416 Figure 4.16: Amplitude spectral density of h(t) Online (blue), V1O2Repro1A (orange) and V1O2Repro2A (green).

Figure 4 . 17 :

 417 Figure 4.17: Transfer function between the reconstructed h(t) signal (h rec ) and the injected signals on NE mirror (h inj ). The different colors correspond to various sets of injections during the O2 run. The comparison of h rec and h inj is within ±4% in amplitude and ±35 mrad in phase as shown by the red lines.
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 418 Figure 4.18: Left plot represents the normalized transfer function between the reconstructed lines amplitude and the PCal injected lines amplitude. The data points are fitted with a notch around 2 kHz and remain in the ±4% error band. Right plot shows the phase of this transfer function with an error band of ±35±2πf ×7e-3 mrad.
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 51 Figure 5.1: Optocad layout for one Advanced Virgo Photon Calibrator as initially designed in the conceptual design. In practice, the set-up has been modified by adding extra mirrors, lens and polarizing beamsplitter cube to select the polarization of the laser beam and adjust the laser power on the benches. The extra optical devices are mentioned in Sections 5.1.4 and 5.1.5. Bottom right : Injection bench, Bottom left : Reflection bench, Top : NE mirror.The laser beam of the PCal travels from the injection bench to the reflection bench after having been reflected by the North End mirror. The scale is in meter and the ITF beam is coming from the bottom of the sketch.
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 52 Figure 5.2: DAQ-box on top and laser driver at the bottom fixed on a rack in the NE building.
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 53 Figure 5.3: Schematic of the photodiode readout. V DAC is the bias voltage of the photodiode and V ADC is the potential drop measured by the ADC.
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 54 Figure 5.4: Schematic of the position sensitive detector. The (x,y) position of the laser beam is determined by a relation between the four anode signals X1, X2, Y 1, Y 2 of the four quadrants, the dimensions L x , L y , and the output current I.
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 55565758 Figure 5.5: Injection bench for the PCal on WE
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 510 Figure 5.10: Sensing noise of PD1 and PD2 PCals photodiodes on NE (top left) and WE (top right) and coherence between the photodiodes (bottom). PD1 and PD2 are calibrated in unit of power reflected by the end mirror so that the noise can be directly compared to the required LPN.
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 511 Figure 5.11: Laser power noise of PD1 and PD2 PCals photodiodes on NE (top left) and WE (top right) and coherence between the photodiodes (bottom).
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 512 Figure 5.12: Laser power noise of NE Pcal (blue) and h/10 contribution to sensitivity for O3 scenario at 85 Mpc (red). In the region 20 Hz to 90 Hz, the LPN is above the requirement and needs to be mitigated.
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 513 Figure 5.13: Diagram of the Fast Control Loop used on the PCal.
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 51453 Figure 5.14: Control filter of Fast Control Loop normalized with a DC gain at 1.
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 5 Figures 5.15 and 5.16 show the OLTF for both PCals.
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 515 Figure 5.15: Open-loop transfer function of the WE PCal servo. Top: Amplitude of the OLTF, Middle: Phase of the OLTF, Bottom: Coherence between pre and post .
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 516 Figure 5.16: Open-loop transfer function of the NE PCal servo. Top: Amplitude of the OLTF, Middle: Phase of the OLTF, Bottom: Coherence between pre and post .
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 517 Figure 5.17: Closed-loop transfer function of the WE PCal servo. Top: Amplitude of the CLTF, Middle: Phase of the CLTF, Bottom: Coherence between pre and n.

Figure 5 . 18 :

 518 Figure 5.18: Closed-loop transfer function of the NE PCal servo. Top: Amplitude of the OLTF, Middle: Phase of the OLTF, Bottom: Coherence between pre and n.

Figure 5 .

 5 [START_REF] Abbott | Measurements of neutron star radii and equation of state[END_REF] illustrates the principle of the digital noise subtraction implemented in the Acl process used for the PCal FCL. The error signal of the fast control loop is processed in the DSP at 200 kHz and is also sent to the RTPC by packets at 20 kHz. Two correction signals are computed in the DSP and the RTPC and are then compared. The result of the comparison is added to the DSP correction and forms the correction signal sent to the DAC. The residual digital noise is monitored by comparing the correction signal with the RTPC correction.The mitigation of the digital noise on the NE PCal FCL is shown in Figure5.20. The improvement is mainly below 1 Hz, as expected from previous explanations.

Figure 5 . 19 :

 519 Figure 5.19: Online digital noise subtraction in the Fast Control Loop used on the PCal.

Figure 5 . 21 : 5 . 5

 52155 Figure 5.21: Projections of the Laser Power Noise on WE and NE PCals with the Fast Control Loop compared to the LPN contribution at h/10 for the O3 85 Mpc scenario.
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  Laboratoire d'Annecy de Physique des Particules 118 CHAPTER 5. THE ADVANCED VIRGO PHOTON CALIBRATORSbenches and LEDs flashing an IRIG-B signal connected to a relay box were installed on both reflection benches to measure the timing of the sensing of the photodiodes during dedicated measurements. Eventually a lens to reduce the size of the laser beam on PD2 was also added to avoid clipping.

6. 1 . 1

 11 819C-IG-3.3-CAL Integrating Sphere (VIS)

Table 6 . 1 :

 61 Characteristics of the integrating sphere used to measure the laser power of the PCal.

Figure 6 . 1 :Figure 6 . 2 :

 6162 Figure 6.1: Integrating sphere 819C-IG-3.3-CAL from Newport (left) and drawing of the principle (right)

Figure 6 . 3 :Figure 6 . 4 :

 6364 Figure 6.3: Top: Linearity of VIS power vs the laser DAC command. The output laser power is measured in [W] with {VIS+1936-R}, the laser diode DAC command is in [V] and the data is fitted with a linear fit. Bottom: Fit residuals ((data-fit)/data). At least one component is non-linear below 0.6 V or 200 mW.

Figure 6 . 5 :

 65 Figure 6.5: Top: Linearity of PD voltage vs laser DAC command. The photodiode voltage is measured in [V],the laser diode DAC command is in [V] and the data is fitted with a linear fit. Bottom: Fit residuals ((data-fit)/data). The response of the laser diode is linear on the whole swept range within ±0.01%.

Figure 6 . 6 :Figure 6 . 7 :

 6667 Figure 6.6: LIGO Gold Standard integrating sphere

Figure 6 . 8 :

 68 Figure 6.8: Left: VIS and GS mounted on pneumatic sliders for calibration transfer. Right: Schematic of the setup to calibrate VIS with respect to GS.

Figure 6 . 9 :

 69 Figure 6.9: Calibration factors between LIGO Gold Standard and Virgo Integrating Sphere. The five points have been measured by averaging 30 sets of 100 s measurements at a fixed laser power on five different days. Only statistical errors are shown. The fifth point has larger error bars suspected to be the consequence of unexpected fluctuations of the laser power servo control.

Figure 6 . 10 :

 610 Figure 6.10: Calibration transfer between LIGO Gold Standard and Working Standard for Virgo. The six points have been measured by averaging 30 sets of 100 s measurements at a fixed laser power on six different days. Only statistical errors are shown.

Figure 6 . 11 :

 611 Figure 6.11: Calibration transfer between WSV and VIS. The red points have been measured by averaging 30 sets of 100 s measurements at a fixed laser power on four different days at LHO in February 2019. The blue points have been measured by averaging 1 set of 3600 s measurements at a fixed laser power on five different days at LAPP (four days in June 2019 and one day in October 2019). Only statistical errors are shown.

Figure 6 . 12 :

 612 Figure 6.12: Setup to check the calibration transfer factor stability of VIS at LAPP.

Figure 6 . 13 :

 613 Figure 6.13: Fit of WSV/WSH at a given laser power while WSV is cooling down from 35 • C to 26.5 • C which is the nominal temperature of the photodetector. The evolution of the responsivity with the temperature is estimated to be of the order of 0.07%/ • C.

Figure 6 . 14 :Figure 6 . 15 :

 614615 Figure 6.14: Drum mode resonance on WE mirror located at 7812.8 Hz

Figure 6 . 16 :

 616 Figure 6.16: Distribution of the WE TCS ring heater temperature during O3 from April 1, 2019 to September 30, 2019. The data are selected only when META_ITF_LOCK_index ≥ 160 which means the ITF is at least in "LowNoise 3". The distribution is spread over 1.2 • C.

Figure 6 . 17 :

 617 Figure 6.17: Distribution of the NE TCS ring heater temperature during O3 from April 1, 2019 to September 30, 2019. The data are selected only when META_ITF_LOCK_index ≥ 160 which means the ITF is at least in "LowNoise 3". The distribution is spread over 0.85 • C.

Figures 6 .

 6 Figures 6.18 and 6.19 show the fit of the amplitude | hrec h pcal | for WE and NE PCals. The notch frequency is evaluated at 2042 ± 3.3 Hz on WE and at 2055 ± 3.5 Hz on NE with the uncertainty on f n computed as:

Figure 6 . 20 : 6 . 4

 62064 Figure 6.20: Global uncertainty on the mechanical responses of WE and NE PCals using the uncertainty values of G d and f d which maximize the total uncertainty.

Figure 6 .

 6 Figure 6.22 shows the error factor a. b m I from the tilt of the mirror for several positions of the ITF beam on the mirror as a function of the PCal laser beam offset.

Figure 6 . 21 :

 621 Figure 6.21: Schematic of a suspended mirror with the ITF and PCal beam spots whose positions are shifted by a and b respectively with respect to the center of the mirror.

Figure 6 . 22 :

 622 Figure 6.22: Relative error induced on the end mirror motion due to PCal laser beam misalignment for several positions of the ITF laser beam on the mirror.

6. 5 . 6 . 5

 565 CALIBRATION OF THE PCALS LASER POWER 139 Calibration of the PCals laser power 6.5.

Figure 6 .

 6 Figure 6.25: Top: ratio of PD2 power and PD1 power at the calibration line 63.5 Hz and 60.5 Hz respectively on NE and WE PCals before and after putting the reset of the end mirrors longitudinal position after each unlock (March 5, 2019). Bottom: Longitudinal positions of the end mirrors. The amplitude of motion has been reduced after March 5, 2019.

Figures 6 .

 6 Figures 6.27 and 6.28 show the distributions of temperatures on the injection and reflec-

Figure 6 . 26 :

 626 Figure 6.26: Temperature variations on NE (top) and WE PCal (bottom) injection (blue) and reflection (orange) benches when calibrating the PCals power from March 7, 2019 to March 9, 2019. The data taken for the calibration of the photodiodes were done during the decrease of temperature on the benches circled in red.

Figure 6 . 27 :

 627 Figure 6.27: Distribution of temperature on NE PCal injection (left) and reflection (right) benches from April 1, 2019 to September 30, 2019.

Figure 6 . 28 :

 628 Figure 6.28: Distribution of temperature on WE PCal injection (left) and reflection (right) benches from April 1, 2019 to September 30, 2019.

Figure 6 . 29 :

 629 Figure 6.29: Ratio between PD2 power and PD1 power at 63.5 Hz for NE PCal.

Figure 6 . 30 :

 630 Figure 6.30: Top: ratio of h rec and h pcal at the calibration lines 63.5 Hz and 60.5 Hz computed with PD1 powers on NE (left) and WE (right) respectively. Bottom: ratios of h rec and h pcal at the calibration lines 63.5 Hz and 60.5 Hz computed with PD2 powers on NE (left) and WE (right) respectively. The spikes are times when h rec is not reconstructed anymore. For instance, when the interferometer is not locked.

Figure 6 . 31 :

 631 Figure 6.31: Ratio between PD2 power and PD1 power at 63.5 Hz for NE PCal from April 1, 2019 to September 30, 2019.

Figure 6 . 32 :Figure 6 . 33 :

 632633 Figure 6.32: PD1 power (top) and PD2 power (bottom) at 63.5 Hz for NE PCal from April 1, 2019 to September 30, 2019.

Figure 6 . 34 :

 634 Figure 6.34: Modulus of h rec /h pcal,P D1 (left) and h rec /h pcal,P D2 (right) at 63.5 Hz for NE PCal from April 1, 2019 to September 30, 2019. The left plot shows variations of the mean value of ∼ 6% and the right plot shows a stable mean value within ∼ 0.5%.

Figure 6 . 35 :

 635 Figure 6.35: Distribution of h rec /h pcal,P D2 at 63.5 Hz for NE PCal from April 1, 2019 to September 30, 2019. Only PD2 is shown since it is the most stable photodiode.

Figure 6 . 36 :

 636 Figure 6.36: Ratio between PD2 power and PD1 power at 60.5 Hz for WE PCal from April 1, 2019 to September 30, 2019. WE PCal was down in September 2019.

Figure 6 .

 6 Figure 6.37: PD1 power (top) and PD2 power (bottom) at 60.5 Hz for WE PCal from April 1, 2019 to September 30, 2019.

Figure 6 . 38 :

 638 Figure 6.38: Modulus of h rec /h pcal,P D1 (left) and h rec /h pcal,P D2 (right) at 60.5 Hz for WE PCal from April 1, 2019 to September 30, 2019. The left plot shows a stable mean value within ∼ 0.5% and the right plot shows variations of the mean value of ∼ 1.5%.

Figure 6 . 39 :

 639 Figure 6.39: Distribution of h rec /h pcal,P D1 at 63.5 Hz for WE PCal from April 1, 2019 to September 30, 2019. Only PD1 is shown since it is the most stable photodiode.

Figure 6 . 40 :

 640 Photodiode

Figure 6 . 41 :

 641 Figure 6.41: Delay of the 8 th order Butterworth filter with 20 dB attenuation at 100 kHz used on the PD2 channel sampled at 1 MHz to get the PD2 channel sampled at 200 kHz.

From

  DAQ-Box to RTPC: The RTPC receives the packets from the DAQ-Box at 20 kHz; the channels coming from the DAQ-Box are thus delayed by τ RT P C = 50 µs. Acl: The Acl process is downsampling the 200 kHz signal coming from the channel buffer to 20 kHz using a 8 th order Butterworth filter with 20 dB attenuation at 10 kHz and a decimation selecting the last sample out of 10. Figure 6.42 shows that the delay coming from the Butterworth filter equals to 108.8 µs while the decimation moves forward the samples by 45 µs. The total delay of this part is thus τ Acl = 108.8 -45 = 63.8 µs.

Figure 6 . 42 :

 642 Figure 6.42: Delay of the 8 th order Butterworth filter with 20 dB attenuation at 10 kHz used on the PD2 channel sampled at 200 kHz to get the PD2 channel sampled at 20 kHz.

Figure 6 . 43 :

 643 Figure 6.43: 1PPS signal as seen by the channel NE PD2 sampled at 1 MHz, the rising edge is delayed by ∼ 6 µs with respect to the GPS timing distribution by the NE TD-Box.

Figure 6 . 44 :

 644 Figure 6.44: Transfer function from the channel NE PD2 sampled at 1 MHz to the channel NE PD2 sampled at 20 kHz. The fit of the phase of the TF gives a delay τ pcal = 120 ± 2 µs

Figure 6 .

 6 Figure 6.45: IRIG-B signal as seen by the channel WE PD2 sampled at 1 MHz, the rising edge is delayed by ∼ 6 µs with respect to the GPS timing distribution by the WE TD-Box.

Figure 6 . 46 :

 646 Figure 6.46: Transfer function from the channel WE PD2 sampled at 1 MHz to the channel WE PD2 sampled at 20 kHz. The fit of the phase of the TF gives a delay τ pcal = 120 ± 2 µs

Figure 6 . 47 : 7 Advanced

 6477 Figure 6.47: Total frequency dependent uncertainty budget for NE and WE test masses displacement with the photon calibrators.

Figure 7 . 1 :

 71 Figure 7.1: Scheme of the calibration transfer method between two systems. The measured signals are S, Exc ref and Exc new .

Figures 7 .

 7 Figures 7.3 and 7.4 are examples of the time variation of the amplitude and phase at 183.7 Hz and 183.2 Hz for WE and NE mirrors respectively. Similar plots are made for every calibration frequency and are used to compute a mean value and its standard error. The mean value of the measurement is shown as the red line on the figures and the χ 2 /ndf is given.

Figure 7 . 3 :

 73 Figure 7.3: WE mirror actuator response at 183.7 Hz from March 2019 to October 2019.

Figure 7 . 4 :Figure 7 . 5 :

 7475 Figure 7.4: NE mirror actuator response at 183.2 Hz from March 2019 to October 2019.

Figure 7 . 6 :

 76 Figure 7.6: Statistical and systematic errors estimation on the calibration transfer from NE PCal to NE mirror actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

7. 2 .Figure 7 . 7 :

 277 Figure 7.7: WE mirror actuator response normalized by the simple pendulum mechanical model. The measurements are represented in blue and the fit is drawn in red. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 7 . 8 :

 78 Figure 7.8: NE mirror actuator response normalized by the simple pendulum mechanical model. The measurements are represented in blue and the fit is drawn in red. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

7. 2 .Figure 7 . 9 :

 279 Figure 7.9: Statistical and systematic errors estimation on the calibration transfer from WE PCal to WE marionette actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 7 . 10 :

 710 Figure 7.10: Statistical and systematic errors estimation on the calibration transfer from NE PCal to NE marionette actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 7 . 11 :

 711 Figure 7.11: WE marionette actuator response normalized by the double pendulum mechanical model. The measurements are represented in blue and the fit is drawn in red. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

  Cal zC ref are injected in the interferometer with the actuator of the reference mirror whose response is A Sc ref . Actually, the correction signals Sc zC ref driving the actuator are the generated Cal zC ref filtered and delayed by the digital part of the electronic chain detailed in Chapter 3. We call T F CalT oSc ref the transfer function 11 from Cal zC ref to Sc zC ref . The error signal E ref at the output of the interferometer is then measured:

  Sc mir,N I (f ) = E mir,N I Cal zC mir,N I • Cal zC mir,N E E mir,N E • A Sc mir,N E (f ) • O EndT oIn mir,N E O EndT oIn mir,N I (7.19)

Figure 7 . 13 :

 713 Figure7.13: Spectrum of the error signal of the interferometer "LSC_DARM". The purple curve is the error signal in the standard "Low Noise 3" configuration and the blue curve is the error signal with the input mirrors actuators in HP mode. At 100 Hz, the noise is higher by a factor ∼ 25 when the input mirrors actuators are in HP mode.

Figures 7 .

 7 Figures 7.16 and 7.17 show the measurements and the fit of the O3a final WI and NI mirror

Figure 7 . 14 :

 714 Figure 7.14: Statistical and systematic errors estimation on the calibration transfer from WE PCal to WI mirror actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 7 . 15 :

 715 Figure 7.15: Statistical and systematic errors estimation on the calibration transfer from NE PCal to NI mirror actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 7 . 18 :

 718 Photodiode

Figure 7 . 19 :

 719 Figure 7.19: Statistical and systematic errors estimation on the calibration transfer from WE PCal to BS mirror actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 7 . 20 :Final models for O3a Figures 7 .

 720O3a7 Figure 7.20: Statistical and systematic errors estimation on the calibration transfer from NE PCal to PR mirror actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 7 . 21 :

 721 Figure 7.21: BS mirror actuator response normalized by the simple pendulum mechanical model. The measurements are represented in blue and the fit is drawn in red. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

Figure 7 .

 7 Figure 7.22: PR mirror actuator response normalized by the simple pendulum mechanical model. The measurements are represented in blue and the fit is drawn in red. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

  calibration transfer the ratio of the transfer functions from the generated calibration signals to the correction signals for the mirrors and marionetta T F CalT oSc mir T F CalT oSc mar is not 1 in amplitude and 0 on the phase. The transfer function for the marionetta has an extra delay of 50 µs compared to the transfer function for the mirrors. The stability of this transfer of calibration has been checked during O3a.

Figure 7 . 23 :

 723 Figure 7.23: Statistical and systematic errors estimation on the calibration transfer from NE PCal to BS marionette actuator. The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the calibration transfer as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the calibration transfer as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

7. 3 .Figure 7 . 24 :

 3724 Figure 7.24: BS marionette actuator response normalized by the double pendulum mechanical model. The measurements are represented in blue and the fit is drawn in red. On the left, the modulus and the phase are fitted simultaneously. On the right, the residuals are shown.

7. 4 .Figure 7 . 25 :

 4725 Figure 7.25: Ratio of NE actuator models measured with the PCal and Free Swinging Michelson with PD1.

Figure 7 . 26 :Figure 7 . 27 :

 726727 Figure 7.26: Ratio of NE actuator models measured with the PCal and Free Swinging Michelson with PD2.

Figure 7 . 28 :

 728 Figure 7.28: Ratio of WE actuator models measured with the PCal and Free Swinging Michelson with PD2.
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 2 DETERMINATION OF THE SIGN OF H(T ) WITH THE PCALS 193

Figure 8 .

 8 3 shows this feature. The phase is centered on 0 with a standard deviation at 1σ of about ±20 mrad due to statistical fluctuations. Those statistical fluctuations are expected since they scale with the inverse of the SNR of the injected lines which is around 50 at those frequencies.Frequency [Hz] Frequency [Hz] Time [min sec] Time [min sec] Coherence from NE PCal power to h rec Coherence from WE PCal power to h rec Phase from WE PCal power to h rec Phase from NE PCal power to h rec WE PCal power NE PCal power

Figure 8 . 2 :

 82 Figure 8.2: Top: Positive laser power as a function of time (minutes and seconds) on WE and NE PCals. Middle: Phase of the transfer functions from WE (resp. NE) PCal laser power to the reconstructed h(t) at the permanent calibration line at 36.5 Hz (resp. 34.5 Hz). Bottom: Coherence of the permanent calibration line at 36.5 Hz (resp. 34.5 Hz) from the WE (resp. NE) PCal power to h(t). The phase is 0 (resp. -π) for WE (resp. NE) which indicates that the sign of h(t) is valid.

Figure 8 . 3 :

 83 Figure 8.3: Phase of the transfer function from the PCal strain h pcal to the reconstructed strain h rec at 34.5 Hz and 36.5 Hz for NE (left) and WE (right) respectively. The spikes in the phase are due to unlocks of the interferometer and thus are not relevant for the analysis since the interferometer is not observing anymore. Two periods cannot be used, one week in June 2019 where NE PCal was down and one month in September 2019 where WE PCal was down.

Figure 8 . 5 :

 85 Figure 8.5: Statistical and systematic errors estimation on the transfer function from the WE mirror injected strain to the reconstructed h(t). The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the transfer function as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the transfer function as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 8 . 6 :

 86 Figure 8.6: Statistical and systematic errors estimation on the transfer function from the NE mirror injected strain to the reconstructed h(t). The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the transfer function as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the transfer function as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 8 . 7 :

 87 Figure 8.7: Statistical and systematic errors estimation on the transfer function from WE PCal injected strain to the reconstructed h(t).The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the transfer function as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the transfer function as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

Figure 8 . 8 :

 88 Figure 8.8: Statistical and systematic errors estimation on the transfer function from NE PCal injected strain to the reconstructed h(t). The errors on the amplitude are expressed in [%] and the errors on the phase are expressed in [mrad]. Left: Statistical errors on the amplitude (red filled squares) of the transfer function as a function of frequency and statistical plus systematic errors (red empty circles) estimation to have a p-value > 0.05. Right: Statistical errors on the phase (blue filled triangles) of the transfer function as a function of frequency and statistical plus systematic errors (blue empty circles) estimation to have a p-value > 0.05.

FrequencyFigure 8 . 9 :

 89 Figure 8.9: Final O3a transfer functions hrec h inj from injections performed with both WE and NE EM actuators (yellow and red) and both WE and NE PCals (blue and green). Only statistical errors are represented.

FrequencyFigure 8 . 10 :

 810 Figure 8.10: Final O3a transfer functions hrec h inj from broadband noise injections performed with NE EM actuator.

Figure 8 . 11 :Figure 8 . 12 :

 811812 Figure 8.11: Distribution of the modulus of h raw /h inj computed on permanent calibration lines injected as hardware injections using the electromagnetic or PCal actuators on NE or WE mirrors. The measurements are from April 11th to September 1st 2019, selecting time when the ITF was locked.

Figure 8 . 13 :

 813 Figure 8.13: Transfer function from h inj to h rec with h inj computed with the NCal and the EM actuators. Only statistical errors are represented.
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Figure 8 . 14 :

 814 Figure 8.14: Amplitude and phase of the transfer function h rec /h W E pcal with h W E pcal only corrected for the pendulum response of the end mirror. The blue points are measurements that were taken during O3a and the red curve is the fixed mechanical model for WE PCal derived in Chapter 6. The model fits well the data below 2 kHz but a growing discrepancy on the amplitude appears towards high frequency. Only statistical uncertainties are shown.

Figure 8 . 16 :

 816 Figure 8.16: Amplitude and phase of the transfer function h rec /h W E pcal with h W E pcal corrected for the pendulum response of the end mirror and the true Fabry-Perot optical response. The blue points are measurements that were taken during O3a and O3b and the red curve is the fitted mechanical model for WE PCal with three HOM plus a constant gain. The residuals shown on the left are between ±10% in amplitude and ±10 µs in phase up to 7 kHz. Only statistical uncertainties are shown.
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9. 2 .Figure 9 . 1 :

 291 Figure 9.1: Left: Modulus and phase for the true Fabry-Perot cavity optical response (blue) and for the simple pole approximation (red). Right: Modulus and phase residuals between the true optical response and the simple pole approximation.

9. 2

 2 Measurement of the optical response of AdV with the PCal9.2.1 DARM control loopIn order to measure the optical response of AdV we need to use the DARM control loop. A scheme of the DARM control loop is given in Figure9.2.∆L ext is a displacement of an end mirror due to an external excitation applied on it. Then it transduces into power variations at the output of the ITF with the optical response of the ITF O IT F and the sensing function of the B1 photodiodes S. The output DARM is then filtered by some digital filters D to generate control signals sent to the actuators A i of the end mirrors and marionetta used for their longitudinal control. Eventually, ∆L ctrl is the final correction displacement which minimizes the error signal ∆L ext -∆L ctrl . It is also possible to inject some digital noise directly by the DARM_NOISE input which is used in the measurements.

Figure 9 . 2 :

 92 Figure 9.2: Simplified scheme of the DARM control loop.

  Figures 9.3 and 9.4 show the measurements and the fit of the optical responses of the interferometer to a WE and NE mirror displacement on June 12, 2019. The fit has only been done from 20 Hz to 250 Hz since there is an increasing discrepancy towards the low frequencies between the simple pole cavity model that is used and what is really measured. The optical gains of the West and North cavities have been respectively measured to G W E p = (2.032 ± 0.003) × 10 9 W/m and G N E p = (2.026±0.003)×10 9 W/m and the finesses have been estimated to F W E = 436.4±0.8 and F N E = 434.9 ± 0.8. The global optical gain and finesse of the interferometer to an end mirror displacement can be estimated by doing the average of both optical responses such that G IT F p = (2.029 ± 0.004) × 10 9 W/m and F IT F = 435.7 ± 1.1.

Figure 9 . 3 :

 93 Figure 9.3: Optical response of the interferometer to a WE mirror motion. The measurements performed with the PCal are shown in blue and the fit of a simple pole is drawn in red: f p = 57.2 ± 0.1 Hz and G W E = (2.032 ± 0.003) × 10 9 .

Figure 9 . 4 :

 94 Figure 9.4: Optical response of the interferometer to a NE mirror motion. The measurements performed with the PCal are shown in blue and the fit of a simple pole is drawn in red: f p = 57.4 ± 0.1 Hz and G N E = (2.026 ± 0.003) × 10 9 .

Figures 9 .

 9 5 and 9.6 show the optical gains and finesses of the West and North cavities computed by Hrec and measured with the PCal as a function of time during O3a. The trend variations of the optical gains are similar for Hrec and the PCal but their values differ by ∼ 2.6% over the months. The finesse values computed with Hrec and the PCal differ by ∼ 1.5%.

Figure 9 . 6 :

 96 Figure 9.6: North cavity optical gain and finesse over O3a computed by Hrec in blue and measured with the PCal in red.

Figure 9 . 7 :

 97 Figure 9.7: Normalized optical gain and phase at 18.2 Hz for the optical response of the interferometer to a NE mirror displacement. The data were taken every week of O3a and they are shown as a function of time during the run.

Figures 9 .

 9 Figures 9.8 and 9.9 show the optical response measurements of the West and North cavities respectively with their associated fit and residuals. The data are now better fitted and the residuals are close to 0 on the whole frequency band both in amplitude and phase. It is interesting to notice that with this model, the frequency pole f p has been shifted towards lower frequency by 3.5% which therefore increased the finesse by the same percentage. The estimated finesse for the West and North cavity are F W E = 452.9±2.5 and F N E = 451.4±2.5 with only the statistical uncertainty of the fit. Those values are closer to what has been measured with the "cavity ringdown" than the values with the simple pole approximation.

Figure 9 . 8 :

 98 Figure 9.8: Optical response of the interferometer to a WE mirror motion. The measurements performed with the PCal are shown in blue and the fit of a simple pole and an optical anti-spring is drawn in red: f p = 55.2 ± 0.3 Hz, G W E = (2.095 ± 0.009) × 10 9 , f asp = 4.5 ± 0.3 Hz and Q asp = 5.3 ± 0.9.

Figure 9 . 9 :

 99 Figure 9.9: Optical response of the interferometer to a NE mirror motion. The measurements performed with the PCal are shown in blue and the fit of a simple pole and an optical antispring is drawn in red: f p = 55.3 ± 0.3 Hz, G W E = (2.093 ± 0.008) × 10 9 , f asp = 4.8 ± 0.3 Hz and Q asp = 5.5 ± 0.8.

Figures 9 .

 9 Figures 9.10, 9.11 and 9.12 show the superposition of different weekly measurements of the optical response of the ITF with WE PCal. Each plot gathers the weekly measurements for a given DARM offset. There is no clear dependency between DARM offset and the shape of the data below 20 Hz neither with the laser input power. However, we see that during O3b some of the measurements show data points going up towards lower frequency which looks like the so-called "pro-spring" as seen in LIGO[START_REF] Kissel | Update on parasitic angle coupling to DARM loop in O3. DCC LIGO Presentation[END_REF]. Since many parameters of the ITF configuration change from one week to another, it is diffcult to track which parameters could be causing this. Further investigations will have to be made in order to study how the optical response at low frequency changes with some parameters during dedicated shifts. The idea would be to explore a specific range for a given parameter, for instance a gain of the angular control loops, and perform PCal injections and DARM_NOISE injections to measure the optical response for the different values of gain.

Figure 9 . 10 :

 910 Figure 9.10: Optical response of the ITF measured with WE PCal during O3a. The laser input power is 18 W and DARM offset is 0.45 × 10 -3 .

Figure 9 . 11 :

 911 Figure 9.11: Optical response of the ITF measured with WE PCal during December and January of O3b. The laser input power is 26 W and DARM offset is 0.32 × 10 -3 .

Figure 9 . 12 :

 912 Figure 9.12: Optical response of the ITF measured with WE PCal during February of O3b. The laser input power is 26 W and DARM offset is 0.65 × 10 -3 .

Figure 9 .

 9 Figure 9.13 shows a scheme of the DARM control loop but with couplings coming from BS and PR. It is possible to extract O P R and O BS similarly as it is described for O IT F in subsection 9.2.3.

Figure 9 . 13 :

 913 Figure 9.13: Simplified scheme of the DARM control loop with PR and BS couplings.

Figure 9 . 14 :

 914 Figure 9.14: Optical response of the interferometer to a BS mirror motion during O3b.

Figure 9 . 15 :

 915 Figure 9.15: Optical response of the interferometer to a PR mirror motion during O3b.

Figure 10 .

 10 [START_REF] Einstein | Die Grundlage der allgemeinen Relativitätstheorie[END_REF] shows the antenna response pattern as a function of the right ascension and the declination. The sky position of GW170817 and the simulated BNS signal are shown on the figure. We have also fixed the polarization angle of the BNS to ψ = 0.4 rad for all the simulations which is an arbitrary value.

Figure 10 . 1 :

 101 Figure 10.1: Antenna response pattern of Virgo and LIGO defined as |F + | 2 + |F × | 2 as a function of the right ascension RA and the declination Dec. GW170817 at the time of the event t GP S = 1187008882.43 s is marked with a blue star (RA = 3.446 rad, Dec = -0.408 rad) whereas the BNS signal we use in our simulations is marked with a red star (RA = 2.919 rad, Dec = 0.746 rad).

236CHAPTER 10 .Figure 10 . 2 :

 10102 Figure 10.2: Power Spectral Densities used in the simulations for LLO, LHO and Advanced Virgo. Those PSDs are close to the ones of the detectors during O3 and the same PSD is used for both LIGO detectors.

Figure 10 . 3 :

 103 Figure 10.3: 1σ uncertainty budget on the reconstruction of the GW signal for LHO (left) and LLO (right) during O3a. The solid red and blue curves are the mean bias and the red and blue areas are the 1σ distribution of the errors. The uncertainty on the amplitude of the reconstructed GW signal is expressed in % and the uncertainty on the phase is expressed in degrees. A perfect reconstruction would have 0% error on the amplitude and 0 • error on the phase.

Figure 10 . 4 :

 104 Figure 10.4: 1σ uncertainty budget on the reconstruction of the GW signal for AdV during O3a. The solid violet curve is the mean bias and the violet area is the 1σ distribution of the errors. The uncertainty on the amplitude of the reconstructed GW signal is expressed in % and the uncertainty on the phase is expressed in degrees.

1 - 1 P 3 0. 2 P

 1132 (d l , cos(ι) ) d cos(ι) (10.30) P (cos(ι) |d) = (cos(ι) , d l ) dd l (10.31) The bias on the luminosity distance and on cos(ι) is then defined as the difference between the expected value of the marginalized posteriors with CE and the expected value of the ASTROPHYSICAL PARAMETERS marginalized posteriors without CE: d l,bias = d l • P (d l |d, λ) dd l -d l • P (d l |d, λ t ) dd l (10.32) cos(ι) bias = cos(ι) • P (cos(ι) |d, λ) d cos(ι) -cos(ι) • P (cos(ι) |d, λ t ) d cos(ι) (10.33)

10. 3 .

 3 THE EFFECT OF CALIBRATION ERRORS ON THE LUMINOSITY DISTANCE AND THE ORBITAL INCLINATION 239 (a) cos(ι) = 0 and SNR = 20. (b) cos(ι) = 0.4 and SNR = 20. (c) cos(ι) = 1 and SNR = 20. (d) cos(ι) = 1 and SNR = 50.

Figure 10 . 5 :

 105 Figure 10.5: Joint PDF on normalized luminosity distance and inclination for a BNS signal at different inclinations and for different detected SNR. On each individual figure the PDF are drawn for the different calibration errors expressed in %. The red cross corresponds to the maximum of the likelihood.

Figure 10 .

 10 [START_REF] Piccinni | A directed search for continuous gravitational-wave signals from the galactic center in Advanced LIGO second observing run[END_REF] shows an example of the curves obtained from a random sampling of LHO, LLO and Virgo CE distributions.

Figure 10 . 6 :

 106 Figure 10.6: Mean bias on luminosity distance and inclination of the BNS source as a function of the detected SNR and the inclination of the source for two cases of constant amplitude CE.

10. 3 .Figure 10 . 7 :

 3107 Figure 10.7: Example of 7 th order polynomial curves computed from 15 random amplitude and phase values drawn from the 1σ distributions CE given by LHO, LLO and Virgo at 15 frequency nodes between 20 Hz and 1024 Hz.

Figure 10 . 8 :

 108 Figure 10.8: Mean bias on luminosity distance and inclination of the BNS source as a function of the detected SNR and the inclination of the source for the O3 calibration errors. The mean bias is the result of ten simulations with random realizations over the CE distributions.

Figure 10 . 9 :

 109 Figure 10.9: Simulated 1σ uncertainty budget on the reconstruction of the GW signal for AdV based on the O3 mean bias. The solid violet curve is the mean bias defined by the measured CE as blue points and the violet area is the 1σ distribution of the errors.

10. 3 .Figure 10 . 10 :

 31010 Figure 10.10: Mean bias on luminosity distance and inclination of the BNS source as a function of the detected SNR and the inclination of the source for the O3 CE for LHO and LLO and the simulated CE for AdV. The mean bias is the result of ten simulations with random realizations over the CE distributions.

Figure 10 . 11 :

 1011 Figure 10.11: Mean bias on luminosity distance and inclination of the BNS source as a function of the detected SNR and the inclination of the source for Virgo O3 CE and no CE on LIGO. The intercalibration between LIGO and Virgo is assumed to be the good one. The mean bias is the result of ten simulations with random realizations over the CE distributions.

Figure 10 . 12 :

 1012 Figure 10.12: Mean bias on luminosity distance and inclination of the BNS source as a function of the detected SNR and the inclination of the source for Virgo O3 CE and no CE on LIGO. The intercalibration between LIGO and Virgo is wrong by 3.92%. The mean bias is the result of ten simulations with random realizations over the CE distributions.

Figure 10 . 13 :

 1013 Figure 10.13: Mean bias on luminosity distance and inclination of GW170817 as a function of the detected SNR and the inclination of the source for Virgo O3 CE and no CE on LIGO. The intercalibration between LIGO and Virgo is wrong by 3.92%. The mean bias is the result of ten simulations with random realizations over the CE distributions.

Figure A. 2 :

 2 Figure A.2: Bode plot of the transfer function H(f ) of the RLC circuit for f c = 10 Hz and Q = 2.

Figure A.2 for f c = 10

 10 Hz and Q = 2. This transfer function is called a band-pass filter since it selects a narrow frequency band and attenuates the other frequencies.

Figure A. 3 :

 3 Figure A.3: Example of a typical control loop used on a plant P .
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Table 1

 1 lasers des PCals pour la première partie du run d'observation O3 (appelée O3a). Il est aussi important de mentionner que l'étalonnage temporel des PCals a été réalisé et suivi pendant la période d'observation O3. Le retard dû à la chaîne d'acquisition des signaux des photodiodes a été mesuré à 100 ± 3 µs et a été corrigé.

	Paramètre	1σ Incertitude
	Réponse de GS (2018)	0.32%
	Linéarité de VIS	0.4%
	Rapport des réponses VIS/GS	0.1%
	Rapport des réponses VIS/WSV	0.5%
	Calibrateur de tension	0.007%
	Facteur de conversion [V/W]	1%
	Cosinus de l'angle d'incidence	0.12%
	Rotation du miroir	0.001%
	Masse du miroir	0.05%
	Stabilité de la PD en fonction de la température (O3a)	0.1%
	Stabilité temporel de la PD (O3a)	0.5%
	Total (somme quadratique)	1.34%

rassemble les différentes contributions à l'incertitude systématique totale sur le mouvement du miroir induit par la pression de radia-RESUME tion des

Table 1 :

 1 Incertitude systématique indépendante de la fréquence des calibrateurs optiques pour O3a.

  [START_REF] Samuel Finn | Observing binary inspiral in gravitational radiation: One interferometer[END_REF] 

  56) CHAPTER 1. GRAVITATIONAL WAVES AND THEIR DETECTION Using the same considerations as for the derivation of relation 1.44, one can derive the best sensitivity of the interferometer:

Table 1 .

 1 1: Selected source parameters of the 11 confident detections. The median values with 90% credible intervals that include statistical errors and systematic errors from averaging the results of two waveform models for BBHs are reported. For GW170817, credible intervals and statistical errors are shown for IMRPhenomPv2NRT with a low spin prior, while the sky area is computed from TaylorF2 samples. The columns show source-frame component masses m i and source-frame final mass M f , dimensionless effective aligned spin χ ef f , radiated energy E rad , luminosity distance d L and sky localization ∆Ω. The sky localization is the area of the 90% credible region.

	summarizes different

At 09:50:45 UTC on the 14 th of September 2015, the first signal of a gravitational waves coming from a binary black hole merger was detected in both LIGO interferometers. This event occured during the observing run O1. Since then, many other signals have been detected by LIGO and Virgo collaborations during O2 and O3. A gravitational-wave transient catalog has been published in 2019

[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] 

gathering all the astrophysical events of O1 and O2. It reports ten events from BBH coalescences and one event from a binary neutron star merger. Table

1

.1 extracted from the catalog with selected parameters

  signal from the central building to the end building, long fibers of about 3 km are used. The signal arriving in the end building is delayed by 16 µs compared to the signal provided by the GPS receiver. In order to have all the Virgo digital parts synchronized, a 3 km fiber has also been used in the front-end distribution of the central building, so that the signal distributed in the central building is also delayed by 16 µs.
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	Figure 2.8: Timing generation and distribution in Advanced Virgo.
	All the control signals used for the lock of the interferometer are digitized by many Analog
	to Digital Converters (ADC). Those signals have an associated GPS time that should be
	synchronized with the global timing of the interferometer. Figure 2.8 shows the generation
	and distribution of the timing in AdV. The timing distribution is centralized from a main
	GPS receiver located in the central building of AdV. This receiver provides an IRIG-B signal
	containing the 1 PPS signal (Pulse Per Second) that is distributed to all the digital electronic
	devices (ADC, DAC channels, real-time PCs, DSP boards, ...) to both enslave their local
	clock and provide the timestamp. The distribution is made via Timing Distribution Boxes
	connected between them by optical fibers. Then short copper cables (few meters) are used
	to distribute the signal from the TDBoxes to the digital parts. In order to distribute the

  .3 is a drawing of the electronic chain of the electromagnetic actuators from the generation of the control and calibration signals to the force applied on the mirrors and marionetta. The coil drivers are subjected to correction signals Sc zC mir/mar which are the sum of the control signals LSC_Ctrl zC and calibration signals LSC_Cal zC mir/mar . The control signals are given by the different control loops of the interferometer's degrees of freedom in order to keep the interferometer at its working point. The calibration signals are used to calibrate AdV and to monitor the calibration in real time.

	CALnoise		
					+
	Cal mir zC	zC Cal mar		DSP mario.
			LSC -Cal mar zC	
	LSC_Acl	LSC -Ctrl zC LSC -Cal mir zC	Extension to 40 kHz	LF HF
	RTPC 3	Channels and packets at 10 kHz	DSP mirror	+
				DSP DAQ
				DSP board

Table 3 .

 3 1: Summary of the components of the electronic chain of the mirrors and marionetta actuators.

	6.8	∞	37

Table 4 .

 4 1: Summary of the sources of statistical and systematic uncertainties on the mirror actuator models. For every source, the uncertainties on the modulus (phase) are given. The last lines give, for all the actuators, the sum of all the uncertainties reported in this table and their validity range. See text for details.

			NE mario.	WE mario.	BS mario.
		Stat. uncertainty	2% (20 mrad) 2% (20 mrad) 0.5% (5 mrad)
	Syst. uncert.	BS,NI,WI calib in to end transfer mir to mar transfer 0.3% (3 mrad) 0.2% (4 mrad) 0.4% (0 mrad) 0.4% (0 mrad) 0.2% (3 mrad) 0 (0 mrad) 0 (0.5 mrad) -0 (1 mrad) ∆f in normalization 0.2% at 20 Hz and 0.04% at 100 Hz (0 mrad) Readout delay 4 µs
		Total uncertainty	2.9%	2.8%	0.9%
		(linear sum)	23 mrad	24.5 mrad	9 mrad
			4 µs	4 µs	4 µs
		Validity range	10-100 Hz	10-100 Hz	10-80 Hz

Table 4 .

 4 

2: Summary of the sources of statistical and systematic uncertainties on the marionette actuator models. For every source, the uncertainties on the modulus (phase) are given. The last lines give, for all the actuators, the sum of all the uncertainties reported in this table and their validity range. See text for details.

Table 4 . 3

 43 

	h(t) version	Amplitude uncertainty (%)	Phase uncertainty (rad)	Timing bias
	Online	+14/ -8	100 × 10 -3 + 2πf (20 × 10 -6 )	116 µs
	V1O2Repro1A	±8	50 × 10 -3 + 2πf (20 × 10 -6 )	0
	V1O2Repro2A	±5.1	40 × 10 -3 + 2πf (20 × 10 -6 )	0

: Summary of the uncertainties estimated for the three versions of h(t) reconstructed for the O2 run. For the Online version, the timing bias indicate that the reconstructed h(t) was too late with respect to the true h(t). It can either be corrected for when using the h(t) channel or added linearly to the timing error. The validity range is from 10 Hz to 8 kHz for the three versions.

Table 5

 5 

	.1.	
	Material	Silicon
	Photosensitive area	10 × 10 mm 2
	Maximum reverse voltage	+5 V
	Spectral response range 340 to 1100 nm
	Photosensitivity	∼ 0.3 A/W
	Temperature dependence	+0.5%/ o C

Table 5 .

 5 

1: Characteristics of the photodiodes used on the PCal setups.

Table 5

 5 

	.2.	
	Photosensitive area	4.7 × 4.7 mm 2
	Maximum reverse voltage	+20 V
	Spectral response range 320 to 1060 nm
	Photosensitivity	∼ 0.2 A/W
	Temperature dependence	+1.0%/ o C
	Position resolution	0.6 µm

Table 5 .

 5 

2: Characteristics of the position sensitive detectors used on the PCal setups.
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  The measurements of the drum modes frequency were done with the PCals on March 28, 2019 around 20h30 UTC. During the measurements, the temperature on NE ring heater was 26.770 ± 0.005 • C and 24.305 ± 0.005 • C on WE ring heater. Looking at the distribution of those temperatures during O3 from April 1, 2019 to September 30, 2019, one can draw an uncertainty on these frequencies. Figures 6.16 and 6.17 show those distributions. The maximum variation of temperature during the considered period with respect to the temperature during the measurements of the drum modes frequency is 1.2 • C on WE and 0.6 • C on NE. Those values enable to give an uncertainty on the values of the drum modes frequency measured with the PCals taking into account the temperature dependence coefficient. Thus, the final values of the drum modes

		2 m	(6.7)
	since f	f

p and using the relations and parameters of Section 3.2. Figures 6.14 and 6.15 show the drum modes resonances at 7812.8 Hz and 7813.2 Hz respectively for WE and NE PCals. In order to give an uncertainty on these drum modes frequency, we need to know how they drift with variations of temperature. It has been shown in

[START_REF] Swinkels | Logbook entry 38844 on AdV commissioning[END_REF] 

[61] that the dependence on temperature of the end mirrors drum mode frequency is 0.88 Hz/ • C. The probes used to look at temperature variations are the ring heaters of the Thermal Compensation Systems (TCS) located on NE and WE. frequency are 7812.8 ± 1.1 Hz and 7813.2 ± 0.5 Hz respectively for WE and NE PCals.

  Fit of the WE PCal response between 800 Hz and 2.3 kHz. The notch frequency is 2042 Hz. Fit of the NE PCal response between 800 Hz and 2.3 kHz. The notch frequency is 2055 Hz.

			Notch measurement on WE mirror with the PCal
	Gain [a.u.]	1.2		
		1		
		0.8		
		0.6		
		0.4	2 χ 2 χ	/ ndf / ndf	33.96 / 8 33.96 / 8
		0.2	0 G 0 G λ λ		0.001007 0.001007 3.654 ± 2116 ± 0.9998 ± 0.9998 3.654 ± 2116
		0			2 10	10 3	Frequency [Hz]
	Therefore, the measured values of G d in [m/N] renormalized in unit of [h/W] 4 are: G WE G NE d = (2.82 ± 0.01) × 10 -22 h/W 2 10 3 10 Gain [a.u.] 0.2 0.4 0.6 0.8 1 1.2 / ndf 2 χ 23.75 / 8 0 G 0.001068 ± 1.007 λ 3.934 ± 2131 / ndf 2 χ 23.75 / 8 0 G 0.001068 ± 1.007 λ 3.934 ± 2131 Figure 6.18: Frequency [Hz] Notch measurement on NE mirror with the PCal	12)
	Figure 6.19:		

d = (2.78 ± 0.01) × 10 -22 h/W

Table 6 . 2

 62 

: Uncertainty on G d and f d for WE and NE PCal mechanical responses.

Table 6 . 3

 63 34%.

	Variable	1σ Uncertainty
	GS responsivity (2018)	0.32%
	VIS linearity	0.4%
	VIS/GS responsivity ratio	0.1%
	VIS/WSV responsivity ratio	0.5%
	Voltage calibrator	0.007%
	Conversion factor [V/W]	1%
	Angle cosine	0.12%
	Rotation of ETM	0.001%
	Mass of ETM	0.05%
	PD stability w.r.t temperature (O3a)	0.1%
	PD stability in time (O3a)	0.5%
	Total	1.34%

: Summary of the photon calibrators frequency independent uncertainty.
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  .2. DIRECT CALIBRATION OF THE END MIRRORS AND MARIONETTA ACTUATORS RESPONSES WITH THE PCALS 163 As a first step, the actuators response of NE and WE mirrors and marionetta are respectively directly calibrated in LN2 mode and LN mode with the PCals. Then the end mirrors actuators response are used as reference to calibrate the actuators response of NI and WI mirror in HP mode. The next step is to calibrate the actuators response of BS and PR mirror respectively in LN and HP mode with respect to the actuator of WI mirror in HP mode. Eventually the actuator response of BS marionette is calibrated in LN mode with respect to the actuator response of BS mirror.

			PCal power calibrated on GS
			Locked ITF « Low Noise 3 »
			MIR/MAR Actuators: NE, WE Mode: LN2
			Locked ITF with NI and WI mirrors Transfer MIR LN2 to MIR HP
	Locked PRWI cavity Transfer WI HP to PR HP and BS LN	MIR Actuators: NI, WI Mode: HP
	MIR Actuators: PR, BS Modes: HP, LN	Locked ITF « Low Noise 3 » Transfer MIR BS LN to MAR BS LN
			MAR Actuator: BS Mode: LN
	2 P ref i	≡ PCAL_NEB_PD2_power and PCAL_WEB_PD1_power

Figure 7.2: Diagram of the Advanced Virgo calibration with the PCals during O3. The reference is the PCal laser power calibrated with respect to the LIGO Gold Standard. The orange boxes are the actuators to calibrate, the green boxes are the different needed configurations of the ITF.
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Table 7 .

 7 1 summarizes WE and NE mirror actuators response models used for O3a that were derived in March 2019 and the final models derived from the O3a measurements. The values of the gains derived before and after O3a are in agreement within better than 0.5% and a simple zero was added in the final models to match the high frequency measurements with the photon calibrators 9 .

	Model	O3a WE MIR Final O3a WE MIR O3a NE MIR Final O3a NE MIR
	Gain (µm/V) 0.4007 ± 0.0001	0.3989 ± 0.0001	0.4833 ± 0.0001	0.4806 ± 0.0001
	Pole f p (Hz)	113 ± 18	112 ± 4	123 ± 3	111 ± 1
	Zero f z (Hz)	115 ± 19	114 ± 4	130 ± 3	116 ± 2
	Zero f z (Hz)	-	5343 ± 120	-	5623 ± 139
	Pendulum	simple	simple	simple	simple
	f 0 (Hz)	0.6	0.6	0.6	0.6
	Q 0	1000	1000	1000	1000
	Delay (µs)	-171.2 ± 0.4	-141.7 ± 0.6	-172.2 ± 0.2	-143.2 ± 0.7

Table 7 .

 7 

1: WE and NE mirror actuators models. The models "O3a" derived in March 2019 used during O3a and "Final O3a" derived from all the calibration measurements done during O3a are given. Their validity range is from 10 Hz to 1300 Hz.

Table 7 .

 7 .2. The measured gain for WE mirror actuator agrees within 2% with the expected value and within 16% for NE mirror actuator. Those differences can be explained by the uncertainty on the electronic components of the actuators as the resistance values, the inductance values, the coil-magnet coupling factors and the balancing of the four coils. The pole frequency at 42.3 kHz cannot be measured from those calibration measurements since the dynamic range of the EM actuators is bounded to ∼ 2 kHz.

	Mirror (mode) A mir (100 Hz) [m/V] A mir meas (100 Hz) [m/V] f elec [Hz] f meas elec [Hz]
	WE (LN2)	1.46 × 10 -11	(1.426 ± 0.001) × 10 -11 42303.4	-
	NE (LN2)	1.46 × 10 -11	(1.697 ± 0.002) × 10 -11 42303.4	-

2: Summary of the expected gains and pole frequencies at 100 Hz for WE and NE mirrors actuators and the measured values.

Table 7 .

 7 3: WE and NE marionette actuators models. The models "O3a" used during O3a and "Final O3a" derived from all the calibration measurements done during O3a are given.

	OBSERVING RUN O3A

Table 7 .

 7 A mir (100 Hz) [m/V] A mir meas (100 Hz) [m/V] f elec [Hz] f meas elec 5: Summary of the expected gains and pole frequencies at 100 Hz for WI and NI mirrors actuators and the measured values. 7.3. TRANSFER OF CALIBRATION FROM END MIRROR ACTUATORS TO WI, NI, PR AND BS ACTUATORS 179

	[Hz]

  Table

		60 ± 0.03	1.60 fixed	-	-
	Pendulum	simple	simple	simple	simple
	f 0 (Hz)	0.6	0.6	0.6	0.6
	Q 0	1000	1000	1000	1000
	Delay (µs)	+383 ± 2	+412 ± 11	-179 ± 15	-179 ± 4

Table 7 .

 7 7: Summary of the expected gains and pole frequencies at 100 Hz for BS and PR mirrors actuators and the measured values.

		87 × 10 -11	(3.737 ± 0.002) × 10 -11	2140.2	-
	PR (HP)	4.03 × 10 -11	(2.826 ± 0.002) × 10 -11	267.8	300.0 ± 3

Table 7 .

 7 8: BS marionette actuator model. The model "O3a" used during O3a and "Final

		± 0.09	-4.70 ± 0.02
	Pole f p (Hz)	52 ± 10	57.0 ± 0.6
	Zero f z (Hz)	83 ± 10	130 ± 5
	Pendulum	double	double
	f 0 (Hz)	0.6	0.6
	Q 0	1000	1000
	Delay (µs)	1043 ± 80	644 ± 20

  .1 summarizes the calibration line frequencies for the different actuators.

	Frequency (Hz) Mirror Actuator Typical SNR
	36.5	WE	PCAL	50
	34.5	NE	PCAL	50
	37.5	NE	EM	20
	56.5	WE	EM	20
	60.5	WE	PCAL	130
	63.5	NE	PCAL	130
	77.5	NE	EM	20
	106.5	WE	EM	60
	107.5	NE	EM	60
	137.5	NE	EM	40
	206.5	WE	EM	50
	406.5	WE	EM	40
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  Hz, 8.4. VERIFICATION OF H(T ) AT HIGH FREQUENCY WITH THE PCALS 209 10120 Hz and 12905 Hz are expressed as second order poles that we recall here:

  /19 15/05/19 08/06/19 01/07/19 24/07/19 16/08/19 08/09/19 01/10/19Figure 9.5: West cavity optical gain and finesse over O3a computed by Hrec in blue and measured with the PCal in red. The two last blue points do not have any red associated points since WE PCal was down during September 2019.

	22/04/19 15/05/19 08/06/19 01/07/19 24/07/19 16/08/19 08/09/19 01/10/19
	22/0422/04/19 15/05/19 08/06/19 01/07/19 24/07/19 16/08/19 08/09/19 01/10/19

22/04/19 15/05/19 08/06/19 01/07/19 24/07/19 16/08/19 08/09/19 01/10/19

  Intercalibration of the detectors network . . . . . . . . . . . . . . . 10.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

		CHAPTER 10. IMPACT OF CALIBRATION ERRORS ON THE ESTIMATION OF
	230	ASTROPHYSICAL PARAMETERS

Contents 10.1 Data analysis framework . . . . . . . . . . . . . . . . . . . . . . . 10.1.1 Implementation of calibration errors . . . . . . . . . . . . . . . . . 10.1.2 The Cutler and Flanagan likelihood . . . . . . . . . . . . . . . . . 10.1.3 The bias introduced on the extrinsic parameters . . . . . . . . . . . 10.2 Parameters for the simulations . . . . . . . . . . . . . . . . . . . 10.2.1 BNS signal with electromagnetic counterparts . . . . . . . . . . . . 10.2.2 O3 strain power spectral densities . . . . . . . . . . . . . . . . . . . 10.2.3 O3 calibration errors . . . . . . . . . . . . . . . . . . . . . . . . . . 10.2.4 Computing grid and bias definition . . . . . . . . . . . . . . . . . . 10.3 The effect of calibration errors on the luminosity distance and the orbital inclination . . . . . . . . . . . . . . . . . . . . . . . . . 10.3.1 Constant amplitude errors on the detectors network . . . . . . . . 10.3.2 O3 calibration errors . . . . . . . . . . . . . . . . . . . . . . . . . . 10.3.3 Simulation of frequency dependent calibration errors for Virgo . . . 10.3.4

  Le 14 Septembre 2015, la collaboration LIGO-Virgo détecta pour la première fois, de manière directe, des ondes gravitationnelles émises par la coalescence de deux trous noirs. Cette détection a été rendue possible par la construction et l'amélioration de détecteurs interférométriques à échelle kilométrique conçus pour détecter des ondes gravitationnelles dans une bande de fréquence allant d'une dizaine de hertz à quelques kilohertz. Depuis cette détection, de nombreuses coalescences de systèmes binaires de trous noirs, d'étoiles à neutrons et de trou noir -étoile à neutrons ont été détectées pendant les périodes d'observations O1, O2 et O3 apportant de nouvelles informations scientifiques dans les domaines de la physique fondamentale, l'astrophysique et la cosmologie. Les détecteurs alternent entre des phases d'amélioration et d'observation. Au fur et à mesure que les sensibilités des détecteurs s'améliorent, il devient de plus en plus crucial d'étalonner avec précision ces détecteurs et de valider la reconstruction du signal d'ondes gravitationnelles pour ne pas biaiser les résultats scientifiques tels que l'estimation des paramètres astrophysiques des sources ou encore la mesure de la constante de Hubble. La période de ma thèse couvre la préparation et la période d'observation O2 (2017) puis la préparation et une grande partie de la période d'observation O3 (2019-2020). J'ai été en charge d'implémenter et d'améliorer deux calibrateurs optiques qui ont servi à étalonner le détecteur Advanced Virgo avec la mise en place d'une nouvelle stratégie d'étalonnage. Ils ont aussi permis de vérifier la reconstruction du signal d'ondes gravitationnelles. Ces dispositifs optiques sont des actionneurs auxiliaires des miroirs de l'interféromètre Advanced Virgo utilisant la pression de radiation laser par modulation en puissance pour pousser sur les miroirs. La méthode d'étalonnage d'Advanced Virgo et la reconstruction du signal d'onde gravitationnelle utilisée pendant O2 est décrite ainsi que l'utilisation des calibrateurs optiques pour la vérification de la reconstruction. L'amélioration de ces dispositifs d'étalonnage et leur implémentation entre les périodes O2 et O3 sont ensuite présentées. Les premiers travaux d'inter-étalonnage des détecteurs LIGO et Virgo sont aussi détaillés ainsi que la nouvelle stratégie d'étalonnage d'Advanced Virgo basée sur les calibrateurs optiques pour O3. Les résultats ont permis d'utiliser ces dispositifs optiques en tant que référence d'étalonnage et pour mieux estimer les incertitudes du signal d'onde gravitationnelle reconstruit en ligne pour O3. Une source potentielle de biais dans la reconstruction est l'approximation utilisée pour la réponse optique du détecteur. De nouvelles mesures de cette réponse sont présentées. Enfin, une analyse de l'impact des incertitudes de la reconstruction et de l'inter-étalonnage des détecteurs sur l'estimation de la distance de luminosité et de l'inclinaison du plan orbital d'une binaire d'étoiles à neutrons est présentée.
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	O4	Fourth Observing run
	O5	Fifth Observing run
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	PRCL	Power Recycling Cavity Length
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In a general case, 6 components of polarization are possible:

tensor, 2 vector and 2 scalar components. The theory of General Relativity allows only the two tensor components.

The Science mode is when the interferometer is in its observing state.

SDB2_B1_PD1,2_Blended 

SIB2_B2_8MHz_I

SPRB_B4_56MHz_Q

SPRB_B4_56MHz_I

The value of the static gain has been chosen to 1 µm/V for calibration reasons since in practice we measure the mirror actuator response and normalize it by the shape of the mechanical part. Then the global static gain of the actuator in [µm/V] is measured with the electronic response of the actuator.

For instance, considering the NE mirror EM actuator with a coil-magnet coupling α = 1.7 mN/A, the number of coils N coils = 4, an electronic gain G elec = 0.0359 Ω -1 and a typical voltage of 1 µV, the resulting force applied on the mirror is equal to 2.4 × 10 -10 N.

For instance, considering an angle of incidence θ = 18.5 • with a typical laser power P ref = 100 mW, the resulting force applied on the mirror is equal to 6.3 × 10 -10 N.

For instance, considering a NCal with rotating masses of mass m = 2 kg separated by 2r = 20 cm located at d = 2 m of the mirror of mass M = 42.3 kg and with a rotor angle θ = 0, the resulting force applied on the mirror is equal to 1.6 × 10 -11 N.

The absolute length of the North and West cavities are not precisely known but h(t) is only sensitive to the length difference between the arms.

The accuracy of an atomic clock depends mainly on the temperature and the width of the hyperfine transition of the atoms used. In Virgo, the atomic clock is not cooled down and it uses Rubidium atoms with a relative Allan deviation of 10 -12 .

A Butterworth filter is characterized by a constant gain over its bandwidth. The order n of the filter indicates how the gain decreases after the cut-off frequency as ∝ f -n , in this case n = 5.

(a) Photodiode signals and reconstructed ∆L (b) Free Swinging Michelson sensitivity

The Cal zC mir,i signals have been defined in Chapter 3.

The frequency of the calibration lines used in the reconstruction algorithm should be a multiple of the resolution given by the length of the FFT defined for the calculations. The FFT length was 20 s during O2 and thus the resolution was ∆f = 1/20 = 0.05 Hz.

This bias was due to a sign error for a 58 µs correction in the reconstruction configuration.

Post-run analysis have shown that the system was suffering from PCal beam polarization changes and some photodiode saturations.

The amplitude modulation frequency range of the laser drivers is 0.01 Hz to 10000 Hz.

PBS203 is a 20mm Thorlabs polarizing beamsplitter cube made to have an extinction ratio between the s and p transmission T s : T p > 1000 : 1.

BSX11 is a 1" Thorlabs mirror made to have a reflectance R ≥ 98% and a transmission T ≤ 2% for a s-polarized beam at an angle of incidence i =

o . 4 BB1-E03 is a 1" Thorlabs mirror made to have a reflectance R ≥ 99.5% and a transmission T ≤ 0.5% for any polarization.

LA1986-B is a 1" Thorlabs plano-convex lens with focal length f = 125 mm and AR coating from

650-1050 nm.

The Unity Gain frequency is the frequency at which the gain of a system rolls off to unity.

There is the possibility to increase the FCL from 200 kHz to 1 MHz in the future but it is not needed for the O3 requirements.

More details about those calibration lines and the monitoring of the reconstruction algorithm can be found in Chapter 8.

This value is the one from December 10,

LIGO sends the Gold Standard to NIST every year to check the calibration coefficient.

'Working Standard for Virgo'

The temperature in the lab is ∼ 20.5 • C but the photodetector is at ∼ 26.5 • C due to the heating of the electronics.

We express the gain G d in [h/W] since it is more convenient in practice to get the computed strain with the PCal when using the PCal laser power in[W]. G d in [h/W] is obtained by multiplying G d in [m/N] by2 cos(θ) 

All the components used are linear for a laser output power between 200 mW and 3 W as stated in Section

6.1.3 

We recall here the frequencies of the calibration lines on NE PCal at 34.5 Hz and 63.5 Hz.

The denomination in the title of the plots is HPCAL for PD1 and HPCAL2 for PD2.

The re-calibration of NE PD2 has been done onMarch 19, 2019. 

The frequencies of the calibration lines on WE PCal are 36.5 Hz and 60.5 Hz.

Depending on which actuator is calibrated, the number of total number of points n lies in the interval 15 ≤ n ≤ 20 since a few calibration steps were implemented during the first month of O3a.

This procedure is called "PCalToMir".

LSC_DARM

The brackets [•] point out the transfer functions directly measured from channels in the database.

Improvement for the future: The systematic errors should be added to each point before fitting them. For O3a, the systematic errors were added after the fit.

A zero was already suspected during March 2019 but the error bars were still compatible with a constant. Averaging all the O3a measurements finally put in evidence a specific zero.

This procedure is called "PCalToMar".

The transfer function is the same for all the mirrors actuators and has an extra delay of 50 µs for all the marionetta actuators.

This configuration is called "EndToIn".

LSC_PRCL

The applied voltage for the lines in Free Swinging Michelson are of the order of 1 V and the applied voltage for the lines in the standard configuration are of the order of 10 -6 V.

Injections with the NCal were not yet implemented as a standard procedure during calibration shift since the system was still in development and further tests had to be done to validate its use on the interferometer. However dedicated measurements have been performed in late October

and preliminary results show similar shape in the transfer function from h inj to h rec with a few percents difference on the absolute magnitude with respect to the other techniques.

In case of stochastic time variations of the ratio h rec /h inj , we expect a Gaussian distribution but with RMS higher than expected from the line SNR; Non-Gaussian distribution, still centered on the expected value, can be caused by fluctuation of the line SNR, i.e. variation of the detector noise around the line.

This gain depends on the DARM gain and need to be updated when DARM gain has been changed.
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(a) 5% constant amplitude CE (b) 10% constant amplitude CE

It has been described in Chapter 6.

For O3, the coherence threshold was set to 0.04.

GPR with Python: https://scikit-learn.org/stable/modules/gaussian_process.html

It is commonly used to have at least 45 • of phase margin to ensure the stability of a closed-loop controlled system.

A value of at least

dB of attenuation from unity is often satisfying to avoid instabilities.
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WE and NE mirrors actuators response calibration

To derive the models of the actuators of the end mirrors A Sc mir,i , i = {WE,NE}, the interferometer is set in the "Low Noise 3" configuration. The advantage of calibrating the actuators of the end mirrors in this configuration is that it is the observing mode of the interferometer used for O3. The actuators dynamic and their temperature are thus in their "standard" state. The measurements of the end actuators response does not depend on different calibration transfers as it is the case with the Free Swinging Michelson technique described in Chapter 4.

We measure the PCal to end mirrors transfer functions 4 using known photon calibrator multiplets of sine wave excitations x pcal,i (f k ) which are applied to the end mirrors while the error signal 5 of the interferometer E pcal,i is measured. The effect of these excitations on the error signal are then compared to excitations at the same frequencies x mir,i (f k ) sent with the EM actuators of the end mirrors.

We can write the effect of the sine waves on the error signal in the frequency domain for the different datasets:

with Cal zC mir,i the signals generated in the real-time PC sent to the mirrors actuators as external perturbations 6 , T F CalT oSc mir the transfer function from the generated calibration signals Cal zC mir,i to the correction signals Sc zC mir,i , A Sc mir,i the actuator response from Sc zC mir,i to the mirror motion ∆L at a GPS time, A pcal,i the actuator response from the PCal laser power read on a photodiode to the mirror motion ∆L and O IT F mir,i the closed-loop response of the PR AND BS ACTUATORS 177

The input mirror actuators models before and after O3a are gathered in Table 7.4. The gains of the actuators are consistent within better than 0.7% and 0.5% for NI and WI respectively before and after O3a. Zeros at high frequency have been added to the models to better match the data as for the end mirrors actuators response. Figure 8.15: Amplitude and phase of the transfer function h rec /h W E pcal with h W E pcal corrected for the pendulum response of the end mirror and the true Fabry-Perot optical response. The blue points are measurements that were taken during O3b with a coherence higher than 1% and the red curve is the fitted mechanical model for WE PCal with three HOM plus a constant gain. The triangles are also data points but with a coherence smaller than 1% and were thus not used for the fit. A notch is measured around 8300 Hz. Only statistical uncertainties are shown.

HOM frequency [Hz] (fixed)

Gain Permanent calibration lines in the 8 kHz region would be useful to monitor the mechanical response of the PCal but the bandwidth of the laser power amplitude modulation is currently limited to ±1 W and one sine wave excitations at 8 kHz requires about a modulation of ±0.5 W to be extracted from the noise over a few hours. A future improvement of the

Optical response dependency on laser input power and DARM offset

During O3a and O3b the ITF has had different configurations to improve its working point. Since we suspect the low frequency part of the optical response of the ITF to change with the configuration of the ITF we investigated how the weekly measurements of the optical response over O3a and O3b where affected with respect to the laser input power in the ITF and the DARM offset. 

Appendix A Transfer Functions and Control Loops

This appendix aims at giving a brief introduction on transfer functions and control loops especially by introducing some vocabulary and concepts which are used all along the thesis. More details on feedback systems and control theory can be found in [START_REF] Åström | Feedback Systems -An Introduction for Scientists and Engineers[END_REF].

Transfer Function

The transfer function of a system is a mathematical function that links a system's output to any given input. It is often convenient to define this function in terms of complex variables or what we call the frequency domain in this thesis.

Considering x(t) the input to a linear time-invariant system, and y(t) the system's output, the Fourier transform allows to write these quantities in the frequency domain:

x(t)e -2jπf t dt (A.1)

The relation between the input and the output of the system is given by:

with H(f ) the transfer function of the system, which is therefore defined as:

The transfer function can be characterized by two quantities which are its amplitude and its phase.

The amplitude or gain takes the form:

and the phase is expressed as:

Example of application: RLC circuit

The RLC circuit is a textbook case which can well illustrate the basics of transfer functions. It can be used in many configurations as a filter which can be adapted to various applications. We consider the case of a band-pass filter application given by the circuit shown in The resistance of the load is R, the inductance of the inductor is L and the capacitance of the capacitor is C. The impedance associated to the resistance, inductor and capacitor is respectively R, jLω and (jCω) -1 with j satisfying j 2 = -1 and ω = 2πf . Applying Kirchhoff's voltage law, the voltage source is given by:

Applying Ohm's law the voltage over the resistance is:

The transfer function H of the RLC circuit is by definition:

It is possible to write this transfer function in a convenient way by defining a center frequency

LC and a quality factor

The amplitude of this transfer function is thus: The open-loop transfer function (OLTF) in the frequency-domain is given by the relation:

Using the relations:

the closed-loop transfer function (CLTF) in the frequency-domain is expressed as:

From this, it is convenient to define the Unity Gain Frequency (UGF) which corresponds to the frequency where the amplitude of the OLTF reaches 1. Indeed, when the amplitude of the OLTF is equal to 1 one has to be sure that the phase shift is less than π so that the CLTF does not diverge to infinity. In order to characterize this instability point in the system one can define the phase margin which corresponds to the phase difference between the value of the phase at the UGF and the value corresponding to a phase shift of π with respect to the initial phase. The phase margin has to be high enough 1 to prevent the system from diverging. In the other way around, it is also possible to define a gain margin which quantifies how far the amplitude of the OLTF is from unity 2 when the phase gets a phase shift of π.

Appendix B

Off-axis derivation of the NCal force

Scenario 1

If the NCal rotor is parallel to the plane of the interferometer but Φ = 0 and z = 0, the position of the mass M 1 is now defined by its following coordinates:

We call D the distance from the center of mass of the mirror to one rotating mass:

The longitudinal force applied on the mirror along the x axis is:

Doing a second order Taylor expansion of F 1x in , Eq. B.2 becomes:

Using similar calculation for the mass

The total induced force on the x axis is then:

Linearizing the cos 2 and sin 2 terms and keeping only the terms dependent on the rotor angle θ, the total time dependent force acting on the mirror is: The displacement of the mirror is given by:

Rewriting the amplitude of the displacement as:

with R = Gmr 2 8π 2 and using (cos 2 (Φ) -sin 2 (Φ)) 2 = 1 -4 cos 2 (Φ) sin 2 (Φ), the parameter P describing the rotor position becomes:

If the NCal rotor has been rotated by π/2 around the x axis compared to Scenario 1 but Φ = 0 and z = 0, the position of the mass M 1 is now defined by its following coordinates:

Adapting Eq. B.1 and doing similar computation as Eq. B.2, one can get the longitudinal force applied on the mirror along the x axis:

Using the same considerations as in Scenario 1, one can do a second-order Taylor expansion of F 1x : 

The total time dependent longitudinal force on the x axis is the sum of F 1x and F 2x keeping only the terms dependent on the rotor angle θ:

Using Eqs. B.8 and B.9 one can write the P parameter:

If the NCal rotor has been turned "face-on" but Φ = 0 and z = 0, the position of the mass M 1 is now defined by its following coordinates:

Adapting Eq. B.1 and doing similar computation as Eq. B.2, one can get the longitudinal force applied on the mirror along the x axis:

Using the same considerations as in Scenario 1, one can do a second-order Taylor expansion of F 1x : 

The total time dependent longitudinal force on the x axis is the sum of F 1x and F 2x keeping only the terms dependent on the rotor angle θ:

Using Eqs. B.8 and B.9 one can write the P parameter:

Appendix C

Type-A and Type-B Uncertainty

In the work presented in this dissertation I am using two different types of uncertainties that have been largely covered in [START_REF]Evaluation of measurement data -guide to the expression of uncertainty in measurement[END_REF] [89].

Type-A

Type-A uncertainty is computed from series of repeated measurements and is obtained from a probability density function derived from an observed distribution. The characteristics of a Type-A evaluation are the arithmetic mean x and the standard deviation σ. They are defined as:

with x i the values of a series of repeated measurements and n the number of values in the sample set.

Type-B

Type-B uncertainty is computed from the available knowledge of a measurement with an assumed probability density function.

Since Type-B evaluation can be applied on many sources, the uncertainty can be computed in lots of ways. I will only present the Type-B uncertainty knowing the upper and lower limits of an assumed rectangular distribution. This means that there is 100% chance that the measured value will be in the assumed range. The definition of the variance σ 2 for a random variable X and a probability density distribution p(X) with mean X is:

APPENDIX C. TYPE-A AND TYPE-B UNCERTAINTY If p(X) is a rectangular error distribution, i.e. X = 0, with lower and upper limits -a and a, the variance becomes:

Therefore, for the Type-B evaluation of a random variable centered on 0 with bounding limits ±a, we use the 1σ uncertainty:

Appendix D 

Characterization of the PCals viewports coatings

List of acronyms

Abstract

On September 14, 2015, the LIGO-Virgo collaboration directly detected gravitational waves emitted from the coalescence of two black holes for the first time. This detection was made possible by the construction and the improvement of kilometer-scale interferometric detectors designed to detect gravitational waves in a frequency band ranging from ten hertz to a few kilohertz. Since this detection, many coalescences of binary black holes, binary neutron stars and binary neutron star -black hole systems have been detected during the observing runs O1, O2 and O3 providing new scientific information in the fields of fundamental physics, astrophysics and cosmology. The detectors alternate between improvement and observation phases. As the sensitivities of the detectors improve, it becomes increasingly crucial to precisely calibrate these detectors and to validate the reconstruction of the gravitational wave signal so as not to bias scientific results such as the estimation of the astrophysical parameters of the sources or the measurement of the Hubble constant. The period of my thesis covers the commissioning and the observing run O2 (2017) then the commissioning and a large part of the run O3 (2019-2020). I was in charge of implementing and improving two photon calibrators which were used to calibrate the Advanced Virgo detector with the implementation of a new calibration strategy. They also enabled to verify the reconstruction of the gravitational wave signal. These optical devices are auxiliary actuators of the mirrors of the Advanced Virgo interferometer using laser radiation pressure by power modulation to push on the mirrors. The calibration of Advanced Virgo and the reconstruction of the gravitational wave signal used during O2 is described as well as the use of photon calibrators for the verification of reconstruction. The improvement of these calibration devices and their implementation between the runs O2 and O3 are then presented. The first work of intercalibration of the LIGO and Virgo detectors is also detailed as well as the new calibration strategy of Advanced Virgo based on photon calibrators for O3. The results enabled to use these optical devices as a calibration reference and to estimate with better uncertainties the gravitational wave signal reconstructed online for O3. A potential source of bias in the reconstruction is the approximation used for the optical response of the detector. New measurements of this feature are presented. Eventually, an analysis of the impact of the reconstruction uncertainties and of the intercalibration of the detectors on the estimation of the luminosity distance and the inclination of the orbital plane of a binary neutron stars is presented.