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Titre: Baryons dans les amas de galaxies : effets astrophysiques et contraintes cosmologiques Mots clés: Cosmologie -Évolution des grandes structures -Amas de galaxies -Baryons -Fraction de gaz -Galaxies Résumé: Les amas de galaxies sont les objets gravitationnellement liés les plus massifs de l'univers, et l'histoire de leur formation est une conséquence directe de l'évolution des structures dans l'univers. Ainsi, leur étude permet de poser des contraintes cosmologiques. L'utilisation des amas en tant que sondes cosmologiques repose sur l'observation de leur contenu en matière, en particulier ordinaire, ou baryons. Ces derniers sont présents sous forme d'étoiles contenues dans les galaxies, et de gaz au sein du milieu intra-amas. Toutefois, les baryons dans les amas de galaxies sont sujets à des effets astrophysiques qui affecteront leurs propriétés. Ces effets doivent être étudiés en détail afin d'obtenir une bonne compréhension des amas et contraindre correctement les conditions ayant dicté leur formation, jusqu'à leurs propriétés actuelles.

Je propose ainsi dans cette thèse une étude approfondie des baryons et de leurs effets dans les amas, des galaxies au gaz, à partir d'observations en millimétrique, optique, et rayons X. Une première partie de mon étude se concentre sur les galaxies et l'analyse de leurs propriétés à partir de données de spectroscopie optique, dans deux systèmes triples d'amas découverts par le satellite Planck. Je montre que ces deux systèmes n'apparaissent triples que suite à des effets de projection sur la ligne de visée, et sont en réalité constitués de plusieurs amas isolés se trouvant à plusieurs centaines de megaparsecs les uns des autres, exceptée une paire d'amas. De plus je montre que dans l'amas le plus distant, certaines galaxies forment encore des étoiles, contrairement aux galaxies dans les amas à plus bas redshift. Il est possible que cela marque la transition entre un régime d'intense formation stellaire dans les amas à haut redshift, et le régime de faible formation stellaire observé dans les amas à bas redshift.

La suite de mon étude est dédiée à la fraction de gaz au sein des amas, en particulier afin de contraindre le biais découlant de l'hypothèse d'équilibre hy-drostatique lors de la mesure de leur masse. Mal contraint, ce "biais hydrostatique", est responsable de contraintes cosmologiques biaisées à partir des amas. En utilisant des masses de gaz et des masses totales mesurées en rayons X sous l'hypothèse de l'équilibre hydrostatique, j'ai calculé la fraction de gaz de 120 amas, et ai étudié la valeur du biais hydrostatique et son évolution avec la masse et le redshift. Je montre que l'évolution du biais est dégénérée avec les paramètres cosmologiques, menant à des contraintes cosmologiques aberrantes en cas de mauvaise prise en compte de l'évolution du biais. Cependant, je montre que mes résultats dépendent de l'échantillon choisi, avec une évolution du biais différente suivant la sélection en masse et en redshift. Je montre toutefois que quelque soit la sélection de l'échantillon, mes résultats sont en accord avec un ensemble de mesures directes par d'autres méthodes, ainsi qu'avec les prédictions de simulations hydrodynamiques. Ces résultats sont néanmoins en désaccord avec la valeur de biais favorisée par des observations du fond diffus cosmologique combinées à des comptages d'amas.

Enfin, j'ai combiné des données de fraction de gaz d'amas de galaxies avec des comptages réalisés à partir d'observations en ondes millimétriques. Cela m'a permis d'étudier les contraintes cosmologiques rendues possibles par cette combinaison, ainsi que les contraintes sur le biais hydrostatique. Je montre que l'ajout de données de fraction de gaz aux comptages d'amas permet de briser des dégénérescences existantes entre le biais hydrostatique et certains paramètres cosmologiques, sans a priori sur le biais.

Mon travail a donc permis d'améliorer notre compréhension d'ensemble des propriétés astrophysiques des baryons dans les amas. J'ai notamment mis en évidence certains des liens entre effets astrophysiques et contraintes cosmologiques par les amas, permettant leur description fidèle et robuste. itationally bound structures of the universe, and the history of their formation is a direct consequence of the evolution of the large scale structure of the universe. As a result, studying these objects allows to constrain cosmological parameters, which are at the core of the models describing the evolution of our universe. The use of galaxy clusters as cosmological probes relies on the observation of their matter content, and in particular their content in ordinary matter, or "baryons". Baryonic matter is mainly present under the form of stars in galaxies and of gas inside the intra-cluster medium. However, baryons in galaxy clusters are subject to astrophysical effects which will impact their properties. These effects need to be analysed in detail in order to obtain an in depth understanding of these objects and to properly constrain the conditions that dictated their formation, their assembly, and their current properties.

I propose in this thesis a thorough analysis of baryons and of their effects in clusters, from galaxies to the gas, using observations in optical, X-ray, and millimeter wavelengths. A first part of my study is focused on galaxies and the analysis of their properties from optical spectroscopy, inside two triple-cluster systems discovered by the Plancksatellite. I show that these two systems appear as triple only due to projection effects on the line of sight, and that they are actually constituted of isolated clusters lying at several hundreds of megaparsecs from each other, except for a cluster pair. I show in addition that inside the most distant cluster, several galaxies are still starforming, contrary to the galaxies in lower redshift systems. This may be the sign of a transition between a regime of high star formation in high redshift systems and the low star formation regime which is observed in low redshift clusters.

The remainder of my work is dedicated to the gas fraction in galaxy clusters, in particular to constrain the bias which appears following the assump-tion of hydrostatic equilibrium when measuring cluster masses. This "hydrostatic bias", if poorly understood, is responsible for biased cosmological constraints from galaxy clusters. By using gas masses and total masses computed under the assumption of hydrostatic equilibrium in X-ray observations, I computed the gas fraction of 120 galaxy clusters, and constrained the value of the hydrostatic bias, as well as its evolution with mass and redshift. I show that the evolution of the bias is degenerate with cosmological parameters, leading to aberrant cosmological constraints when assuming the wrong evolution for the bias. I however show that these results are dependent on the considered sample, with trends of the bias changing depending on the mass and redshift selection of the sample. In any case, whatever the sample selection I find that my results are in agreement with a collection of other measurements of the bias using other methods, as well as with predictions from hydrodynamical simulations. These results are nevertheless in tension with the value of the bias preferred by the combination of cosmic microwave background observations with galaxy cluster number counts.

Finally I combined gas fraction data of clusters with cluster number counts from millimeter wavelengths observations. This allowed me to study the constraints on cosmological parameters that this combination allowed, as well as the constraints on the hydrostatic bias. I show that adding gas fraction to cluster counts allows to break degeneracies that exist between the hydrostatic bias and cosmological parameters, without any prior on the bias.

My work thus allowed to improve the understanding of the astrophysical properties of baryons in galaxy clusters. I notably highlighted some of the links and correlations between astrophysical effects and cluster cosmology, allowing for an accurate and robust description of these objects.

Mais du coup, faut traiter, faut pas traiter ? E. Wicker

Say something-to those 50 billion pair of ears out there D-man! "..." "Hi." K. Dallas (The Fifth Element) Låt polisen göra sitt jobb, jag meddelar dig så fort jag vet mer C re . Bialès (La Cité de la Peur)

Pour ma famille, pour mes amis, et les quelques personnes peu chanceuses qui devront lire plus loin que les remerciements.

Il est une citation, de ce que j'en sais souvent attribuée à Woody Allen, selon laquelle "l'éternité c'est long, surtout vers la fin". En ceci cette thèse aura pu me paraître comme un petit morceau d'éternité. Mais grâce aux personnes, objets ou concepts purs cités ci-dessous, cette éternité m'aura paru, si ce n'est moins longue, au moins très agréable. Les personnes me connaissant sont a priori au courant que me demander d'organiser mes pensées de façon rigoureuse et sensée revient à me demander de revenir d'un entraînement de rugby sans le moindre bleu, bobo, ou fracture ouverte. Je fais en général de mon mieux, mais ne garantis jamais le résultat. Aussi, si la personne lisant ces lignes se retrouve citée entre ma cafetière et ma botte de marche, je lui prie de ne pas en prendre ombrage et de n'y voir aucune malice de ma part : je rappelle que lors de la soutenance, j'ai failli oublier de remercier ma propre famille (Papa, Maman, Romane et Mathieu, je ne vous oublierai pas ici, promis).

Ma famille, justement, par laquelle j'aimerais démarrer dans ces remerciements. Papa et Maman, sans vous je n'aurais très littéralement pas été là aujourd'hui. Donc d'un côté, merci pour ça. Mais de manière plus générale, j'ai surtout toujours pu compter sur votre soutien quelles que soient les conditions et les choix plus ou moins discutables que j'ai pu faire, pendant cette thèse mais également durant les 21 ans qui l'ont précédée. Peut-être plus important encore, vous m'avez laissé ma pleine indépendance et su me laisser de l'espace et de l'air libre quand j'en avais besoin, tout aussi bien que vous m'avez accompagné, conseillé, et aidé quand c'était nécessaire. Pour tout ça, merci. A ma soeur Romane et mon frère Mathieu merci également, parce que ma vie aurait quand même été vachement plus solitaire sans vous. Merci pour votre enthousiasme, votre soutien, merci Romane d'être devenue une personne à qui je peux me confier et avec qui avoir des conversations à coeur ouvert jusqu'à 4h du matin sous les fenêtres de nos grands parents, et merci Mathieu d'avoir choisi la batterie comme instrument de prédilection, ce qui me permet d'avoir un endroit où me défouler sainement dès que je rentre à la maison. Au delà de ma famille proche, j'aimerais également remercier mes grands parents, mes oncles et tantes, et mes cousins cousines des branches Wicker et Godard et leurs ramifications, pour leur soutien, leur intérêt et leurs questions concernant ma vie et ma recherche, et leur aide quand celle-ci était nécessaire.

Il est toutefois des personnes que j'aurai vu encore plus souvent que ma famille pendant ces trois années, et que je tiens tout particulièrement à remercier ici : mes très chers encadrants de thèse, Marian, Laura et Nabila. Le destin d'une thèse est tout de même relativement conditionné à un bon paquet de facteurs sociaux dont une composante majeure reste les personnes qui la dirigent, et l'alchimie existant entre ces personnes et le pauvre hère qui se retrouve à écrire quelques dizaines ou centaines de pages au bout de trois ans (ces mêmes personnes qui m'auraient sans doute fait remarquer que la phrase précédente est "too convoluted"). De ce point de vue, je l'ai déjà dit, mais je le redis et le redirai, je pense avoir touché le gros lot, tant le souvenir qui me restera de cette thèse sera doux, et en bonne partie grâce à vous. Marian, je pense ne pas me tromper en disant que ni toi ni moi ne sommes naturellement de grands bavards, aussi nos discussions auront souvent été plutôt efficaces. C'est je pense ce qui nous aura permis de travailler en aussi bon accord tout du long de la thèse, et qui fait que je garderai toujours un très bon souvenir de notre avancée scientifique commune pendant ces trois ans. Et cela aura justement permis de grands moments, comme la conférence Réunionnaise, où nous pouvions compter l'un sur l'autre pour rester en deux grands asociaux dans le coin, rhum à la main, pendant les gens autour sociabilisaient. Je pense que cette conférence restera d'ailleurs comme l'un de mes meilleurs souvenirs de la troisième année, notamment grâce à ces soirées de test de rhums arrangés, où ce France-Afrique du Sud alors que tout le monde était déjà au lit dans l'hôtel. Et puis si aucun de nous n'étions très loquace, je pouvais compter sur le reste de l'équipe encadrante pour me tirer les vers du nez. Je pense notamment à toi Nabila, qui m'aura au moins autant écouté et soutenu dans ton bureau que mes différentes psys, notamment quand j'ai commencé ma thèse tout penaud et tout tristoune. Je pense qu'on te l'a souvent dit, mais avoir quelqu'un d'aussi humain au sein d'une équipe est une chance formidable pour tous ceux qui s'y trouvent. Et j'aurai été infiniment chanceux de t'avoir dans mon équipe de direction. Laura, j'ai longuement hésité entre écrire ces lignes en français, anglais, voire même m'essayer à l'italien puisque la suite de ma route est à Rome. Mais de ton propre aveu, tu dois pratiquer la langue de Molière alors qu'il en soit ainsi ! J'ai été le premier doctorant dont tu t'es occupée en tant qu'encadrante, et je pense que tu n'aurais pas pu mieux faire. Ta supervision aura été un réel plaisir, à la fois pour l'expertise scientifique que tu as amené et toutes les discussions annexes, pas forcément reliées au travail. Après tout, les CosmOut auraient-ils survécu aussi longtemps si nous n'avions pas tous les deux sans relâche essayé de traîner le reste de l'équipe au bar chaque semaine ? Tout ça pour dire que si le souvenir qui me restera de cette thèse est aussi bon, et ce malgré la tannée qu'est inévitablement la troisième année, je le dois en grande partie à vous trois.

Mais mon environnement de travail ne s'est évidemment pas limité à mes encadrants, et j'aimerais étendre mes remerciements à toutes les personnes que j'aurai pu croiser au labo, de manière plus ou moins récurrente, pendant ces trois ans. L'équipe cosmologie de l'IAS bien évidemment, et notamment ses membres permanents Marian, Nabila, Laura (que je remercie une nouvelle fois car ce n'est jamais assez), Mathieu, Julien, Bruno et Hervé, pour m'avoir accueilli à bras ouverts et permis de travailler dans un environnement sain. J'aimerais aussi avoir un mot particulier pour l'équipe des TP à la Coupole avec qui j'aurai eu l'insigne honneur de me peler les miches en plein hiver au sommet du hbar, parfois bien plus tard que de raison (les cinq nuits blanches d'affilée du projet nébuleuses, j'en garderai un souvenir ému, heureusement que c'était en Mai). Cateline (ma très chère marraine de thèse !), Pierre, Florian et Aurélien (qui me suivent depuis mes jeunes années Alcoriennes), Cédric, mes chers camarades de galère doctorante Tania, Marion (Zannese), Valentin, Lucie et Théo, merci pour ces moments qui resteront mes highlights de ma courte carrière enseignante. Au sein même du labo, mes trois années auront été bien différentes, mais toutes marquées par des gens, eh bien, marquants. Pendant ma première année notamment, j'aurai découvert mes théoriciens sûrs Danilo et Thomas, aurai eu beaucoup de discussions scientifiques mais pas seulement avec Hideki et Joseph, et je me serai lié à la petite bande des princesses et leurs suivants, à savoir Tony, Céline, Marion (Ullmo), Thibaut, et Daniela. Entre les virées shopping, les fêtes d'emménagement, la célébration imprévue de la Sans Valentin à Paris, les petites bières post journées de travail, cette première année fut riche en bons souvenirs, dans lesquels vous apparaissez quasi systématiquement. C'est donc sans surprise que le début de la deuxième année qui a vu partir toute cette joyeuse troupe vers de nouveaux horizons aura été assez compliquée. Mais l'arrivée de nouvelles têtes et nouvelles aventures aura bien vite remis une pièce dans la machine ! Avec l'arrivée de Stefano et Hubert dans le bureau, le début de la thèse d'Axel (je crois que je te dois une bière, et même si ce n'est pas le cas on pourra toujours s'en prendre une), l'installation durable de Marion (Zannese) et Xavier en tant que doctorants après leurs stages et CDD, et la reprise en main, notamment par Valentin entre autres instigateurs, de la vie des doctorants au labo, c'est sans doute pendant ma deuxième année que j'aurai le plus appris à découvrir et apprécier les autres personnes peuplant le labo, en dehors de la seule équipe. Ma troisième année aura vu arriver encore d'autres nouvelles têtes, qui se seront ajoutées aux précédentes pour parvenir à me sortir les idées de la gajeure que peut être une troisième année de thèse. Je pense notamment à Toni, à Gabriel, à Gaspard, à Apolline, à Céline qui fut de retour pour quelques temps, à Edouard un revenant à temps partiel, à Anaïs qui arriva sur la fin et bien évidemment à Théo, dernier ajout au bureau 216 avant mon départ, bien que ce dernier ait eu la facheuse tendance à vouloir faire rentrer de la lumière (quelle idée ???) à l'intérieur.

A tous ces noms que j'ai cités, que ce soit pour nos discussions, les bières et moments partagés, ou pour votre simple existence, un très grand merci pour avoir jalonné les trois ans qui ont constitué mon expérience de thèse. J'espère sincèrement que nos rencontres ne resteront pas temporellement cantonnées à ces simples trois ans (de manière moins verbeuse, j'espère sincèrement qu'on se reverra !). Par ailleurs, au milieu de tous ces noms liés au laboratoire, il y en a un que j'aimerais citer quand bien même il était parti avant que je commence ma thèse. Merci beaucoup Victor, sans qui je n'aurais pas fait mon stage de L3 à l'IAS, ce qui veut dire que je n'aurais pas fait mon stage de M2 à l'IAS, et donc a priori pas ma thèse. Finalement, ça tient un bien peu de choses.

Cela fait déjà deux pages que je blablate et je suis encore loin d'avoir fini la liste de gens à remercier, mais c'est finalement le signe d'une vie bien remplie pendant ces trois ans. Donc accrochezvous, on repart. Car après tout si ma vie pendant ces trois ans s'était limitée à ma famille et aux personnes rencontrées au laboratoire, celle-ci aurait été bien triste.

Merci donc à mes amis, rencontrés tôt dans ma vie de jeune adulte, ou sur le tard en plein milieu de la thèse. Merci à mes amis rencontrés à la fac d'Orsay, Julien, Emrys, Théophile, Pauline, Léo, Alexandre, Anna, Martin, Anaïs, Marjorie et Coline, que j'ai croisés un beau jour sur le campus il y a quelques 6 ans, et avec qui on a continué de se suivre (parfois à bonne distance) depuis. Les épreuves, bons moments, et instants de vie traversés ensemble sont si nombreux entre les années de fac, les vacances en groupe, les mariages et autres, qu'il me faudrait facilement une page entière pour détailler l'impact que vous avez eu dans ma vie ces dernières années, je m'en tiendrai donc à la formule suivante : j'aurais maintenant du mal à voir ma vie sans vous, et je suis ravi de tous vous compter parmi mes amis proches. J'aurai aussi rencontré des nouveaux amis grâce à ma thèse, en particulier pendant les pauses entre chacune des ses années, lors des écoles d'été Euclid, pendant laquelle j'ai fait la rencontre d'autres cosmologistes que je suis désormais heureux d'avoir dans ma vie. Je pense notamment à vous Tamara, Miren, Raphaël, Emilie, Thierry et Enya.

Puisque j'en suis aux remerciements de mes amis, il est maintenant de bon ton de raconter que ma vie aura pris un sacré tournant un beau soir de janvier 2022 alors que j'avais le bras dans une attelle mais encore ma cheville en bon état (on y reviendra). Ce fameux soir, j'ai décidé de rejoindre le discord d'une streameuse dont j'appréciais le contenu, Florence de la chaîne Angle Droit. Les gens que j'y ai rencontrés là bas sont devenus deux ans plus tard des amis avec qui j'ai visité Metz, fait des soirées à 50, sorti un album, vu plusieurs matches de Top 14, et j'en passe et des meilleures. De part le nombre de personnes concernées par cette section, j'aurais du mal à faire une liste exhaustive et fidèle de toutes les amis que je me suis fait sur ce serveur discord. Mais j'aimerais tout de même avoir quelques mots choisis pour Alexandre/Alphafloyd, avec qui on a suivi des Tournoi des 6 Nations et une coupe du monde de folie, Guillaume/Willy avec qui nous complétons à nous trois le staff Paris-Sudiste, Olivia/Winona dont les oeuvres calligraphiques recouvrent désormais une partie de mes étagères, et qui a créé ce sublime logo pour mon projet musical personnel, Camille/Poyo pour la simple raison que depuis que tu es là pour bully Julien, il me bully quand même vachement moins. J'aurais du mal à continuer cette liste de manière exhaustive (si je voulais m'y coller il me faudrait citer au moins une cinquantaine de pseudos si ce n'est plus), donc dites vous que si l'on s'est déjà vus à plusieurs meetup, vous faites partie de ces remerciements et je suis ravi de vous avoir dans ma vie. J'ajouterai simplement deux mot particuliers, l'un aux Pire2Pire, groupe constitué pour écrire une chanson pour un anniversaire de stream d'Angle Droit, qui s'est retrouvé à sortir un album l'année d'après, et qui en prépare actuellement encore un autre. Le deuxième mot particulier ira à Maxime, FullMetalBaguette de son pseudonyme, pour m'avoir suggéré le terme "rougebouge" comme traduction française du redshift cosmologique, expression qui je l'espère saura s'imposer dans les usages francophones. Et finalement, d'un certain côté merci à Florence de la chaîne Angle Droit, d'avoir réuni cette communauté autour d'elle et qui aura permi toutes ces rencontres.

Alors que je termine cette troisième page de remerciements il pourrait être de bon ton que j'abrège mais je n'en ai pas la moindre intention, alors je vous prierai de me suivre vers une nouvelle section. Les personnes qui m'ont cotoyé pendant ces trois ans le savent, quand bien même je suis devenu docteur dans le domaine de l'Astronomie et Astrophysique, ma thèse aura d'une certaine manière été placée sous le signe de la santé :

• Physique, d'une part, avec une période de reprise du rugby qui aura été... sportive et riche en bobos dirons nous, avec pas moins de trois fractures enregistrées (coude gauche, péroné gauche et poignet droit), et une arcade ouverte. Qui dit gros bobo dit grosse rééducation, et j'aimerais remercier ma kiné, Romane Priez, pour m'avoir remis systématiquement sur pieds (littéralement), même s'il a bien fallu qu'elle finisse par se moquer de moi au bout d'un moment.

• Mentale, d'autre part et puisque la santé mentale des doctorants (et la santé mentale tout court) commence enfin à devenir un sujet régulièrement abordé, je tiens à remercier Halima Laskari et le Docteur Maubert, qui m'auront toutes les deux suivies au début de ma thèse que j'ai commencé en étant passablement tristoune, et grâce à qui j'ai terminé ces trois ans en bien meilleur état que je ne les ai démarrés.

Il est tant de gens que je souhaiterais encore remercier, mais j'ai peur de terminer avec des remerciements plus longs que le corps de texte. J'aimerais alors, dans un certain désordre, remercier les gens grâce à qui cette thèse à pu voir le jour, arriver à son terme et être ce qu'elle est, que je n'ai pas encore remercié : Stefano Ettori, Veronica Strazzullo, Jochen Weller, Dominique Eckert et Karine Bocchialini, qui auront constitué mon jury de thèse et auront donné de leur temps et énergie pour que je puisse être docteur aujourd'hui. Patricia Jeauneau, grâce à qui tous mes embêtements administratifs auront pu être résolus efficacement. Thierry Fouchet et Laurent Verstraete, pour leur aide au sein de l'école doctorale. Stéphane Caminade, grâce à qui j'aurai réussi à faire fonctionner mon ordi, tout simplement. Sans ça, la thèse aurait été quand même vachement moins aisée. Loïc Maurin et Marc Dexet pour leur code club : je ne prétends pas coder de manière moins sale maintenant, mais au moins j'essaie et je m'améliore ! Martine Chane-Yook, pour m'avoir traquenardé un certain nombre de fois pour des présentations à la fête de la science ou lors de stages de 3è, ce qui m'a rappelé que quand même, la vulgarisation j'adore ça.

Alors que ces remerciements arrivent (enfin) à leur terme, j'espère n'avoir oublié personne qui mériterait de figurer ici (en 4 pages, ce serait dommage), et je tiens finalement à remercier la personne qui prendra la peine de lire ces lignes, que ce soit pour le contenu scientifique de ce manuscrit ou simplement pour savoir s'il est cité quelque part dans ces quatre pages. Car finalement, lire ces quelques lignes (et les 150 pages qui suivent) revient à lire un témoignage de mon petit morceau d'éternité.

This thesis in numbers

• 3: As the number of years it took to complete • 3: As the number of people in my supervision team, whom I will never thank enough • 3: As the number of bones I broke during this lapse of time (with the additional 3 pieces of my fibula (nasty story, that one))

• 3: As the number of musical albums I released during that time, as a solo project or with friends :

-Demoboros, The Great Grey (2021) -Demoboros (solo), L'Art Subtil de la Renaissance (2023) -Pire 2 Pire, ZouiZouiFloFloMixtape, vol. 1 (2023) • 3: As the number of mental health professionals I visited during that time, thanks to whom I am all fine now.

• 2: As the number of papers I published during that lapse of time, as counting a proceedings paper to push the count to 3 would be intellectual dishonesty.

Useful notes

Non SI Units , for H 0 = 67.4km.s -1 .Mpc -1 , critical density of the Universe at z = 0.

Notations

• X 0 : The quantity X at z = 0.

• Ω X : Density parameter of the cosmological fluid X.

• X ∆ : The quantity X computed within a radius at a certain density contrast ∆. For instance, M 500 is the mass computed within R 500 , where R 500 is the radius inside which the mean density is 500 times the critical density of the universe.

• X ref : The quantity X computed in the reference cosmology of a study.

• M * : Stellar mass • M gas : Gas mass • M tot : Total mass • M HE : Hydrostatic mass, i.e. the estimation of the total mass under the hypothesis of hydrostatic equilibrium

• B : Hydrostatic-to-total mass ratio M HE /M tot (for purposes of notation, referred to as the hydrostatic mass bias)

• (B 0 , α, β) : Amplitude, mass evolution and redshift evolution of the hydrostatic mass bias. In Chapter 5, α and β are noted α b and β b , to avoid conflicting notations with scaling relation parameters.

Acronyms

• Λ-CDM : Standard cosmological model, describing an universe composed of a majority of Cold Dark Matter (CDM), and Dark Energy under the form of a cosmological constant (Λ), causing an accelerated expansion.

• tSZ, kSZ : thermal Sunyaev-Zel'dovich effect, kinetic Sunyaev-Zel'dovich effect.

• CMB : Cosmic Microwave Background 

Synthèse en français

Introduction

À partir des premières inhomogénéites de répartition de la matière dans l'univers primordial, et sous l'effet de la gravité, la matière de notre univers, répartie en matière noire et matière ordinaire (dite baryonique), s'est effondrée pour former une structure filamentaire complexe, appelé la toile cosmique (Bond et al. 1996). Cette structure à grande échelle de l'univers se décline en plusieurs environnements distincts, dont les vides cosmiques, les murs de galaxies, les filaments, et à la jonction de ces filaments, les amas de galaxies. Ces derniers sont les environnements les plus denses de la toile cosmique et les structures gravitationnellement liées les plus massives de notre univers. Leur évolution au cours du temps étant déterminée par les propriétés et l'évolution de l'univers et de son contenu, l'observation des amas de galaxies permet de mettre des contraintes robustes sur les paramètres cosmologiques (White et al. 1993;Allen et al. 2011). En considérant les amas de galaxies comme des structures sphériques à l'équilibre, résultats d'une évolution auto-similaire, leur observation permet de mettre des contraintes robustes sur la densité de matière dans l'univers Ω m , l'inhomogénéité de sa répartition σ 8 , son taux d'expansion H 0 ou encore sa fraction de matière baryonique Ω b /Ω m . De telles contraintes peuvent être obtenues en utilisant les propriétés statistiques de leur distribution en masse M et en décalage vers le rouge z (voir Vikhlinin et al. 2009b;Henry et al. 2009;Rozo et al. 2010;Mantz et al. 2010;Planck Collaboration et al. 2014a, 2016d;Salvati et al. 2018;Bocquet et al. 2019;Abbott et al. 2020;Salvati et al. 2022), ou en utilisant les propriétés de leur contenu en matière comme leur fraction en masse de gaz (LaRoque et al. 2006;Allen et al. 2008;Ettori et al. 2009;Mantz et al. 2014Mantz et al. , 2022)), la sparsité de leur halo de matière noire (Corasaniti et al. 2018(Corasaniti et al. , 2021)), ou encore la dépendence à la distance angulaire D A (z) des signaux en rayons X et effet Sunyaev-Zel'dovich (SZ) (Sunyaev & Zeldovich 1972) (Schmidt et al. 2004;Bonamente et al. 2006;Wan et al. 2021).

Cependant, ces contraintes se basent uniquement sur l'observation de la matière baryonique, majoritairement sous forme de gaz et d'étoiles, à l'intérieur des amas de galaxies. Le gaz et les étoiles ne représentent que moins de 20% de de la matière totale contenue dans l'univers (Planck Collaboration et al. 2020a), et constituent un traceur biaisé de la distribution complète de la matière dans la toile cosmique, et dans les amas de galaxies. De plus, des effets d'origine astrophysique tels que des chocs, champs magnétiques ou turbulences auront pour effet de sortir les amas de galaxies des conditions idéales d'équilibre, de sphéricité et d'auto-similarité (Lau et al. 2009;Vazza et al. 2009;Battaglia et al. 2012;Shi et al. 2015;Biffi et al. 2016). De ce fait, l'estimation des quantités thermodynamiques et propriétés physiques des amas, déduites de l'observation des composantes baryoniques sous ces hypothèses, pourront être biaisées et souffrir d'une importante dispersion d'amas à amas. Cela aura pour conséquence des biais dans les contraintes cosmologiques basées sur l'observation des amas, parfois non négligeables (voir par exemple Planck Collaboration et al. 2014aCollaboration et al. , 2016d;;Salvati et al. 2018).

Afin d'obtenir des contraintes cosmologiques précises et fiables provenant des amas de galaxies, une description précise des effets astrophysiques dûs aux baryons est nécessaire. Cette description permettra d'améliorer notre compréhension de ces objets, les conditions de leur formation et leur évolution jusqu'à leurs propriétés actuelles. Cette thèse se sera intéressée aux deux principales phases du contenu en matière baryonique, stellaire et gazeux, dans le but d'améliorer notre compréhension de leur évolution. Dans une première partie de mon travail je me serai intéressé à la façon dont les galaxies à l'intérieur des amas sont affectées par leur environnement, à travers l'étude de cas de la structure et des propriétés des galaxies dans deux systèmes multiples d'amas. Dans une deuxième partie de mon travail, je me serai concentré sur les biais astrophysiques affectant la mesure de la masse des amas, et leur dégenérescence avec les paramètres cosmologiques, grâce à une étude statistique de la fraction de gaz dans un échantillon de 120 amas de galaxies.

Structure et propriétés des galaxies dans des systèmes multiples d'amas (Wicker et al. 2023a)

Pour comprendre correctement la façon dont les amas de galaxies ont évolué, il est nécessaire de les observer à différents stades de leur formation. Dans cette perspective, les systèmes multiples d'amas de galaxies sont des cibles de choix, étant considérés comme des objets encore en formation. De plus, de part leur structure complexe constituée de composantes distinctes, reliées par des ponts filamentaires de matière, leur étude permet d'analyser en détail comment les propriétés des amas sont modifiées par leur environnement dans la toile cosmique. Étant le siège de processus physiques particuliers comme des chocs à la rencontre des différentes composantes des systèmes, du mélange de gaz, l'apparition de ponts de matière, (voir Akamatsu et al. 2017;Bardelli et al. 1994;Kull & Böhringer 1999;Einasto et al. 2021;Jôeveer et al. 1978) les systèmes multiples sont véritablement clé pour la compréhension de l'assemblage des amas.

Les galaxies, en particulier, constituent d'excellents traceurs des effets environnementaux, leurs morphologies et leurs propriétés stellaires étant fortement impactées par l'environnement dans lequel elles évoluent. Sous l'effet de rencontres fréquentes avec les autres galaxies du milieu (Moore et al. 1996), et à cause de la présence de gaz chaud qui privera soudainement (par effet de pression dynamique Gunn & Gott 1972;[START_REF] Abadi | [END_REF]Quilis et al. 2000) ou graduellement (par étranglement Larson et al. 1980;Balogh et al. 2000) les galaxies de leur réservoir de gaz froid nécessaire à la formation d'étoiles, les galaxies à l'intérieur des amas sont préférentiellement des galaxies elliptiques, avec une très faible formation stellaire (Dressler 1980;Moore et al. 1996;Tanaka et al. 2004;Cooper et al. 2006;Poggianti et al. 2008;Peng et al. 2010;Muzzin et al. 2012;Woo et al. 2013;Förster Schreiber et al. 2014;Kovač et al. 2014;Peng et al. 2015;Strazzullo et al. 2019). Observables dans les longueurs d'onde optiques, permettant une estimation précise et robuste de leur décalage vers le rouge grâce à des observations spectroscopiques, les galaxies sont par ailleurs d'excellentes indicatrices de la structure des amas. Ainsi, les galaxies constituent un traceur de choix pour l'analyse de systèmes multiples d'amas, en particulier l'analyse de leur structure et des effets environnementaux auxquels ils sont soumis.

Si de nombreux systèmes multiples d'amas ont été découverts et étudiés dans des catalogues d'observations optiques ou en rayons X (Tittley & Henriksen 2001;Akamatsu et al. 2017;Bonjean et al. 2018;Govoni et al. 2019;[START_REF] Galárraga-Espinosa | [END_REF], leur détection dans des données d'effet SZ est plus récente et n'a été permise que grâce au relevé sur tout le ciel de la mission Planck (Planck Collaboration et al. 2011d). Mon analyse porte sur les deux premiers systèmes multiples d'amas de galaxies détectés dans le relevé de Planck, PLCKG214.6 + 36.9 (PLCK1) et PLCKG334.8 -38.0 (PLCK2), tous deux des systèmes à trois composantes (A, B, C). Observés par l'instrument VIMOS (VIsible Mul-tiObject Spectrograph) entre 5500 Å et 9500 Å, mon but aura été d'obtenir les décalages vers le rouge z, taux de formation d'étoiles (SFR) et masses stellaires M * des galaxies, afin d'étudier la structure de ces systèmes et les effets de l'environnement sur l'évolution des galaxies.

À partir des spectres bruts, j'ai effectué la réduction complète des données, dans un premier temps à l'aide de l'outil ESOREFLEX (Freudling et al. 2013), puis ai développé un pipeline afin d'associer chaque galaxie source à ses multiples observations, pour obtenir un unique spectre réduit par galaxie observée. À partir de ces spectres réduits, j'ai utilisé l'outil MARZ (Hinton et al. 2016) pour déterminer les décalages vers le rouge et types morphologiques des galaxies appartenant aux deux systèmes.

Les données spectroscopiques de VIMOS étant insuffisantes pour contraindre les propriétés stellaires des galaxies à elles seules, j'ai utilisé des données photométriques auxiliaires, provenant des relevés SDSS DR16 (Ahumada et al. 2020), AllWISE (Cutri et al. 2021) et DESI Legacy Imaging Survey DR8 (Zou et al. 2019). A partir de ces données auxiliaires, les SFR et M * des galaxies ont été contraintes à l'aide du code CIGALE.

À partir de cette analyse, il apparait que ces deux systèmes ne sont en réalité pas des systèmes multiples, mais des amas individuels isolés, apparaissant sur la même ligne de visée par effets de projection. En effet, avec des décalages vers le rouge de z P LCK1,A = 0.445 ± 0.002, z P LCK1,B = 0.498 ± 0.004, et z P LCK1,C = 0.451 ± 0.002, pour PLCK1 et z P LCK2,A = 0.367 ± 0.003, z P LCK2,B = 0.292±0.002, et z P LCK1,C = 0.34 (par DESI), pour PLCK2, les séparations respectives le long de la ligne de visée sont trop élevées pour être compatibles avec des amas en interaction (voir la discussion de [START_REF] Lecoq | Nabila Astroparticules et cosmologie université Paris-Saclay[END_REF]. Seul la paire PLCK1-AC apparait être un réel système multiple, avec une séparation faible et la présence de galaxies entre les deux composantes. Ces résultats sur la structure des systèmes confirme et renforce les conclusions des analyses en rayons X conduites par [START_REF] Lecoq | Nabila Astroparticules et cosmologie université Paris-Saclay[END_REF] et Kolodzig et al. (2021).

Dans tous les systèmes, une prévalence de galaxies passives est notée, comme attendu. Cependant, la présence de formation stellaire résiduelle est notée dans l'amas le plus distant, PLCK1-B.

Ce résultat concorde avec d'autres études à des z similaires (voir Spérone-Longin et al. 2021b,a). Il est cependant trop peu significatif pour porter des conclusions définitives sur l'état d'évolution des galaxies dans les amas à ces décalages vers le rouge. Par ailleurs, ces systèmes étant isolés, ils ne permettent pas de mieux décrire l'effet d'un environnement multiple sur les propriétés des baryons au sein des amas de galaxies. Afin d'étudier les effets astrophysiques des baryons sur une population complète d'amas de galaxies, j'ai dans un second temps étudié un grand échantillon, en me focalisant sur leur contenu en gaz.

La fraction de gaz comme sonde astrophysique et cosmologique, (Wicker et al. 2023b, Wicker et al. in prep)

La fraction de gaz dans les amas de galaxies, à savoir le rapport de leur masse de gaz sur leur masse totale M gas /M tot , est souvent utilisée comme sonde cosmologique (voir Allen et al. 2011), de part sa proportionnalité à la fraction de matière baryonique dans l'univers Ω b /Ω m . A l'instar de la plupart des autres sondes cosmologiques basées sur l'observation d'amas de galaxies, les contraintes cosmologiques obtenues à partir de la fraction de gaz dépendront fortement de l'estimation de la masse totale des amas. Les effets astrophysiques dûs aux baryons, en causant un départ aux conditions idéales, et notamment en causant un départ de l'équilibre hydrostatique, occasionneront un biais dans la mesure de masse des amas, le biais de masse hydrostatique b. Ce biais a d'abord été considéré dans les simulations hydrodynamiques (Rasia et al. 2006), avant d'être pris en compte dans les observations en rayons X et SZ (voir la revue de Pratt et al. 2019), où le biais est généralement paramétrisé en B = (1 -b) = M HE /M tot , où M HE est la "masse hydrostatique", et M tot la masse totale réelle. Les prédictions de simulations hydrodynamiques et estimations directes de ce biais, reposant sur l'observation d'amas de galaxies à travers le lentillage gravitationnel faible, privilégient un biais de l'ordre de B ∼ 0.8 (Gianfagna et al. 2021;Salvati et al. 2018). Cependant, des contraintes indirectes utilisant la combinaison des anisotropies primaires du fond diffus cosmologique et des comptages SZ d'amas de galaxies favorisent un biais de l'ordre de B ∼ 0.6 (Planck Collaboration et al. 2014a, 2016d;Salvati et al. 2018). Par ailleurs, certains travaux utilisant des comptages d'amas de galaxies en SZ (Salvati et al. 2019) ou le lentillage gravitationnel faible (von der Linden et al. 2014;Hoekstra et al. 2015;Smith et al. 2016;Sereno & Ettori 2017) montrent une possible évolution du biais hydrostatique avec la masse et le décalage vers le rouge. Afin de mieux comprendre les processus sous-jacents alimentant ce désaccord entre les estimations directes et indirectes, il est nécessaire d'obtenir autant de contraintes indépendantes que possible sur le biais de masse hydrostatique.

Dans ce contexte, la fraction de gaz des amas de galaxies peut permettre d'obtenir de telles contraintes. En effet, par construction, f gas = M gas /M tot , et dépend donc totalement de l'estimation de la masse totale, qui peut être biaisée par l'hypothèse d'équilibre hydrostatique. En particulier, la fraction de gaz obtenue par l'observation d'amas de galaxies en rayons X, sous l'hypothèse de l'équilibre hydrostatique, sera f gas = M gas /M HE = M gas /(M tot × B). Le biais apparaissant explicitement dans la paramétrisation de la fraction de gaz, cette dernière peut-être utilisée pour estimer directement le niveau de biais B. De plus, la fraction de gaz étant dépendante des paramètres cosmologiques à travers sa proportionnalité avec Ω b /Ω m et avec la distance angulaire D A (z), elle peut être utilisé pour étudier les dégénérescences entre le biais et les paramètres cosmologiques.

Mon étude aura donc eu pour but d'apporter une contrainte indépendante sur la valeur du biais hydrostatique, sa possible évolution, et ses dégénérescences avec les paramètres cosmologiques, à partir de données de fraction de gaz. J'aurai utilisé les masses de gaz et masses hydrostatiques de 120 amas de galaxies appartenant au catalogue Planck-ESZ (Planck Collaboration et al. 2011b), mesurées en rayons X à partir de données du télescope XMM-Newton par Lovisari et al. (2020b). À partir de ces masses, j'ai estimé les fractions de gaz de ces 120 amas et ai étudié leur distribution en fonction de la masse et du décalage vers le rouge, à l'aide d'une méthode de Monte Carlo-Chaines de Markov (MCMC).

dent intégralement de la valeur considérée pour le biais de masse, sans pouvoir poser de contraintes sur cette quantité.

La dernière étude présentée dans cette thèse, reposant sur un travail toujours en cours, vise à bénéficier à la fois de la sensibilité astrophysique de la fraction de gaz et de la sensibilité cosmologique des comptages, en combinant ces deux sondes. En utilisant les fractions de gaz de l'échantillon Planck- ESZ (Planck Collaboration et al. 2011b) et l'échantillon cosmologique du catalogue PSZ2 (Planck Collaboration et al. 2016d,a) pour les comptages d'amas, j'ai implémenté une première version simple de cette combinaison. Si la combinaison de la fraction de gaz et des comptages donne pour l'heure des contraintes moins précises que les comptages seul avec la simple application d'un a priori sur le biais, je montre que celle-ci parvient à briser les dégénérescences existant entre le biais et les paramètres cosmologiques. Cela permet d'obtenir des contraintes à la fois sur le biais et les paramètres cosmologiques (Ω m , σ 8 ), sans utiliser consider de distribution a priori sur le biais hydrostatique. Cette étude est toutefois encore en cours, et un soin particulier devra être apporté à l'étude de l'effet des corrélations entre les sondes notamment.

Conclusion

De part leur importance au sein d'études cosmologiques, les amas de galaxies sont des objets qui doivent être compris de manière fidèle et robuste, de leur formation jusqu'à aujourd'hui. En particulier leur contenu en baryons, seule matière directement observable, est riche en informations sur leur évolution et sur les effets astrophysiques dont ils sont le siège. Mon travail aura permis d'améliorer notre compréhension d'ensemble des propriétés astrophysiques des baryons dans les amas, à travers l'étude des deux principales phases baryoniques, les étoiles et le gaz. J'aurai notamment étudié la structure et les propriétés des galaxies au sein de deux objets considérés comme des systèmes multiples d'amas de galaxies, afin d'étudier l'impact de l'environnement sur la matière baryonique, et aurai montré que ces objets n'étaient finalement pas des systèmes multiples. J'ai également montré les capacités de la fraction de gaz en tant que sonde des effets astrophysiques, en particulier en tant que sonde du biais de masse hydrostatique. En étudiant l'évolution du biais hydrostatique grâce à la fraction de gaz, j'aurai montré les dégénerescences entre les effets astrophysiques et paramètres cosmologiques, qui doivent être impérativement pris en compte pour obtenir des contraintes cosmologiques fiables et robustes à partir de la fraction de gaz. Enfin, j'aurai étudié le potentiel offert par une combinaison entre les comptages d'amas, sonde cosmologique robuste, et la fraction de gaz, sonde astrophysique robuste.

Mon travail aura finalement permis une description plus précise des effets astrophysiques dus aux baryons dans les amas de galaxies, permettant une meilleure compréhension de leur évolution et de leurs propriétés.

Part I

General Introduction

CHAPTER -1 Cosmological Context

Archbishop James Ussher claimed that the Heaven and the Earth were created on Sunday, the 21st of October, 4004 BC, at 9:00 a.m. This too was incorrect, by almost a quarter of an hour. It was created at 9:13 in the morning. Which was correct.

God (Good Omens,S1 Ep. 1).

. The standard cosmological model

. Basic principles

Cosmology, as the concept of describing and explaining the universe we are living in through a collection of myths (cosmogonies), or using a scientific approach is a quite ancient concept, for which we can find traces dating back to the very first civilizations. However, cosmology as the science studying the laws, evolution and structure of our Universe, which will be the focus of this thesis, is very much more recent as its birth can be traced back to two major discoveries each younger than a century old. In 1925, the American astronomer Edwin Hubble settled a debate which started a few years prior with regard to the nature of the so called "Spiral Nebulae". From the observation of Cepheid stars in the "Andromeda Nebula" (Hubble 1925) it was possible to show that this object was not a cluster of stars and gas belonging to our galaxy, the Milky Way, but rather a completely different extragalactic object (Hubble 1926). This discovery contributed to push our Universe way beyond the boundaries of our galaxy, which until then was considered to be the only existing "island universe".

In 1927 and 1929, George Lemaître and Edwin Hubble respectively pushed further our knowledge, by showing theoretically [START_REF] Lemaître | [END_REF] and observationally (Hubble 1929) that these "extragalactic nebulae" (named galaxies in the rest of the manuscript) are all drifting away from each other at a constant rate. This apparent bulk motion of the galaxies could be explained by a dynamical evolution of the universe, more particularly an expansion [START_REF] Lemaître | [END_REF]. This drift of the galaxies is described by the Hubble-Lemaître law :

v 0 = H 0 × D gal , (1.1)
where v 0 is the velocity of the receding galaxy, D gal is its distance to the observer deduced from the galaxy luminosity, and H 0 is a constant, the expansion rate of the universe or "Hubble constant". For future purposes, I will define the Hubble parameter h, so that the Hubble constant H 0 can be written as H 0 = 100hkm.s -1 .Mpc -1 . The recession of the galaxies has been highlighted by the observation of a shift of the spectrum emitted by galaxies towards higher wavelengths. This spectral shift, or redshift, is noted z and is by definition :

z = ∆λ λ em = λ obs -λ em λ em ⇒ z + 1 = λ obs λ em , (1.2)
where λ obs is the observed wavelength and λ em is the wavelength originally emitted by the galaxy. As the recession of galaxies is a bulk motion, the further a galaxy is, the larger the redshift will be. In the case of objects so distant that their physical distance is not trivial to compute, measuring their redshift thus provides a valuable estimation of their distance to us. This expansion of our Universe can be explained in the framework of general relativity, where the dynamical evolution of space-time is described by the Friedmann-Lemaître-Robertson-Walker (FLRW) metric, assuming a spatially homogeneous and isotropic distribution of matter at the largest scales (Friedmann 1922;[START_REF] Lemaître | [END_REF]Robertson 1935;Walker 1937) :

ds 2 = c 2 dt 2 -R(t) 2 dr 2 1 -kr 2 + r 2 (dθ 2 + sin 2 θ 2 dϕ 2 ) (1.3)
in spherical coordinates (t, r, θ, ϕ). In this equation, k is the spatial curvature of the universe, and R(t) is the curvature radius of the universe. The curvature radius can be written

R(t) = a(t)R 0 , (1.4)
where R 0 is the curvature radius at current time, and a is the so-called "scale factor" encoding the evolution of the radius of the universe with time.

Following Equations 1.3 and 1.4, the wavelength λ(t) emitted by a galaxy at the time t and received by the observer today will be expressed

λ(t) = a(t)λ 0 , (1.5)
where λ 0 is the wavelength received by the observer, which as been redshifted. Equation 1.5 can thus be rewritten in the manner of Equation 1.2, to become

λ em λ obs = a(t), (1.6) 
and thus

a(t) = 1 z + 1
.

(1.7)

As a result, the knowledge of the redshift of a galaxy not only gives an appreciation of its distance to us, but also of the state of evolution of the universe at the moment when the light was emitted.

By definition, the scale factor today is a 0 = 1, and the time dependent expansion rate of the universe H(t) is

H(t) = ȧ(t) a(t) , (1.8) 
where ȧ(t) is the first order time derivative of the scale factor.

The evolution of the scale factor, and thus expansion history of the universe, depending on the matter and energy content of the universe is described by the Friedmann-Lemaître equations below (Friedmann 1922(Friedmann , 1924;;[START_REF] Lemaître | [END_REF] :

         ȧ(t) a(t) 2 = 8πG 3c 2 ρ - kc 2 a 2
(1.9)

ä(t) a(t) = - 4πG 3c 2 (ρ + 3p) (1.10)
where G is the gravitational constant, c the celerity of light in vacuum, and ρ and p are respectively the density and the pressure for a given cosmological fluid, i.e. a component of the universe. The most commonly considered cosmological fluids are :

• Non-relativistic matter. It is most often divided in two contributions, one coming from ordinary matter, or "baryons", and the other coming from an unknown non-collisional matter, called dark matter. This matter is now generally considered to be "Cold Dark Matter" (CDM) where "cold" is used as a synonym of non-relativistic. Some of the first hints of this unknown matter were found in Zwicky (1937) to explain the mass of the Coma cluster of galaxies as deduced from the dynamical properties of the galaxies. Indeed, this mass was orders of magnitude higher than the mass deduced by the simple emission of visible light from the cluster. However the first compelling evidence for the presence of such a matter was given in Rubin et al. (1980), from the observation of rotation curves of spiral galaxies, showing that stars in the outskirts of the disks had a radial velocity as high as in the center, contrary to the predictions from Kepler equations of classical mechanics. As disk galaxies were stable structures despite the solid rotation which should have ejected gas and stars under the effect of centrifugal force, the most probable explanation was the presence of unseen matter around galaxies, structured as a massive dark matter halo. The combination of baryonic matter and cold dark matter is usually labelled as "matter" with a density ρ m , although the two components can be found treated separately, with the baryon density ρ b and the cold dark matter density ρ c (see the review by Lahav & Liddle 2004). An additional contribution from massive neutrinos is generally considered, with a summed neutrino mass m ν > 0.06eV Lahav & Liddle (2004). The effect from massive neutrinos has been put in evidence from observations of the large scale structure of the universe, with in particular a smoothing at the smallest scales. The density of neutrinos can be found noted ρ ν .

• Relativistic species, and in particular photons. The number of relativistic species has evolved through the history of the universe. Baryons and neutrinos, more specifically, first behaved as relativistic species in the first epochs of the universe. Neutrinos at the largest scales left the relativistic regime in the most recent epochs, when the global temperature of the universe became lower than their rest mass energy (see e.g. the review by Lesgourgues & Pastor 2006).

Baryons, on their side, were coupled with photons in the first epochs of the universe, in a single baryon-radiation relativistic fluid. When the temperature of the universe was low enough so that the electrons of the medium could combine with the nuclei formed in the primordial nucleosynthesis, at z ∼ 1100, photons and baryons decoupled (see Figure 1.1). This event, named "recombination", corresponds to the moment when baryons moved from the relativistic to nonrelativistic species. As a result relativistic species are most often summarized as photons, and globally labelled as "radiation", with a density ρ r .

• In 1998, both Riess et al. (1998) and Perlmutter et al. (1999) separately highlighted from type IA supernovae data that the expansion of the universe was accelerated, i.e. ä > 0. Based on equation 1.10, this is only possible for a fluid where p < -ρ 3 . This condition is not matched by any of the previously considered cosmological fluids and required the introduction of a new fluid. In the most general case, this fluid is called "Dark Energy", with a density ρ DE . The nature of Dark Energy is partly described by its equation of state w, linking together the fluid pressure and density p = wρ. In the standard cosmological model, this Dark Energy is a cosmological constant noted Λ, with a density ρ Λ and an equation of state w = -1.

For each cosmological fluid, it is possible to define a density parameter Ω X from the densities of each fluid :

Ω X (z) = ρ X (z) ρ crit (z) , (1.11)
where

ρ crit (z) = 3H(z) 2 c 2 8πG (1.12)
is the critical density of the universe, defined from equation 1.9 as the matter-energy density needed to obtain a globally flat universe, i.e. k = 0. Following the different fluids listed above, the density parameters for radiation, matter and dark energy are respectively noted Ω r , Ω m and Ω Λ . An additional Ω k is often considered to take into account the affect of curvature on the expansion of the universe, Radiation was the first to dominate in the universe, during the radiative era. After the equivalence at z equiv ∼ 3450, cold matter dominated the expansion, during the matter era. It is during this era that the baryons and radiation decouple at z rec ∼ 1100. Finally, after the equality between matter and the cosmological constant Λ at z equal ∼ 0.5, dark energy started dominating. This is the era of dark energy, which is the current cosmological era. although it is not a proper density parameter per se but rather a "spatial curvature density". In a spatially flat universe, Ω k = 0 and i∈f luids Ω i = Ω = 1. From these density parameters we can define the Hubble function H(z) appearing in equation 1.12 :

Parameter

H(z) = H 0 × E(z), (1.13)
where

E(z) = Ω Λ,0 + Ω k,0 (1 + z) 2 + Ω m,0 (1 + z) 3 + Ω r,0 (1 + z) 4 .
(1.14) Each of these parameters has a different dependence on the scale factor, and thus on redshift, following equations 1.9 and 1.10. One can show that in the standard cosmological model, a spatially flat model constituted in majority of dark energy and dark matter called Λ -CDM, the evolution of the density parameters with redshift is :

           Ω m (z) = Ω m,0 (1 + z) 3 E(z) -2 Ω r (z) = Ω r,0 (1 + z) 4 E(z) -2 Ω Λ (z) = Ω Λ,0 (1 + z) 0 E(z) -2 = Ω Λ,0 E(z) -2 Ω k (z) = Ω k,0 (1 + z) 2 E(z) -2 = 0.
(1.15) As a result, each of the density parameters1 and thus each fluid has dominated over the others at different epochs of the history of the universe. This defines cosmological eras, during which one fluid has dominated the evolution of the universe, as shown in Figure 1.2.

. Cosmological parameters, cosmological probes

As it appears from the previous discussions, the value of the density parameters participate in describing the structure and evolution of the universe, as they denote the relative proportion of each fluid, which all have a different impact of the evolution of the universe. They constitute cosmological parameters, which allow to describe the behaviour and evolution of the universe following a cosmological model. The Λ -CDM model relies on a set of six cosmological parameters to derive the basic quantities to describe how the universe is structured, and how it evolves. Several parametrizations of the cosmological model exists, of which I give an example taken from Planck Collaboration et al. (2020a) in Table 1.1. The measurement of these cosmological parameters is made possible using observations. When the quantities that are derived in these observations are intrinsically linked to the history and evolution of the universe, they become good tracers of cosmological parameters. Such quantities are called cosmological probes. For a cosmological probe to be "good", it is necessary for it to have a tight correlation with the quantities responsible for the evolution of the universe to its state today, in other words with cosmological parameters. In addition it needs to be accessible up to high redshift (when studying cosmological probes based on late time observables, can be considered "high" redshift values of the order of ∼ 1.5 -2) for a good leverage on the evolution of quantities from early times up to today. Finally, it needs to be observable everywhere on the sky, for a good spatial representativeness.

The light emitted at the moment of the recombination, the Cosmic Microwave Background (CMB), makes in that aspect a remarkable cosmological probe. Consisting in all the photons created in the "Big Bang" finally propagating in a straight line after the baryon-radiation decoupling (Figure 1.1), the CMB can be seen as an image of the young universe at a redshift of z ∼ 1100, i.e. ∼ 380000 years after its birth, and visible on the whole sky in the millimeter wavelengths. As all the photons of the CMB we detect today have started to propagate when they were last scattered by the free electrons of the medium (see Figure 1.1), they form a shell at z ∼ 1100 from which the CMB appear to originate, called the last scattering surface.

The CMB can be observed today as an almost perfect black-body radiation at T CMB = 2.7255K (Fixsen 2009) coming from all directions, with an almost perfectly isotropic temperature distribution.

Only small temperature anisotropies (of the order of a few tens to hundreds of µK) can be observed in this distribution, as shown in Figure 1.3. The statistical distribution and characterisation of the temperature and polarisation anisotropies is fully dependent on the evolution of the universe at the highest redshifts, and thus at the earliest epochs. As a result these anisotropies make robust cosmological probes, allowing to derive tight constraints on cosmological parameters.

The temperature anisotropies, in particular, mark the positions of density perturbations in the primordial medium, which will collapse under the effect of gravity. In addition, the observation of these density perturbations at high redshift allows to infer their evolution from early times, up to recent times where under the effect of gravity these perturbations collapsed to form a universe structured at the largest scales. This enables the investigation of the processes that led to the current distribution of matter in the universe, which I will develop in the next section. Figure 1.5: Illustration of the different environments of the cosmic web depending on the direction of the collapse. From a large sphere of matter which collapses following one axis, a 2D wall will be formed. When the wall collapses following a supplementary axis, a filament is formed. Finally, when the filament collapses along the last axis, a node, or galaxy cluster, is formed.

. The Large Scale Structure of the universe

. The cosmic web

At the largest scales, the dominant force dictating the evolution of the matter distribution in the universe is gravity. Under its effect, small density perturbations in the primordial homogeneous medium accreted together, forming small building blocks for larger perturbations, progressively getting orders of magnitude more dense than their surroundings. This resulted in a complex distribution of matter inside a variety of different environments, the cosmic web, displayed in Figure 1. 4. Structured as a skeleton of dark matter within which baryonic matter is flowing from underdense to overdense regions, the cosmic web is a mostly filamentary pattern (Bond et al. 1996) hosting a variety of different environments. The nature of the different environments of the cosmic web cannot be explained in the framework of a simple spherical collapse, but can rather be seen in first approximation as a progressive process of collapsing along several axes (see Figure 1.5).

• Cosmic walls are 2D sheets of matter which result from the collapse of matter along one axis.

• Cosmic filaments result from the collapse along two axes, becoming long thin "one dimensional" structures inside which the matter is flowing. Their widths and lengths span orders of magnitude, up to structures which can reach more than 20Mpc in length and 1Mpc in width. These objects are discussed in detail in the PhD thesis by Galárraga-Espinosa (2021).

• Inside the nodes of the cosmic web, at the junction of cosmic filaments, are galaxy groups and galaxy clusters, fully collapsed structures, along the three axes. From small groups of galaxies to the most massive galaxy clusters, these objects span a wide mass range, from 10 12.5-13 M ⊙ to > 10 15 M ⊙ , and are the densest environments of the cosmic web.

As a result of these gravitational collapses inside an expanding universe, some underdense regions called cosmic voids remain in the matter distribution. With the expansion of the universe these "empty" regions of the cosmic web get larger and more and more underdense with time (see e.g. Zeldovich et al. 1982).

. Statistical description of the matter distribution

The following discussion is a very brief introduction to the theory behind the formation of the large scale structure of the Universe. For a complete review on the topic, I point out to the work from Bernardeau et al. (2002).

In order to follow the growth of the structures, one will study the evolution of their density contrast δ, which encapsulates how overdense (or underdense) a region at the position x will be, with respect to the global universe :

δ(x) = ρ(x) - ρ ρ , (1.16)
where ρ(x) is the density of the perturbation at the position x, and ρ is the mean density of the universe. At the redshift of the CMB, the mean density contrast of density perturbations was of the order of δ ∼ 10 -5 . Following the progressive collapse of these perturbations into larger and larger structures, the densest regions of the large scale structure now reach density contrasts δ > 10 5 , theoretically going to infinity. Going into Fourier space, the statistical properties of the density contrast can be expressed via the quantity P prim (k), often called the primordial power spectrum, with

P prim (k) = δ(k) δ * (k) ∝ k∆ 2 R (k),
(1.17

)
where k is the wavenumber, and δ(k) is the Fourier transform of the density contrast. ∆ 2 R (k) is the dimensionless power spectrum of the curvature fluctuations

∆ 2 R (k) = A s k k * ns-1 , (1.18)
Figure 1.6: Comparison between the linear (blue) and simulated (circles, triangles and squares) matter power spectra between z = 5.5 and z = 0. The simulated power spectrum was obtained using the MultiDark dark matter only simulations (Prada et al. 2012). Towards low redshifts the simulated power spectrum departs more and more from the linear prediction, with a strong increase of the power contained in small scales. Figure taken from Klypin et al. (2016).

where k * is a pivot scale, A s is the normalisation of the power spectrum, and n s is the spectral index of the power spectrum, close to unity. Both A s and n s are generally treated as cosmological parameters (see Table 1.1), and the primordial power spectrum P prim (k) ∝ A s k ns .

Assuming a linear evolution of the growth of structures, this primordial power spectrum can be linked to the power spectrum of matter after the recombination P m (k, z), encoding the statistical properties of dark matter and baryons, and their evolution. Using the parametrization from Allen et al. (2011), the linear matter power spectrum can be written

P m (k, z) = G 2 (z)T 2 (k)P prim (k), (1.19) 
where G(z) is the (time dependent) perturbation growth factor and T (k) is a transfer function accounting for all the evolution of density perturbations before the recombination. All these quantities depend on cosmological parameters.

However if the evolution of density perturbations was indeed linear in the first epochs, the beginning of the collapse under the effect of gravity, during the matter era, provoked non linearity to arise at the smallest scales. More particularly, for wavenumbers k ≳ 0.1 -0.15h.Mpc -1 (i.e. scales ≲ 7 -10Mpc.h -1 ) (see e.g. Klypin et al. 2016;Villaescusa-Navarro et al. 2020), density perturbations (e.g. galaxy clusters or more generally dark matter halos) tend to collapse under the effect of gravity, meaning that the perturbations tend to get denser but smaller in comoving coordinates (i.e. their growth is slower than the growth of the universe). This results in a modified shape of the matter power spectrum, with an increased power to the high k (i.e. small scales), as shown in Figure 1.6. Nevertheless, working in linear theory as first approximation, i.e. considering the statistics of a density field smoothed at a radius R, can already capture a substantial fraction of the information contained in the statistical distribution of matter. A good summary of this cosmological information can in particular be retrieved from the variance of the matter distribution σ, which is computed as the integrated power spectrum filtered at a mass scale M . This mass is computed at the smoothing radius R, assuming a spherical matter distribution M = 4πρm R 3 where ρ m is the density of matter

ρ m = ρ crit × Ω m .
We have

σ 2 (M ) = 1 2π 2 +∞ 0 dkk 2 P m (k, z)|W (kR)| 2 ,
(1.20)

where W (kR) is a window, or "top-hat" function

W (kR) = 3 [sin(kR) -kR cos(kR)] (kR) 3 .
(1.21) By convention, this quantity is most often computed inside spheres of 8Mpc of radius, i.e. at scales where the matter distribution can still be considered linear, and at z = 0, i.e. present day. This introduces the cosmological parameter σ 8 , which is measured in most cosmological studies using the large scale structure of the universe as a cosmological probe. Galaxy clusters in particular, in the nodes of the cosmic web, are the result of a gravitational collapse along the three axes, and is thus the environment of the cosmic web which is the closest to spherical symmetry. Being in addition the most overdense structures of the universe, they occupy a particular regime of the matter power spectrum, and thus constitute choice targets for the study and constraint of cosmological parameters including σ 8 , usable de facto as cosmological probes. For this reason, galaxy clusters have become in recent years privileged objects of study for the constraining of cosmological parameters. However, as galaxy clusters are evolving objects containing several matter phases (dark matter and baryons), they are the hosts of physical processes which make the cosmological exploitation of cluster data more difficult. As a result, the study of galaxy clusters has become an entire field of research in cosmology, dedicated to obtain a better understanding of these objects, from their formation to their current state, all the while probing their evolution. This PhD thesis enters completely in this context, tackling the question of the understanding of galaxy clusters through the study of their baryons.

CHAPTER -2 Galaxy clusters

Galaxy clusters are the most massive gravitationally bound structures in the universe >90% of the dedicated literature, A&A language editors.

Baryons : ~16% One of the reasons why galaxy clusters are treated as robust cosmological probes is their matter content, which is considered to be well understood and representative of the global matter content of the universe (Figure 2.1, see the reviews by Borgani & Kravtsov (2011), Kravtsov & Borgani (2012)). More than 80% of the matter budget of galaxy clusters is dark matter, which can only be probed indirectly, via its gravitational effects. The precise estimation of the quantity of dark matter in galaxy clusters can be obtained via the theoretical predictions of simulations, or in data via the gravitational lensing effect, whether it is in the weak or strong regime.

The remainder of the matter budget of galaxy clusters is composed of baryons, which can be split in two phases :

• Galaxies : which constitute a "cold" phase of the baryonic content, at ∼ 10 4 K. Most of the baryonic mass from galaxies is contained in the stars, as the dust and cold gas composing the rest of the baryonic matter inside galaxies count for no more than a few percent in the mass of these objects. Due to their (almost) black body radiation at several thousand K, most of the emission from stars is in visible wavelengths. As a result galaxies could be observed using the first optical telescopes, so that one of the first catalog of diffuse objects, by Charles Messier in the 18th century, already contained around forty neighbouring galaxies. This relative accessibility with respect to the other phases of matter in galaxy clusters is one of the reasons why galaxies have started to be studied long before the other matter components where even discovered, despite accounting for only 2 to 3% of the global matter budget (Lin et al. 2003;Gonzalez et al. 2007;Giodini et al. 2009;Andreon 2010;Planelles et al. 2013;Chiu et al. 2018).

When analysing galaxies in galaxy clusters, the main signals one will use are the optical, UV and IR fluxes coming from the stars. Additional observations of the dust and of the cold galactic gas in far infrared and sub-millimeter/radio data are also possible, however I will not discuss them in this thesis. From the emission of the galaxies, it is possible to extract their stellar properties, including their star formation rates and stellar masses, using the integrated luminosity of emission lines or integrated spectra. For instance, the review from Kennicutt (1998) defines a generic formula for estimating the star formation rate of a galaxy:

SFR[M ⊙ .yr -1 ] = A × L proxy , (2.1)
where L proxy is the luminosity of a proxy either at a particular wavelength (e.g. the H α recombination line, the [OII] forbidden line), or integrated over a wavelength range (e.g. the ultraviolet or far-infrared continuum), and A is a numerical factor specific to the chosen proxy. As the stellar properties of the galaxies modify their global spectral energy distribution (SED), from far-ultraviolet to far-infrared, it is also possible to fit a galaxy SED using spectral templates to derive their star formation rates and stellar masses (see e.g. the SED-fitting codes CIGALE (Burgarella et al. 2005;Noll et al. 2009;Boquien et al. 2019) or LePHARE (Arnouts et al. 1999;Ilbert et al. 2006)). In particular, the optical (blue) and UV regions of the electromagnetic spectrum will probe the formation of massive stars, while optical (red) and near-infrared wavelengths will be a good probe of the low mass star population, which is accounting for the major fraction of the stellar mass in galaxies.

• Gas : Also referred to as the "Intra-Cluster Medium" (ICM), this hot (10 7 -10 8 K) phase accounts for most of the baryonic mass of galaxy clusters (∼13 % of the total mass, ∼81 % of the baryonic mass, (Lin et al. 2003;Gonzalez et al. 2007;Giodini et al. 2009;Andreon 2010;Planelles et al. 2013;Chiu et al. 2018)), although it was discovered more recently than the galactic component. At these high temperatures, the medium is a fully ionized plasma, with electrons travelling free in the ICM. Inside the plasma, free electrons are decelerated and deviated by the electric field from the positively charged nuclei resulting in a Bremsstrahlung radiation which can be observed in X-ray (see Figure 2.2, left panel, Felten et al. (1966)). Following Giodini et al. (2013), the Bremsstrahlung emissivity ϵ of the gas can be approximated to ϵ ≃ 3.0 × 10 -27 T 1/2 gas ρ 2 gas erg.cm -3 .s -1 0.

(2.2)

As the observed galaxy clusters are projected along the line of sight, in X-ray data the emissivity needs to be estimated from the surface brightness SB within a radius r, which is the integrated emissivity along the full line of sight (l.o.s.) :

SB(r) = (1 + z) -4 l.o.s.
ϵ( r 2 + l 2 )dl.

(2.3)

Estimating accurately the Bremsstrahlung emissivity from SB allows to measure the X-ray luminosity at the radius R ∆ , L X,∆ , which from Giodini et al. (2013) can be summarized as

L X,∆ ≃ ϵR 3 ∆ , (2.4) 
and may be used as an observable that scales well with the cluster mass or temperature. As it appears from their respective definitions, ϵ, SB and L X depend on the combination ρ 2 T 1/2 (generally summarized as n 2 e T 1/2 , as the electrons are dominating the total gas density), with SB showing an additional strong dependence on redshift. Using X-ray spectroscopy, the gas temperature T can be derived [START_REF] Sarazin | X-ray emission from clusters of galaxies[END_REF], and thus using the combination of measurements of SB and X-ray spectroscopy, it becomes possible to estimate the cluster gas density ρ(r) and temperature T (r), allowing to measure the mass of gas M gas (r) contained within the cluster at the radius r:

M gas (< r) = r 0 4πr ′2 ρ ( r ′ )dr ′ .
(2.5)

In addition, the free electrons in the gas are responsible for the inelastic inverse Compton scattering of photons from the CMB. As CMB photons are scattered on the hot electrons of the proton, the electron of energy E 1 moving with the velocity v 1 will change trajectory and be slowed down, so that it will leave with the velocity v 2 and the energy E 2 , where E 2 < E 1 and ||v 2 || < ||v 1 ||. The electron loses its energy through the radiation of a photon γ with energy

E γ = E 1 -E 2 .
Right: Schematic representation of the thermal Sunyaev-Zel'dovich effect, from Mroczkowski et al. (2019). When a CMB photon of frequency ν 1 enters the ICM it will be scattered, or "Comptonized" by the free electrons in the hot plasma, and leave it blueshifted with a frequency ν 2 > ν 1 . Bulk motions from the gas may additionally cause a Doppler shift of the CMB photons, via the kSZ effect.

ICM they gain energy, increasing their frequency (see Figure 2.2, right panel) and resulting in a distorted spectral energy distribution. This can be seen in CMB observations as a decrement of low-energy (and thus low-frequency) photons and an increment of high-energy (i.e. highfrequency) photons. This effect, called the thermal Sunyaev-Zel'dovich (tSZ) effect (Sunyaev & Zeldovich 1972, 1980) can be used to investigate the properties of the gas content of galaxy clusters and constrain its physical parameters, as I discuss below. Bulk motions of the gas may add a supplementary distortion of the spectral energy distribution of the CMB photons, known as the kinematic Sunyaev-Zel'dovich effect (kSZ) (Zeldovich & Sunyaev 1969;Sunyaev & Zeldovich 1980). Focusing on the thermal contribution to the SZ effect, the observed signal is characterized by the Compton parameter y, which is an integral along the line of sight, from the Last Scattering Surface to the observer :

y = l.o.s. n e k B T m e c 2 σ T dl, (2.6) 
with c the celerity of light, m e the mass of the electron and σ T the Thomson cross-section. In order to characterize the tSZ emission of galaxy clusters, which have a spatial extension, the tSZ signal is generally expressed as the Compton parameter integrated within a certain solid angle Y tSZ , so that

Y tSZ = Ω ydΩ = 1 D A (z) 2 k B σ T m e c 2 V n e T dV, (2.7)
which is most often computed at R 500 , i.e. Y 500 , and where D A (z) is the angular diameter distance,

D A (z) = c (1 + z)H 0 z 0 dz ′ E(z ′ ) (2.8)
As it appears in equations 2.6 and 2.7, the tSZ signal is proportional to the gas thermal pressure

P th (r) ∝ n e T .
From the study of the baryonic matter in galaxy clusters at multiple wavelengths, it is thus possible to characterize the population and properties of these objects. In particular, the variety of observable signals from the baryons allows to derive a mass and redshift distribution of clusters. Such a distribution is particularly interesting, as it constitutes the base ingredient for the cosmological use of galaxy cluster data. 2009b), highlighting the cosmological dependence of the halo mass function X-ray observations. Left panel : For a standard Λ -CDM cosmology, the predicted number of clusters per bin of mass (plain line) is matching well with the observed one (dots with error bars), up to higher ranges of redshift. Left panel : For a universe without dark energy, the predicted number of clusters per bin of mass is not matching with the observed one for higher redshifts.

. Galaxy clusters as cosmological probes

Galaxy clusters, as the most massive quasi-spherical halos that can be found in the universe, at the endpoint of structure formation, occupy a particular place for the study of the evolution of the large scale structure of the universe. In particular, a large part of the properties of matter in galaxy clusters (dark matter and baryonic matter alike) are tightly correlated to the cosmological history of structure formation. For this reason, the observation of galaxy clusters allows for the construction of several cosmological probes. These can be built from several aspects of cluster observations, whether the cosmological dependencies rely on the statistical distribution of these objects, or more on the properties of their matter content.

. Number counts

From the variance of the matter distribution σ defined in Equation 1.20, it is possible to predict the expected number of spherical dark matter halos depending on their mass, or Halo Mass Function (HMF). In particular, Press & Schechter (1974) define a formalism to predict the number of spherical halos in bins of mass within a given cosmological volume, assuming an initially arbitrary mass distribution of particles, establishing the so-called halo model (see e.g., Bond et al. 1991;Bond & Myers 1996;Sheth & Tormen 1999) to describe the structure of the universe at the largest scales. These particles grow hierarchically over time in a self-similar manner, meaning that their behaviour and properties will replicate at different scales, or masses, and that large structures are simply scaled-up version of the smaller ones. Their mass function, defined as the differential of the mean spatial density of halos n(M, z), is written :

dn dM = - f (σ)ρ m σM dσ dM .
(2.9)

The term f (σ) is a functional form used to fit a generic HMF to data or simulations, hence the name of "fitting function" which can be seen at times. The functional forms of the fitting function are generally derived using clusters from N-body or hydrodynamical simulations, and are only valid in particular ranges of mass, redshift, or density contrasts (see e.g., Tinker et al. (2008); Despali et al. (2016) for the most commonly used parametrizations of the fitting function, or for a more detailed list see Murray et al. (2013)). The HMF gives the number of halos within a cosmological volume depending on their mass and the evolution of this number through time (i.e. with redshift), and as such is a direct consequence of the structure formation history and of the matter distribution in the universe. As such, the HMF is dependent on cosmological parameters, in particular on Ω m and σ 8 (see Allen et al. (2011) and Table 2.1), although it can also be sensitive to the properties of dark energy (see e.g Weller et al. 2002, and references therein). This means that counting the number of dark matter halos in bins of mass and redshift, and comparing this number to the expected number of halos predicted by the halo mass function can be an approach to measure cosmological parameters, as shown in Figure 2.3 from Vikhlinin et al. (2009b). This is what is done in studies of galaxy cluster abundance (or "cluster counts"), which measure the number of galaxy clusters per bins of mass and redshift. The choice of galaxy clusters to probe cosmological parameters based on the predictions of the halo mass function is sensible, as they are the closest environments to spherical dark matter halos. However galaxy clusters are more complex than simple spherical dark matter halos, with a non negligible baryonic component inducing supplementary effects. In addition dark matter cannot be probed directly, and we rely on observations of the baryons to trace the total matter content of galaxy clusters. As a result, to probe the HMF, cluster counts studies rely on a variety of tools and proxies to go from real-world observables to a reconstruction of the halo mass function.

• Mass and redshift estimations : As it appears in equations 1.20 and 2.9, a mass and redshift distribution of clusters is enough to recover the halo mass function and cosmological parameters. Redshift is a direct cluster observable, and can be obtained directly from spectroscopic observations in optical or X-rays. Mass, on the other hand, is not a cluster observable and needs to be estimated via proxies. Most commonly, the total mass can be estimated either via gravitational lensing observations (see Sect. 3.3.3 of Allen et al. (2011) and references therein), or via observations of the baryonic content, using the quantity of the gas (observed in X-rays, see Sect. Allen et al. (2011) and references therein) or the distribution and dynamical properties of the galaxies (observed in visible and infrared wavelengths, see Sect. 3.3.2 of Allen et al. (2011) and references therein). In particular, the mass estimation from the observation of baryons most often relies on several modelling hypotheses :

of

-Sphericity : The matter content of galaxy clusters follows spherical symmetry.

-Self-similarity : The physical properties of galaxy clusters are all identical when scaled by the cluster mass and redshift.

-Hydrostatic equilibrium (X-rays and tSZ observations of the gas) : The gravitational collapse and the pressure support from the gas perfectly compensate each other.

-Dynamical equilibrium (Optical observations of galaxies) : Galaxies move as free test particles at constant speed in the cluster, with the sum of all forces equal to zero.

From optical observations of the galaxies, it is possible to constrain the mass of clusters by measuring the number density of the galaxies ρ gal (r) and their velocity dispersion σ v (r). Using the hypothesis of dynamical equilibrium, the mass is derived from the Jeans formula [START_REF] Binney | Galactic dynamics Bocquet[END_REF] :

M tot,opt (< r) = - rσ v,r (r) 2 G d ln ρ gal d ln r + d ln σ v,r (r) 2 d ln r + 2β(r) , (2.10)
where G is the gravitational constant, σ v,r is the radial component of the velocity dispersion σ v (r) and

β(r) = 1 -σ v,t (r) 2 /σ v,r (r) 2
is the ratio of tangential to radial component of the velocity dispersion.

In X-ray data, the gas density ρ gas (r) and temperature T (r) profiles obtained from the surface brightness and X-ray spectroscopy equally allow to derive the total mass of clusters, assuming hydrostatic equilibrium :

M tot,X (< r) = - rk B T (r) Gµm p d lnρ gas (r) d lnr + d lnT (r) d lnr , (2.11)
where m p is the proton mass, k B the Boltzmann constant, and µ is the mean molecular weight.

Finally, tSZ data, being sensitive to the gas pressure, can also be used to constrain the total mass of clusters. Provided the gas density is known (usually from X-ray observations), the total mass from tSZ observations is, assuming hydrostatic equilibrium :

M tot,SZ (< r) = - r 2 ρ(r)G dP (r)
dr ,

(2.12)

where the total pressure P (r) is usually considered to be limited to the thermal pressure P (r) = P th (r). The most common way of obtaining cluster mass measurements from tSZ is however to use the scaling between Y 500 and the cluster total mass (usually derived from X-ray observations following equation 2.11), as I will discuss later on.

• A selection function : Whether it is due to the scanning strategy, or to the wavelength used for detection, a survey will never observe the complete population of galaxy clusters. As discussed previously in equation 2.3, the X-ray surface brightness of galaxy clusters is sensitive to a combination of the electron density n e and temperature T as n 2 e T 1/2 , and decreases with redshift as (1 + z) -4 . As a result, the X-ray detection is mostly sensitive to the inner regions of galaxy clusters, and as the redshift goes up, X-ray samples are selecting only the more and more massive objects, as the less massive clusters fall below a detection threshold. X-ray selected samples are therefore prone to be shallower than SZ-selected samples, and hosting more concentrated halos. The tSZ signal Y SZ on the other hand is sensitive to the gas thermal pressure n e T and therefore can probe the gas up to the outskirts of the systems, in low density regions. In addition the signal doesn't depend on redshift, and as a result the selection of galaxy clusters based on their tSZ signal-to-noise ratio can be roughly boiled down to a mass selection, with an access to deeper systems, earlier into the formation history of the large scale structure. More thorough discussions on the differences between X-ray and tSZ selected cluster samples can be found in Andrade-Santos et al. (2021) or CHEX-MATE Collaboration et al. (2021). Finally, observations at optical or infrared wavelengths can also be used to detect and select galaxy clusters, either using overdensities of red galaxies as tracers for the presence of clusters (see e.g., Rykoff et al. 2016), but also using spectral properties of the galaxies emission for the most distant systems (Daddi et al. 2021;Shi et al. 2021;Zheng et al. 2021). This selection allows for the detection of systems at too high redshift (galaxy protoclusters) or at too low mass (galaxy groups) to be detected via their X-ray or tSZ emission (see e.g. Gouin et al. 2022a). This selection may however be biased by projection effects leading to overestimated masses (Wu et al. 2022). These different selections need to be accounted for when counting observed galaxy clusters, and thus a redshift-and mass-dependent selection function needs to be defined. From the total number of clusters predicted by the HMF, the selection function will encode the completeness of a survey, i.e. how many of these objects are detected (2.14) inside a particular survey. Following the previous discussions on the cluster mass measurements, the mass-dependent selection function is not directly accessible, and is thus estimated from a function χ depending on observable quantities, mainly cluster signals and scales. The function χ also depends on purely observational parameters, including the coordinates of the observed cluster, the sensitivity of the instrument, the detection method, the survey footprint or integration time. In addition, the intrinsic scatter in the observable-to-mass distribution will induce a biased recovery of the full population. Indeed, due to the steepness of the mass function, there will be more clusters originally below the detection limit which will be scattered upwards above the detection threshold, than clusters originally above the detection limit which will be scattered downwards (see Figure 5 from Allen et al. (2011)). This will result in an increased number of clusters expected at a certain signal-to-noise threshold. All these effects purely related to the observations in themselves also need to be taken into account in order to properly estimate the final selection function.

• Scaling relations : As discussed previously, the mass of galaxy clusters is not a direct observable. In order to go on a systematic basis from cluster observables to mass estimates, observable-to-mass scaling relations, noted P (z, M |observables), are necessary. These scaling relations can be calibrated either on hydrodynamical simulations (see e.g. Evrard 1997;Bryan & Norman 1998;Nagai et al. 2007a;Stanek et al. 2010;Barnes et al. 2017;Truong et al. 2018;Pillepich et al. 2018;Chiu et al. 2018), on X-ray observations (Mohr & Evrard 1997;Mohr et al. 1999;Arnaud & Evrard 1999;Reiprich & Böhringer 2002;O'Hara et al. 2006;Arnaud et al. 2007;Sun et al. 2009;Vikhlinin et al. 2009a;Pratt et al. 2009;Mantz et al. 2016) or on optical observations of the galaxy properties and in weak lensing (Lin et al. 2003(Lin et al. , 2004;;Mulroy et al. 2014;Chiu et al. 2022). In the end a "good" scaling relation allows to derive robust estimations of the cluster masses, thanks to a low observable-to-mass scatter and self-similar predictions which are well verified. These scaling relations depend on the cosmological parameters, notably through their possible redshift evolution, depending on the quantity E(z) and on the Hubble parameter h. In order to reconstruct the HMF, it is necessary for a scaling relation to link an observed quantity (e.g. the tSZ signal Y 500 , the X-ray luminosity L X , or the X-ray analogue of the tSZ signal Y X = M gas × kT )

to the total mass, sometimes in several steps. In addition, the relation between the estimated mass and the true mass is considered to be stochastic. As a result, and additionally to the reasons given when discussing the selection function, the scatter on the observable quantity needs to be accounted for when fitting the scaling relations.

In the end, the expected number N of observed galaxy clusters treated as spherical halos inside a bin of redshift i and a bin of mass j within the solid angle Ω can be written as (Allen et al. 2011) :

N (z i , M j ) = Ω 4π z i+1 z i M j+1 M j dV dz dn dM χ(z, M, l, b)dzdM, (2.15) 
where dV /dz is the volume element, dependent on cosmology, and dn/dM is the halo mass function. (2.16)

If cluster counts are maybe the most standard and straightforward way for constraining cosmological parameters with galaxy clusters, via the use of the cosmology-dependent halo mass function, it is however not the only one. Indeed, a wide variety of observables coming from galaxy clusters are depending on the cosmological history of structure formation, and as such constitute good cosmological probes. Most of these probes directly rely on observations of the matter content in clusters, at multiple wavelengths.

2.1.2 . Properties of the matter content: gas fraction, X/SZ distances, Reference Data

σ 8 Ω m Ω DE w h Number counts V09 X-ray 0.81 ± 0.04 0.26 ± 0.08 1 -Ω m -1.14 ± 0.21 - H09 X-ray 0.88 ± 0.04 0.3 1 -Ω m -1 - M10 X-ray 0.82 ± 0.05 0.23 ± 0.04 1 -Ω m -1.01 ± 0.20 - R10 Optical 0.80 ± 0.07 0.28 ± 0.07 1 -Ω m -1 - P14 tSZ 0.75 ± 0.03 0.29 ± 0.02 1 -Ω m -1 - P16 tSZ 0.76 ± 0.03 0.33 ± 0.03 1 -Ω m -1 - S18 SZ 0.76 ± 0.03 0.32 ± 0.02 1 -Ω m -1.0 ± 0.2 - B19 SZ+X+Opt 0.781 ± 0.037 0.276 ± 0.047 1 -Ω m -1 - B19 SZ+X+Opt 0.766 ± 0.036 0.299 ± 0.049 1 -Ω m -1.55 ± 0.41 - A20 Optical 0.84 ± 0.10 0.179 +0.031 -0.038 1 -Ω m -1 - S22 SZ+X+Opt 0.76 +0.03 -0.04 0.29 +0.04 -0.03 1 -Ω m -1 0.613 +0.013 -0.063 Gas fraction L06 X-ray+SZ - 0.40 +0.28 -0.20 1 -Ω m -1 - A08 X-ray - 0.27 ± 0.06 0.86 ± 0.19 -1 - A08 X-ray - 0.28 ± 0.06 1 -Ω m -1.14 +0.27 -0.35 - E09 X-ray - 0.32 ± 0.05 1 -Ω m -1.1 +0.7 -0.6 - M14 X-ray - 0.27 ± 0.04 0.65 +0.17 -0.22 -1 - M14 X-ray - 0.27 ± 0.04 1 -Ω m -0.98 ± 0.26 - M22 X-ray - 0.257 ± 0.039 0.865 ± 0.119 -1 0.722 ± 0.067 M22 X-ray - 0.256 ± 0.037 1 -Ω m -1.13 +0.17 -0.20 0.722 ± 0.067 X/SZ distances S04 X-ray+SZ - 0.3 1 -Ω m -1 0.69 ± 0.08 B06 X-ray+SZ - 0.3 1 -Ω m -1 0.77 +0.11 -0.09 W21 X-ray+SZ - 0.3 1 -Ω m -1 0.673 +0.213 -0.133 Sparsity C18 X-ray 0.80 ± 0.31 0.42 ± 0.17 1 -Ω m -1 - C21 X-ray+optical0.757 ± 0.067 0.316 ± 0.013 1 -Ω m -1 0.696 ± 0.017
Table 2.1: Current constraints on cosmological parameters from galaxy clusters, adapted from the review of Allen et al. (2011). 

sparsity

The assembly of matter inside galaxy clusters is tightly correlated to the formation history of large scale structure, and as such observing the properties and structuring of matter in galaxy clusters can help in constraining cosmological parameters.

For instance, one can probe the gas mass fraction in galaxy clusters, which is the ratio of the cluster gas mass over its total mass, f gas = M gas /M tot . In particular, the gas fraction is a good proxy for the universal baryon fraction Ω b /Ω m , as the relative quantities of matter components in galaxy clusters are matching well those of the entire universe (White et al. 1993;Evrard 1997;Ettori et al. 2003;Allen et al. 2008;Planelles et al. 2013;Battaglia et al. 2013;Le Brun et al. 2017;Henden et al. 2020;Mantz et al. 2022). I can thus write, as a first approximation :

f gas + f * = M gas + M * M tot ∝ Ω b Ω m , (2.17)
where f * is the cluster stellar mass fraction. However in clusters several contributions from baryons or instrumental effects, potentially evolving with mass and redshift, lead the measured baryon fraction to depart from its universal value. This translates in a multiplicative factor B(z, M ), which I will expand and discuss in length in Chapter 4. As a result, Equation 2.17 can be refined to become:

f gas + f * ∝ B(z, M ) Ω b Ω m .
(2.18)

Then, the observed gas fraction exhibits a dependence on the angular diameter distance f gas ∝ D A (z) 3/2 . Indeed, the physical size of a cluster is R = θD A (z) where θ is the angular radius of the cluster, and the X-ray luminosity from the gas is L X ∝ ϵR 3 ∝ ρ 2 gas R 3 (see Equations 2.2 and 2.4). However the X-ray luminosity can also be expressed with respect to the X-ray flux F X , with

L X = 4πD 2 L (z)F X , where D L (z) = (1 + z) 2 D A (z)
is the luminosity distance. As a result, the gas density can be expressed as ρ gas ∝ D L (z)/D A (z) 3/2 . Following Equation 4.2, the gas mass M gas can be expressed (2.19) which leads to M gas ∝ D L (z)D A (z) 3/2 . The total mass as derived from Equation 2.11 being proportional to the angular diameter distance (discussed in e.g. Allen et al. 2008Allen et al. , 2011)), in the end I indeed find

M gas ∝ ρ gas × 4 3 π(θD A (z)) 3 ,
f gas = M gas M tot ∝ D L (z)D 1/2 A (z) ∝ D 3/2 A (z).
(2.20)

The cosmological sensitivity of f gas thus originates not only from its proportionality to Ω b /Ω m , but also from its dependence on D A (z), making it sensitive to the parameters appearing in its computation : the Hubble parameter h, the fluid density parameters Ω X , and the Dark Energy equation of state w (see Equations 1.14 and 2.8). In the end, to constrain cosmological parameters using f gas observations, one will fit a reference cosmology, while allowing the underlying cosmology (or "test" cosmology) to be varied (see the method from Allen et al. (2008)). As a result the observed gas fraction, fitted in the reference cosmology, shows the following dependency :

f ref gas ∝ Ω b Ω m D A (z) ref D A (z) 3/2 , (2.21)
where any quantity X ref is the quantity X in the reference cosmology. This method relies on the prediction of the gas fraction inside a certain angular radius θ ref , computed at the reference cosmology. This angular radius will differ slightly from the angular radius θ computed in the test cosmology, and an angular correction A must then be considered. This angular correction depends on the considered radius, i.e. density contrast, and under the hypothesis that the gas fraction profiles follow a simple power law form at the vicinity of the considered radius, this angular correction writes :

A ∆ = θ ref ∆ θ ∆ η , (2.22)
where ∆ is the density contrast and η is the power-law slope of the gas fraction profile. The angular correction depends in addition on redshift, as the angular diameter writes θ ∆ = R ∆ /D A (z). Following the discussion from Allen et al. (2008), one can approximate the radius R ∆ ∝ 1/H(z). The angular correction at the density contrast ∆ is thus :

A ∆ (z) = θ ref ∆ θ ∆ η ∼ H(z)D A (z) [H(z)D A (z)] ref η .
(2.23)

As a result, Equation 2.21 becomes

f ref gas ∝ Ω b Ω m A(z) D A (z) ref D A (z) 3/2
.

(2.24)

The stellar mass fraction being proportional to the gas mass fraction (Lin & Mohr 2004;Allen et al. 2008, and references therein), its dependency on A(z) and D A (z) is similar to that of the gas fraction, and Equation 2.18 can thus be rewritten : .25) This finally leads to the model defined in Allen et al. ( 2008)

f gas + f * = B(z, M ) Ω b Ω m A ∆ (z) D ref A D A (z) 3/2 . ( 2 
f gas,∆ (z, M ) = B(z, M ) Ω b Ω m A ∆ (z) D ref A D A (z) 3/2 -f * .
(2.26)

Similarly, the dependence of the gas emission on D A (z) can be exploited through the use of joint X-ray and tSZ observations (see Sect.2.2.3 from Allen et al. ( 2011) and references therein), in the method said of "X/SZ distances". The tSZ signal is characterized by the observed Compton parameter y obs , defined in equation 2.6 and which depends on the gas thermal pressure, i.e. on the electron density and temperature of the gas. From X-ray measurements of the electron density and temperature in the ICM, it is possible to derive a predicted Compton parameter y pred , with

y pred ∝ D 1/2
A . Provided the X-ray flux and temperature measurements are well calibrated, y pred ought to be equal to y obs , and the ratio of y pred and y obs is :

y pred y obs ∝ D ref A D A 1/2 , (2.27)
where D ref A is the angular diameter distance in the reference cosmology, and D A is the same distance in the trial cosmology. Through the angular diameter distance, this ratio of the predicted to observed Compton parameters is sensitive to cosmological parameters, and in particular to the expansion rate of the universe H 0 .

The gas (from X-ray observations) and galaxy (from weak lensing observations) contents can also be used as probes for the underlying dark matter distribution and its shaping and concentration. Indeed the structure of the dark matter halo is totally dictated by the history of structure formation, and as such depends on cosmology. In particular, the sparsity (Balmès et al. 2013) which is the ratio of masses at two different density contrasts (∆ 1 and ∆ 2 ) can be used to probe the shape of the dark matter halo, and is thus sensitive to a combination of the matter density Ω m and the variance of its distribution σ 8 (Balmès et al. 2013;Corasaniti et al. 2018Corasaniti et al. , 2021)). This combination is often expressed as the parameter S 8 = σ 8 Ω m /0.3. 

s ∆ 1 ,∆ 2 = M ∆ 1 /M ∆ 2

. The role of baryonic physics

Galaxy cluster cosmology exclusively relies on a mass and redshift distribution of galaxy clusters. If these distributions seem fairly simple to obtain, a deep and precise understanding of the matter content and its behaviour is however necessary, making the derivation of these quantities a challenge. The dark matter content, which accounts for about ∼84% of the total matter budget, cannot be accessed directly and can only be constrained via proxies coming from the baryons. These ∼16% of baryons are the only available observables and thus propose only an incomplete picture of the global matter distribution. In addition, baryons are sensitive to purely astrophysical processes, like turbulence, bulk motions, shocks, or magnetic fields (Lau et al. 2009;Vazza et al. 2009;Battaglia et al. 2012;Shi et al. 2015;Biffi et al. 2016). These processes add effects during the structure formation and assembly which erases or biases the cosmological information one can retrieve from the observation of the large scale structure. As a result from these effects cosmological constraints may be biased, possibly triggering cosmological tensions, as shown in the practical example below :

Practical example : The hydrostatic mass bias

One of the main modelling hypothesis for the measurement of cluster masses using X-ray data is that the thermal pressure support from the gas perfectly compensates the gravitational collapse, at hydrostatic equilibrium. This assumption allows for the estimation of the total mass inside a radius r using X-ray measurements. This estimated total mass from X-ray, sometimes called the hydrostatic mass, has been defined in Eq. 2.11, using the gas density and temperature profiles. Under the effect of baryonic physics like shocks, turbulence, or other sources of non thermal pressure support, the hydrostatic mass is biased low with respect to the true total mass, such that a hydrostatic mass bias b is introduced (Rasia et al. 2006;Nagai et al. 2007b;Nelson et al. 2012;Shi et al. 2016) (2.28) where M HE it the hydrostatic mass and M true is the true total mass. By convention, the quantity which is generally probed to describe this bias is the ratio of the hydrostatic mass over the true total mass,

, with b = M true -M HE M true ,
B = (1 -b) = M HE M true .
(2.29)

Here B is treated as a global or effective bias, over the complete population of galaxy clusters, and the value of the hydrostatic bias from individual cluster to individual cluster may in fact differ significantly. This bias appears explicitly in the mass calibration of clusters, and thus in the scaling relations necessary for the estimation of cosmological parameters from cluster number counts. Consequently, a change in the value of this parameter will necessarily induce a change in the value of the cosmological parameters inferred from cluster counts. In particular, using galaxy cluster counts it is possible to constrain the cosmological parameter σ 8 , and the most recent measurements from this probe agree around a value globally lower than the values obtained using data from the CMB primary anisotropies (see Table 2. In particular for a mass bias of the order of 40% (i.e. a hydrostatic-to-total mass ratio B ∼ 0.6) constraints on σ 8 from clusters become compatible with the CMB measurement from Planck, and this situation is favored by the combination of tSZ number counts with CMB primary anisotropies (Salvati et al. 2018;Planck Collaboration et al. 2020a). However such a low B induces masses which are much more biased than ordinarily expected from the predictions of hydrodynamical simulations (see Figure 1 of Gianfagna et al. 2021) or from direct measurements using X-ray and weak lensing observations, which rather find a bias of the order of 20% (i.e. B ∼ 0.8) (von der Linden et al. 2014;Hoekstra et al. 2015;Okabe & Smith 2016;Sereno et al. 2017;Salvati et al. 2019;Eckert et al. 2019;McCarthy et al. 2017;Bennett & Sijacki 2022). For this reason, the precise knowledge of the value and behaviour of the hydrostatic mass bias, and more generally a better understanding of the mass calibration of clusters, has been proposed in the latest years as leads to investigate in the effort of resolving the tension on the parameter σ 8 . If in more recent CMB analyses (Planck Collaboration et al. 2016e, 2020a) the constraints on σ 8 have moved to lower values, alleviating the tension below the 2σ level, the discrepancy on the value of the bias however remains, with constraints on B from the combination of CMB and number counts being still significantly lower than the direct measurements.

In addition, baryons carry information on the behaviour of matter during the formation of the large scale structure and assembly of galaxy clusters. In particular, galaxy clusters assemble through successive merger events, which leave their imprint on the baryonic content of clusters. When the matter from merging systems encounter, the gas will be disturbed, with possible apparition of shocks and gas heating, and the trace of these events can be detected in observations of the gas content (Fabian et al. 2003;Markevitch & Vikhlinin 2007;Simionescu et al. 2009;Zhuravleva et al. 2014;Akamatsu et al. 2017;Ge et al. 2020). The dynamical and physical properties of the galaxies will also be modified during the assembling process of clusters. For instance, disturbances of the dynamical equilibrium during mergers can be probed by displacement of the Brightest Cluster Galaxies (BCG) from the center of these systems (Patel et al. 2006;Hashimoto et al. 2014;Lauer et al. 2014;Lange et al. 2018;De Propris et al. 2020). Environmental effects among which heating of the gas or shocks may also result in modifications of their morphology (Dressler 1980;Goto et al. 2003; van der Wel et al. 2007), and the purple contours represent the density of galaxies in the SFR/M * plane of the SDSS MPA-JHU DR8 catalogue (Kauffmann et al. 2003;Brinchmann et al. 2004;Tremonti et al. 2004). This plot corresponds to the Figure 1 from Bonjean et al. (2019Bonjean et al. ( ). 2008;;Cappellari et al. 2011;Strazzullo et al. 2023). The connection of clusters to the rest of the cosmic web, notably via filaments, will also disturb the matter content, with shock fronts in areas where clusters and the surrounding large scale structure meet, infall of galaxies and galaxy groups inside the potential wells, and heating of the gas when going from the filaments to the clusters (Miniati et al. 2000;Ryu et al. 2003;Molnar et al. 2009;Akamatsu et al. 2017;Bonjean et al. 2018;Benavides et al. 2020;Angelinelli et al. 2021;Gouin et al. 2022b). By analyzing the properties of baryons across multiple wavelength ranges, it is then possible to constrain the way galaxy cluster were assembled, how they evolved, and what are their properties at the most recent times. It thus appears that the study of the physics of baryons, both the gas and the galaxies, and the understanding of their behaviour in cluster environments is an imperative. This arises from our need to improve our use of galaxy clusters as cosmological probes, and to obtain information on the properties and evolution of these objects.

. Galaxies

Accounting for no more than a few percent of the global matter content, galaxies still remain valuable targets of observation. The observation of galaxies through optical, infrared of radio/submillimeter spectroscopy allows for a precise measurement of their redshifts, and as such a precise measurement of the redshift of galaxy clusters. Galaxies also allow to accurately trace the full matter distribution inside the cosmic web, allowing to study how galaxy clusters connect to the rest of the large scale structure of the universe, in areas where the gas emission is too faint to be directly detected in X-ray or tSZ surveys. Furthermore, the stellar content and properties of galaxies trace the properties of the baryons and the dynamical state of the environment they evolve in.

As shown in Figure 2.5, the galaxy population in the Star Formation Rate/stellar mass (SFR/M * ) plane is split in two distinct groups, with a Main Sequence of star forming galaxies, and a second population of "passive" galaxies, with lower star formation. Only a few galaxies are remaining in a transitional phase in the "Green Valley" between the two main populations. Inside clusters, galaxies are submitted to effects from their environment, which modify their properties drastically. When being accreted by a cluster, a galaxy gets deprived of its reservoir of cold gas under the effect of the hot gas inside the ICM. The gas reservoir in galaxies can be depleted by processes of harassment (i.e. the 2000), with each point being a galaxy. Asterisks are galaxies with an "Early Type" morphology, i.e. elliptical galaxies, diamonds are the other galaxies in the field of view. The x-axis is the magnitude in the Hubble Space Telescope F814 filter, of central wavelength 814nm. The y-axis is the color estimated from the magnitude difference between the F555 (555nm) and F814 (814nm) filters. F555 -F814 > 0 thus indicates a reddening. A line of early-type galaxies with F555 -F814 > 0, i.e. a Red Sequence, highlights the presence of the galaxy cluster.

frequent high speed encounters of galaxies inside clusters, distorting their shapes Moore et al. 1996), strangulation (cutting of the supply of cold gas, leaving galaxies to deplete themselves gradually of their cold gas through star formation Larson et al. 1980;Balogh et al. 2000) or ram pressure stripping (outflow of the cold gas, pushed away by the pressure of the hot gas Gunn & Gott 1972;[START_REF] Abadi | [END_REF]Quilis et al. 2000). These effects lead to galaxies devoid of the cold gas necessary to form stars and as such most galaxies in galaxy clusters are passive, "dead" galaxies due to this process of quenching (Dressler 1980;Moore et al. 1996;Tanaka et al. 2004;Cooper et al. 2006;Poggianti et al. 2008;Peng et al. 2010;Muzzin et al. 2012;Woo et al. 2013;Förster Schreiber et al. 2014;Kovač et al. 2014;Peng et al. 2015;Strazzullo et al. 2019). Galaxies with low star formation rates host a population of globally older, redder stars than galaxies from the Main Sequence, forming massive blue type O and B stars. Consequently, galaxies inside clusters are in majority red, a property which can be used for their detection in optical data (Gladders & Yee 2000). Indeed, when analysed in a galaxy colormagnitude diagram, the presence of a galaxy cluster is highlighted by a "Red Sequence" (Bower et al. 1992) of passive galaxies, as shown in Figure 2.6.

The properties of galaxies, and in particular their stellar properties, can thus be considered as good probes of their environment, and of effects their environment will produce. As a result, the study of galaxies and of their properties inside galaxy clusters is inescapable when it comes to describe the behaviour of the baryonic content in these systems. In particular, the properties of galaxies being linked to their interaction with the ICM, their study can bring insight not only on stars, but equally on gas.

. The gas

Accounting for most of the baryonic content of galaxy clusters, the gas component is particularly convenient in order to estimate the total mass of these objects, which is a key parameter for their understanding. Globally following the predictions of self-similar evolution in the largest systems, tracing the continuous distribution of matter more accurately than galaxies, and relaxing on shorter timescales than the latter (Allen et al. 2011), the gas is a key ingredient in galaxy cluster cosmology. It is however equally sensitive to physical processes which will cause departures from the 2018), and the green line comes from Ettori (2015). The grey dashed area represents the 90% confidence area from existing observations and uncertainties. ideal conditions of sphericity, equilibrium and self-similar evolution. During the accretion of matter (e.g. Molnar et al. 2009), whether it is as continuous process via the connection to a filament or in a punctual merger event (e.g. Markevitch et al. 2002), the gas may become turbulent or display shock fronts, as I discussed in the beginning of this section. In addition violent events may push the gas out of the potential well of galaxy clusters, resulting in gas depleted objects. In low mass objects, this depletion of the gas may depend on the mass of the cluster, thus giving a way to probe how baryons are affected by the competition between the gravitational collapse and the pressure support in different mass ranges (see e.g. the review by Eckert et al. (2021), or more recently Angelinelli et al. (2023)).

Albeit a complicating factor for cosmological studies, these effects carry crucial information on the processes happening during the formation and evolution of galaxy clusters, and need to be understood. In particular, the properties and dynamical state of the gas will depend heavily on the assembling history of clusters, through succession of mergers of smaller objects. As such, observing the gas allows to understand the way galaxy clusters connect to the rest of their environment, in particular the nearest filaments (e.g., Sanders et al. 2013;Eckert et al. 2015;Malavasi et al. 2020;Gouin et al. 2021). Finally, the gas being a fully ionised plasma, thus mainly composed of free roaming charged particles, large scale magnetic fields can appear, modifying in return the properties of the gas. This modification of the gas properties will modify their X-ray emission, with the production of non-thermal X-ray emission (see the review by Govoni & Feretti (2004)), participating to the nonthermal pressure support of galaxy clusters, which can be interpreted as deviations to the hydrostatic equilibrium (see Eckert et al. 2019, and references therein).

. Interactions between gaseous and stellar phases

In addition to the effects specific to each phase, gas and galaxies interact together, each component of the baryonic mix modifying the properties of the other. As mentioned earlier on, the hot gas from the ICM will deplete the galaxies of their cold gas reservoir, inducing a quenching of their star formation and resulting in an over representation of red, passive galaxies inside galaxy clusters.

Galaxies inside clusters will in return modify the properties of the ICM via strong feedback processes from the stars or galactic nuclei. When the massive stars in galaxies end in core-collapsed supernovae, they eject their outer layers in the surrounding medium. This induces an enrichment of the ICM in heavy metals, mostly driven by core-collapsed Type II supernovae, and partially by type IA supernovae (see e.g. the review by Werner et al. (2008), or McDonald et al. (2016) and references therein).

Active Galactic Nuclei, i.e. supermassive black holes surrounded by a complex structure constituted of a dust and gas torus and an accretion disk in the center of galaxies, equally produce strong effects on the ICM. The energy injection from the AGN produced by the intense radiation of the accretion disk (with luminosities going up to the Eddington limit L Edd = 1.25 × 10 38 M BH /M ⊙ erg.s -1 , where M BH is the black hole mass, often higher than the luminosity of the rest of the host galaxy (Woo & Urry 2002)) coupled to the possible presence of jets, will disturb and heat the gas. This heating in the gas will in turn participate in the depletion of the cold gas reservoir in galaxies following the processes discussed previously, thus participating in the quenching of the star formation in galaxies. In some cases of particularly strong feedback from the AGN, cavities can appear in the ICM, with the gas being pushed away out of the cluster. AGN feedback is actually considered to be the main source of gas depletion in galaxy clusters, responsible for the loss of several percents of their gas in the most massive clusters to more than 40% of the gas content in the least massive groups (see the review from Eckert et al. (2021), or Planelles et al. (2013) and references therein). In Figure 2.7 is displayed the Figure 7 from Eckert et al. (2021), comparing the cluster gas fraction to the universal baryon fraction, depending on mass. In particular, low mass systems show a very low gas fraction, highlighting the strong gas depletion in these objects.

As the emission from galaxies and from the ICM are in two different ranges of frequencies, the observation of clusters in multiple wavelengths is necessary for a good understanding of the baryonic physics. For this reason, my study of galaxies and gas inside clusters relied on a approach using data from several wavelength ranges, namely millimeter (using the tSZ effect), optical, and X-rays.

. Questions addressed in the thesis

As it appears from the previous discussions, a thorough understanding of the physics of ordinary matter in clusters is necessary. Indeed, whether it is by analysing the statistical properties of their mass and redshift distribution or by using the properties of their matter content, galaxy clusters can be used as robust cosmological probes. However, the only observables for galaxy cluster cosmology come from baryons, and a good understanding of their properties is therefore indispensable in the context of cluster cosmology. In addition the properties of the baryonic matter in clusters can be modified by a wide diversity of astrophysical effects, affecting the gas, the galaxies, and triggering interactions between the two baryonic phases. Understanding these effects is a compulsory step to take in the goal of describing accurately the processes behind the formation and the evolution of galaxy clusters. As the astrophysical effects from baryons can also be responsible for biased cosmological constraints, possibly triggering tensions, a particular attention needs to be put on the analysis of the baryonic effects. As both baryonic phases play a significant role in the physical processes shaping galaxy clusters, galaxies and gas alike need to be analysed and understood, through observations at multiple wavelengths. This central subject of the behaviour of baryons inside galaxy clusters has been at the core of my research, which I discuss in this thesis. In particular, my approach of this topic led me to tackle the subject from the angle of three open questions, which are addressed in the thesis.

What can we learn from galaxies on the physics of multiple cluster systems ?

Multiple systems of galaxy clusters, sometimes referred to as galaxy superclusters, constitute unique laboratories for the study of baryonic physics. Due to interactions at the boundaries of each individual sub-cluster, or component, they allow for the observation of events which are very rare or even impossible to observe in isolated, dynamically relaxed galaxy clusters. Shock fronts at the meeting regions of the different components, gas mixing, apparition of gas and galaxy bridges or filaments between each sub-cluster, multiple systems are key systems to analyse in order to understand the assembling process of galaxy clusters (see e.g., Akamatsu et al. 2017;Bardelli et al. 1994;Kull & Böhringer 1999;Einasto et al. 2021;Jôeveer et al. 1978).

Galaxies, in this context, may help in understanding the complex processes taking place inside multiple systems. As their redshift can be precisely estimated using optical spectroscopy, the study of galaxies allows for precise constraints on the structure of these objects in three dimensions. In addition, the properties of the galaxies in terms if morphology, stellar content, and star formation, are strongly impacted by their surrounding environment, in particular by the hot gas.

I thus used optical observation of two multiple cluster systems, PLCKG214.6+36.9 and PLCKG334.8-38.0, to constrain the structure of these objects and their baryonic properties from the redshifts and stellar properties of their galaxies. In particular I investigated the evolution of the quenching in these two systems, highlighting the persistence of star formation in the most distant system, and compared the structure of the galaxy distribution to the distribution of the gas content, probed in X-ray. This work is detailed in Chapter 3 and in Wicker et al. (2023a) 1 .

What is the effect of our modelling hypothesis of the gas on galaxy cluster cosmology ?

The total mass of galaxy clusters is a crucial parameter to constrain, in particular in the context of galaxy cluster cosmology. As it is not directly observable, its derivation can only be achieved through the use of modelling hypotheses on the observable matter content (gas and stars). In particular, when estimating the total mass from X-ray observations of the gas content, all the ICM is considered to be at hydrostatic equilibrium, i.e. at balance between the gravitational collapse and the pressure support. It was shown in past studies that this hypothesis introduced a bias in the mass calibration of clusters, the hydrostatic mass bias (Rasia et al. 2006). It was also shown that this bias was degenerated with cosmological parameters, being a possible source of cosmological tensions (see Pratt et al. 2019, for a review). However the value and behaviour of this bias are still poorly understood, notably with discrepancies existing between local direct measurements or predictions from simulations on one side, and combinations of cluster counts and CMB primary anisotropies on the other side (see references from the practical case in Sect.2.2). In addition, the evolution of the bias with cluster mass and cluster redshift is still poorly understood, with sometimes contradictory results from one study to another (von der Linden et al. 2014;Hoekstra et al. 2015;Smith et al. 2016;Sereno & Ettori 2017;Eckert et al. 2019;Salvati et al. 2019). I thus used cluster gas fraction measurements, sensitive to the hydrostatic mass bias, in order to constrain the value of the bias and its evolution with mass and redshift. In addition, I studied the degeneracy existing between the evolution of the bias and cosmological parameters. This work is detailed in Chapter 4, in Wicker et al. (2022) 2 , in Wicker et al. (2023b) 3 .

How can we improve our constraints on cosmological parameters and astrophysics from a combination of cluster-based cosmological probes ?

In order to obtain cosmological constraints from galaxy clusters, the most standard and straightforward way is to count the number of galaxy clusters inside bins of mass and redshift. Using cluster counts allows to obtain tight and robust constraints on the composition of the universe, on its growth, or on its geometry, notably via the constraints that one can put on the fluid densities including Ω m , the variance of the matter distribution σ 8 , or the equation of state of dark energy w. However, the constraints obtained from this method are fully dependent on the cluster mass calibration, and thus on the value of the hydrostatic mass bias (see the practical example in Sect. 2.2). Cluster gas fraction is also sensitive to cosmological parameters, mainly via its proportionality to the universal baryon fraction Ω b /Ω m and its dependence on the geometry of the universe through the H(z) function. The cosmological sensitivity of f gas is significantly more modest than that of number counts, however this probe is highly sensitive to the hydrostatic mass bias and can be used to constrain it. Combining these two probes is thus interesting, as it can help in obtaining joint constraints both on cosmological parameters and on the hydrostatic mass bias, not relying on priors on one or the other parameters.

To implement this combination of cluster counts and gas fractions I used the cosmological sample of the PSZ2 catalogue of galaxy clusters (Planck Collaboration et al. 2016a), and the gas mass fraction measurements from the Planck-ESZ sample (Planck Collaboration et al. 2011b), given in Wicker et al. (2023b). First studying the constraints which could be obtained on astrophysics and cosmology from both probes taken individually, I then analysed the results from the joint probes. In particular I investigated the effect of combining these probes on the degeneracies between cosmological and astrophysical parameters, and compared the results from the combination of probes to those I obtained when simply assuming priors. This work is detailed in Chapter 5 and in Wicker et al. (in prep).

Part II

Galaxy properties and cluster structure

CHAPTER -3 Stars and galaxies in two multiple cluster systems (based on Wicker et al. 2023a)

Aux quatre coins de Paris qu'on va le retrouver, éparpillé par petits bouts, façon puzzle.

Raoul Volfoni (Les Tontons Flingueurs)

. Multiple cluster systems, galaxy superclusters

In order to properly understand how baryons behave and interact inside galaxy clusters, an accurate description of the full process of cluster assembly must be achieved, from the very first collapsed systems, or protoclusters, to the most recent galaxy clusters. Multiple cluster systems (or superclusters), that is to say an interacting group of two or more galaxy clusters, are in this context invaluable probes. Indeed, they are commonly considered to be objects which are currently forming, and thus choice laboratories for the study of structure formation and its impact on the properties of matter, including baryons.

By studying the spatial distribution of member galaxies with precise coordinate and redshift measurements, it is possible to constrain the structure of multiple systems and how gravitational interaction between each component will disturb the matter distribution (e.g., apparition of galaxy bridges or filaments (see e.g., Tittley & Henriksen 2001;Akamatsu et al. 2017;Bonjean et al. 2018;Govoni et al. 2019;[START_REF] Galárraga-Espinosa | [END_REF], or displacement of the BCG (Brightest Cluster Galaxy) from the center (see the discussion in Sect. 2.2)). The galaxy properties, additionally, give insight on interactions between the different baryonic components. If a majority of passive galaxies are expected following the discussions in Sect. 2.2, the presence of cooling flows during merger events may sometimes refuel the star formation in these complex systems (see for instance Fabian et al. 1982;Li et al. 2015;McDonald et al. 2018).

While multiple cluster systems have long been detected in optical and X-ray surveys and published in catalogues (e.g., Einasto et al. 1997Einasto et al. , 2001;;Liivamägi et al. 2012;Chon et al. 2014;Nadathur & Hotchkiss 2014;Bag et al. 2021), their detection in tSZ data is much more recent. The all-sky survey by Planck (Planck Collaboration et al. 2011a) between 30 and 857 GHz allowed to discover hundreds of clusters of galaxies from their thermal SZ (tSZ) emission, allowing the discovery of rare massive (M 500 > 3 × 10 14 M ⊙ ) and high redshift (z > 0.3) clusters (e.g., Planck Collaboration et al. 2011c). This wealth of observed clusters also permitted the first tSZ observations (Planck Collaboration et al. 2013b) and even discoveries (Planck Collaboration et al. 2011d) of multiple cluster systems. The observation and detection of multiple systems in tSZ data is however key for our understanding of these systems. Indeed, as discussed previously, the independence of the SZ signal on redshift allows to obtain a well-defined selection function, close to a mass-selection of clusters. In addition, its sensitivity to pressure makes tSZ a good way to detect interacting or non-relaxed clusters, which globally show lower electron density in their inner regions (e.g. McDonald et al. 2013). By comparison, X-ray observations preferentially select clusters with a high electron density in their central regions, leading to samples of clusters with higher gas concentration with respect to the tSZ observations. Discussions on the different populations selected by X-ray and tSZ surveys can be found in Rossetti et al. (2017) In this chapter I'll thus discuss the data analysis of multiple cluster systems detected via their tSZ emission. My goal in particular is to investigate the properties of the baryons in such objects. For this work I chose to focus on the galaxies, in optical wavelengths, which prove to be a good tracer for the baryonic effects resulting from cluster-cluster interactions, as discussed above. I moreover took a particular interest in their redshifts, tracing the structure of the systems, and their properties in terms of stellar content and stellar formation, tracing the interactions between the gas and the galaxies. revisited in [START_REF] Lecoq | Nabila Astroparticules et cosmologie université Paris-Saclay[END_REF] and Lecoq et al. (in prep). The analysis of the X-ray deep observation for the PLCK2 multiple-cluster system was also performed by Kolodzig et al. (2021). In addition to measuring the masses for each of the three members (A, B, C), Kolodzig et al. (2021) found that the system has an overall redshift of z ≃ 0.37 but the precision of the X-ray spectroscopic analysis for two members of the triplet was found too low to rule out a projection along the line of sight. The deeper and dedicated XMM-Newton observation of PLCK1 et PLCK2 analysed in Planck Collaboration et al. (2013a), Kolodzig et al. (2021) and Lecoq et al. (in prep) were completed by optical spectroscopic observations from VLT/VIMOS. These optical data were destined to properly constrain the redshifts of each of the three components of the multiple systems in order to confirm or infirm their super-cluster nature and to trace the distribution of matter at the system scale. The observations were also planned so that the nature and properties of the galaxies inside the systems could be studied.

. The

In this chapter, I present the analysis of this dataset and the conclusion derived on the nature of PLCK1 and PLCK2. The outline and content of the chapter are similar to the paper Wicker et al. (2023a), presenting for the first time the analysis of the optical data. I introduce the VLT/VIMOS and additional data used in this study in Sect. 3.3. I present the data reduction in Sect. 3.4 and the analysis in Sect. 3.5. The results obtained on the structure and properties PLCK1 and 2 and their constituting galaxies are presented in Sects. 3.6 and 3.7. Finally, I present my conclusions and opened questions in Sect. 3.8.

. Data

. VLT/VIMOS spectroscopic data

PLCK1 and PLCK2 systems were observed using the VIsible Multi-Object Spectrograph (VIMOS), mounted on the Nasmyth focus B of the UT3 on the Very Large Telescope (VLT). The data have been acquired between 2012 and 2013, in Multi Object Spectroscopy (MOS) mode, using the Low-Resolution Red grism, with a spectral resolution R = 200 and a wavelength range covering from 5500 Å to 9500 Å. For each system, four overlapping fields have been observed to cover the gaps between the four

System #

Step of the analysis quadrants of the instrument, and each field has been observed four times. Note that for PLCK1's fourth field, only three out of four observations could be used due to lacking calibration files. These missing files were necessary for the absolute flux calibration, thus specific to each observation. As this particular field had already been observed three times, I did not try to recover the missing data by calibrating the flux using other files, which could have introduced supplementary uncertainties.

For PLCK1, all four observing fields have an overlapping region on the sky. As a result, the central region of the mosaic, i.e. the central quadrant, where components A and B lie, has been observed sixteen times in total. It is in this area that the number of galaxies is the highest. The masks used for the MOS being different in each field, this strategy allowed to observe a high density of galaxies while still being able to place slits on the observing masks. The observing strategy for PLCK2 is slightly different, with the fields overlapping with each other so that only some regions of the global field have been observed up to twelve times.

. Ancillary photometric data

In order to improve the constraints on the redshift estimate of the components of the multiplecluster systems and to better characterise the galaxies in the field of view of PLCK1 and PLCK2, I have used the NED1 database to obtain ancillary data in the two observed regions.

The PLCK1 source is located in the north hemisphere. When available, I thus used photometric data in the five u, g, r, i, z bands of SDSS, namely DR16 (Ahumada et al. 2020). and the photometric data in the four AllWISE (Cutri et al. 2021) W1, W2, W3 and W4 bands. Allowing to constrain the emission at short wavelengths, the optical photometry will allow to put tight constraints on the star formation rates, dominated by massive blue stars, while the infrared data will allow to probe the population of more numerous low mass red stars, constituting the main fraction of the stellar mass (see Sect. 3.5.2). I specifically selected the galaxies from SDSS and AllWISE which were also present in the spectroscopic data from VLT/VIMOS in the field of PLCK1. To that end, I performed a cross-match based on the galaxy position between the SDSS and AllWISE catalogues, and the VLT/VIMOS sample. I associated the VLT/VIMOS sources to an SDSS or AllWISE galaxy when they fell in a Right Ascension (R.A.)/Declination (Dec.) window of 5" × 5". This window size was selected empirically after visual inspection of the position of the galaxies in the SDSS and VIMOS samples in the field of view. For all the selected AllWISE galaxies, SDSS photometry was avalaible, so that AllWISE photometry can be seen as additional photometry on a subset of the ancillary SDSS photometry. In the end, SDSS flux measurements were available for 83 of the PLCK1 VIMOS galaxies, with additional AllWISE photometric data for 27 of these galaxies. Note that in some photometric bands the only available data were upper limits rather than actual flux measurements. I did not consider those. I give in Table 3.2 the summary of the number of spectra and galaxies I have access to in each step of the analysis.

In a similar manner, I searched for photometric data in the direction of PLCK2 system which is located in the southern hemisphere. In this case, I used the the galaxy and galaxy-group catalogues from the Dark Energy Spectroscopic Instrument (DESI) Legacy Imaging Survey, namely DR8 (Zou et al. 2019). Due to the poor quality of the VIMOS spectra and the low number of galaxies formally recognized to be within the R 500 of the components of PLCK2, I did not attempt to match the VLT/VIMOS spectroscopic sources with the DESI galaxies but rather used the union of the VIMOS and DESI samples to constrain the structure of this system. In particular, VIMOS data alone were sufficient to constrain the redshift of component A, while an input from the group catalog of DESI was necessary to confirm the redshift of component B constrained with VIMOS, and DESI data were necessary to constrain the redshift of PLCK2-C (see Sect. 3.6.2). I found that the DESI galaxy catalogue contained photometric redshifts, stellar masses, and star formation rates for a total of 2190 galaxies in a field of ∼ 20 ′ centred around the position of PLCK2. In addition, the DESI galaxy-group catalogue contained photometric redshifts, richness and mass estimates for 506 galaxy groups in the same field of ∼ 20 ′ around PLCK2.

For three of these groups, I find a match with the position of the X-ray components (A, B, C) associated to PLCK2.

. Data Reduction

The VLT/VIMOS data were processed using the ESOREFLEX pipeline (see Freudling et al. 2013, for detailed information and description of the functioning of the software). The pipeline is built to go from raw 2D images containing multiple spectra to a table of flux-and wavelength-calibrated 1D spectra. The raw data are presented under the form of 2D images, which are first corrected for their bias. Then each spectrum is extracted a first time, as a 2D strip from the image. This 2D strip is wavelength calibrated using the emission lines from an arc lamp, and flux-calibrated using the observation of a standard star. The instrumental response is then computed using a flat field, in order to obtain a uniform response at all wavelength. In order to mitigate the contamination by atmospheric lines, a sky spectrum is acquired simultaneously to the main data, and compared to the spectra. This method is designed to subtract all remaining atmospheric lines. However, I have noted the presence of a remaining strong OH atmospheric line at 7600 Å. I will see in the following (Sect. 3.5.1) that this residual line needs to be taken into account in the process of estimating the redshifts of the observed galaxies. It acts as a significant contamination, and source of degeneracy, when spectral features from the galaxies were not visible within the wavelength range (as was the case for PLCK2).

Eventually, the output of the ESOREFLEX pipeline consists in a set of calibrated spectra and their associated coordinates. This sample includes multiply observed sources (up to 16 for the central quadrant of PLCK1), hence multiple spectra associated to the same source. The observation resulted in 5283 individual spectra for PLCK1 and 4141 for PLCK2.

The following steps of the data reduction thus aim at identifying the multiply observed spectra associated to the same source and computing a single averaged spectrum. In order to carry out this association I performed the analysis in two separate steps. I started by a positional matching of each source, based on a visual inspection. As shown in Figure 3.2 the different pointings of VIMOS show a higher scatter in Declination (Dec.) than in Right Ascension (R.A.), for an unknown reason. Based on this visual inspection I define a window of spatial extension 1.8"(R.A.) × 7.2"(Dec). All the spectra contained within this window are considered to be coming from the same source. In the end, the typical number of spectra within a window is 4 to 5, with occasionally 12 or more associations, in the most central regions of the field of PLCK1, due to the high number of overlapping observations. This simple positional matching cannot however account for the possibility of two different sources, emitting different spectra, being close to each other and both falling in the same window. To that end I checked the overall agreement between the spectra associated with a single source by the positional matching. To do so, I computed a median spectrum, M , and the summed pixel-pixel dispersion D of this median spectrum with respect to each individual spectrum,

D = i∈pixels (S i -M i ) 2 S 2 i , (3.1) 
where S is the considered spectrum which is compared to the median spectrum M . Very similar spectra in terms of their quality and associated with the right source show low dispersion values (∼ 1 -10). On the other hand, spectra with very high dispersion values around the median (> 10 6-8 ) could be considered to be emitted by a different source, or to be too noisy to be analysed anyway. I find that a threshold of D = 550 is a good trade-off between the two regimes and allows to segregate between properly assigned sources and outliers, as shown in Figure 3.3. When one or more spectra inside a positional association are flagged as outliers, they are removed from the association and put back in the pool to go through the association process once again with another source, until all spectra are correctly associated to the right source.

At the end of the complete reduction process, I obtained 922 fully reduced spectra associated with individual sources for PLCK1, and 734 for PLCK2.

. Analysis

. Determining redshifts and galaxy types from spectroscopic data

One of the purposes of this work is to constrain the structure and galaxy properties of the two multiple systems. To that end, good constraints on the galaxy redshifts are necessary, as well as a constraint on the galaxies morphological types. Indeed, morphological types of galaxies are tightly correlated to their star formation activity, with large elliptical (or Early Type) galaxies being mostly passive, while star forming galaxies are mostly disk galaxies with spiral arms (or Late Type) Roberts & Haynes (1994). For this reason, in the remainder of the chapter galaxies identified as Early Type will also be considered passive and galaxies identified as Late Type will be considered as star forming, if no measurement of the galaxy's star formation rate is available.

In order to analyse the reduced spectra and extract from them an estimate of the galaxy redshifts and types, I used the online tool MARZ (Hinton et al. 2016). The software allows its user to fit the data with either star or galaxy spectra and is based on a variety of templates which include Early Type, Star Forming or Transiting galaxy spectra, a quasar-type spectrum, and several stellar spectra (see (Hinton et al. 2016) or Table 3.3 for the detailed list of templates). For each fit a "Quality Operator" (QOP) is assigned, ranging from 1 (when it is impossible to state on the quality of the fit) to 4 (when the fit is labelled as "Great") and a QOP of 6 can be assigned, when the target is a star. Eventually, the MARZ code automatically assigns a template, a redshift and a QOP to a source, based on a correlation product between its spectrum and a template.

I have run MARZ on the sample of spectra for both PLCK1 (922 spectra) and PLCK2 (734 spectra)

and performed a visual inspection of all the individual outputs in order to confirm the assignation of the templates, redshifts and QOP. For the multiple-cluster systems PLCK1 and PLCK2, I found 20 and 24 sources, respectively, associated with stars and discarded from the analysis. In addition and for the rest of the analysis, I discarded all the spectra for which the QOP was 1 as their nature and redshifts were not properly assessed.

It is important to note that in the case of PLCK2, with an estimated redshift z ≃ 0.35 from the X-ray analysis (Planck Collaboration et al. 2011d), the wavelength range of the VLT/VIMOS observation prevented me from accessing the 4000Å spectral discontinuity (Bruzual A. 1983). The 4000Å break usually serves as a reliable reference point for the determination of the redshift of no-emission line early type galaxies. In addition, the contamination from atmospheric OH line at 7600Å (discussed in Sect. 3.4) is at the same wavelength as the Na line for an Early Type Absorption Galaxy at z = 0.29 (see Figure 3.4). As a result the MARZ code tended to automatically associate observed spectra without any emission lines to Early Type galaxies at z = 0.29. I thus chose to set to 1 the QOP of fits for which no clear feature was visible in the spectrum (no emission line nor particular shape of the continuum) that were associated to Early Type galaxies at z = 0.29. This led to the rejection of 20 galaxies from the original sample in PLCK2. I show in Table 3.4 the outputs of this analysis step, in terms of retained spectra, for both multiplecluster systems PLCK1 and PLCK2. Redshifts are determined for each galaxy. For the 561 galaxies retained (i.e. with QOP different from 1 or 6) in the PLCK1 field, I find that 34.8% of the redshifts are in the range [0.44, 0.51]; 18.2% in of them are within [0.44, 0.455] (A and C) and 10.7% within [0.49, 0.506] (B), the cluster redshifts estimated from the X-ray analysis of [START_REF] Lecoq | Nabila Astroparticules et cosmologie université Paris-Saclay[END_REF]. For the 299 galaxies retained in the PLCK2 field, I find that 11.0% of them are in the expected redshift range [0.345, 0.375], estimated from X-rays, and a larger fraction, 15.4%, at z = 0.29 (in the range [0.28, 0.30]), despite rejecting the galaxies flagged due the atmospheric contamination. This hints at a potential actual overdensity of galaxies at this redshift.

The templates automatically assigned by the MARZ code (see Table 3.3) allowed me to obtain galaxy types2 for each of the galaxies in the observed multiple-cluster systems. Among the 561 sources retained as galaxies in the PLCK1 field, I find that 46.2% of them are passive, 22.5% are transitioning and 30.5% are star forming galaxies (the remaining 0.8% are quasars). Restricting the redshift range to that expected from the X-ray analysis of PLCK1 from the Ph.D. of [START_REF] Lecoq | Nabila Astroparticules et cosmologie université Paris-Saclay[END_REF] and Lecoq et al. in prep,namely [0.44,0.51], I find 84.6% early type passive galaxies, 7.7% transitioning and 7.7% star forming galaxies, indicating that the galaxy population is indeed that of clusters with quenched star formation, mainly populated with Early Type galaxies. For the 299 galaxies of the PLCK2 field, I find 42.8% passive galaxies, 19.7% transitioning and 36.8% star forming galaxies (with a remaining 0.7% of quasars). When restricting to the redshift range of the components A and C, namely [0.345, 0.375], I ). Note that in the column "Global", the proportions are given as percentages of the full field. In the columns "Star forming", "Transitioning", "Passive" and "Quasars", the proportions are given as percentages for the considered redshift range.

find 81.8% passive galaxies, 3.0% transitioning and 15.2% star forming galaxies. Here again, the population is dominated by early type passive galaxies, which we expect to find in clusters. In the redshift range [0.28, 0.30] of the component B, I find 30.4% passive galaxies, 34.8% transitioning and 34.8% star forming galaxies. It is worth noting that the fractions are biased given that during the data reduction process I have rejected a non-negligible number of passive galaxies at z = 0.29 due to the atmospheric contamination (20 galaxies, i.e. 30.3% of all the galaxies assigned in the redshift range [0.28, 0.30] by MARZ). The census of redshift ranges and galaxy types for the galaxies outputted from MARZ is given in table 3.5.

. Estimating galaxy properties from photometric data

From the template-fitting approach with MARZ, I could obtain reliable estimates of the galaxy types and redshifts, providing insights on the system structure which are fully compatible with the Xray studies of PLCK1 and PLCK2 (see Sect. 3.6). However, for a good estimation of the stellar properties of galaxies in PLCK1 and PLCK2, a simple assignation of morphological types as proxy for the star formation activity is not sufficient. In order to obtain precise quantitative measurements of the galaxy physical properties inside the two multiple-cluster systems, I thus estimated their stellar masses, M * and star-formation rates (SFR).

None of the main spectroscopic tracers of the star formation were accessible in the data either due to the spectral resolution or to the spectral range. Indeed, the Hα recombination line at 6563 Å and [OII] emission line at 3727 Å, identified as good proxies for the star formation (Kennicutt 1998), were respectively blended with the neighbouring lines (Figure 3.5 left panel) and out of the observed wavelength range (Figure 3.5 right panel). In particular, the [OII] forbidden line was observed only for galaxies with z > 0.5, above the estimated redshifts of PLCK1 and PLCK2 from the X-ray analysis of Planck Collaboration et al. (2011d). In order to constrain the stellar properties of the galaxies, I have thus resorted to an approach based on the SED fitting code CIGALE (Burgarella et al. 2005;Noll et al. 2009;Boquien et al. 2019). When available, I have used the photometric fluxes from SDSS and AllWISE for the SED fitting. For 83 galaxies of the VLT/VIMOS sample from the PLCK1 field, SDSS ugriz photometric fluxes were available from SDSS-DR16. Among these 83 galaxies, 27 of them also had available AllWISE photometry in the bands W1, W2 and W3 (see Table 3.2). I eventually used the SDSS data and its combination with AllWISE when possible to constrain the SFR and stellar masses M * of the galaxies. With the help of Victor Bonjean, we considered a delayed star formation history with optional exponential burst (Małek et al. 2018), a simple stellar population (SSP) from Bruzual & Charlot (2003) with an Initial Mass Function (IMF) from Chabrier (2003), a nebular emission component, a dust attenuation law following Calzetti et al. (2000), and a dust emission following Dale et al. (2014) templates. All models are explained in details in Boquien et al. (2019). The final spectra reconstructed with the combination of these components are eventually convolved with filter responses of the selected surveys to reconstruct modeled magnitudes. Hyperparameters of the models are found with best χ 2 or with Bayesian methods (Boquien et al. 2019) obtained on the observed magnitudes. The SFR and Mstar estimated values are obtained for the best reconstructed magnitudes. Finally, CIGALE provides an estimation of the quality of fit for each galaxy. Based on these estimations I kept the SFR/M * measurements for 72 out of the 83 galaxies.

3.6 . Structure of the systems 3.6.1 . PLCK1 Figure 3.6 left panel shows the 2D projection of the galaxies, with the colour bar indicating the redshifts. The position of the galaxies is compared to the distribution of the X-ray emission, with the R 500 of each component highlighted. I display in Figure 3.6 (right panel) the cumulative histogram distribution of galaxy types and redshifts, in the range [0.4, 0.52] where the system is expected from the X-ray redshift estimate. In this histogram, all galaxy types are vertically stacked inside a bin. I also show in Figure 3.7 (right panel) the 3D distribution of all the galaxies in the field of PLCK1. The colors indicate the galaxy types based on the MARZ templates, with passive galaxies in red, star-forming in blue, and transitioning in green. The spheres illustrate the cluster components (A, B, C) identified in Planck Collaboration et al. (2011d) with their radii (here R 500 ) estimated from the X-ray analysis of Lecoq et al. (in prep.). In Figures 3.6 (right panel) and 3.7, two overdensities of galaxies appear clearly at z ≃ 0.45 and z ≃ 0.5, both corresponding to concentrations of passive galaxies (in red). The first overdensity at z ∼ 0.45 contains galaxies of which the coordinates match with those of the components A and C of PLCK1, forming a cluster pair that I call the "A-C pair" hereafter. The second peak, at z ≃ 0.5, contain galaxies matching with the component B, which I call "cluster B" hereafter. I fitted the redshift distribution for the A-C pair and the cluster B and found z B = 0.498 ± 0.004 (1σ) and z A-C = 0.450 ± 0.004 (1σ). I also fitted the redshift distribution for two individual cluster components A and C (see Figure 3.6 right panel), that gave z A = 0.445 ± 0.002 (1σ) and z C = 0.451 ± 0.002 (1σ) confirming the cluster pair nature of A-C. The spectroscopic redshifts from the VLT/VIMOS the PhD thesis of [START_REF] Lecoq | Nabila Astroparticules et cosmologie université Paris-Saclay[END_REF]). It appears that the PLCK1 multiple-cluster system that was detected by Planck is instead the combined signal from the projection of a cluster pair and an isolated background cluster.

. PLCK2

As discussed in Sect. 3.5.1, the VLT/VIMOS spectroscopic data in the field of PLCK2 suffered two main issues which limited my capacity to determine high quality and large number of redshifts for the components A, B and C. The wavelength range was not quite adapted to the expected redshift of the PLCK2 system, complicating the type and redshift association, and the contamination from the OH atmospheric line introduced a degeneracy with sources at z = 0.29 which translated into rejecting several galaxies. sitioning galaxies can clearly be seen in the redshift distribution at z = 0.29. This partly results from the contamination by the atmospheric line, which despite the rejection of 20 galaxies still appears to have some effect, as I show in Figure 3.9. Indeed, when comparing the photometric redshifts from DESI to the spectroscopic redshifts from VLT/VIMOS in the field of PLCK2, an over-representation of galaxies at z = 0.29 clearly appears in the spectroscopic data. However, the overdensity of galaxies at z = 0.29, in particular star forming and transitioning, cannot be explained by this contamination only. Indeed, star-forming and transitioning galaxies exhibit emission lines which are visible in the wavelength range, and allow for a non-ambiguous redshift and galaxy type association. Unfortunately, only few of these galaxies are inside the R 500 of component B, and most probably belong to the surrounding structure. Besides this main overdensity of galaxies, all other peaks in the distribution are constituted of a handful galaxies each, most of them passive galaxies. The largest overdensity shows a concentration of galaxies at z ≃ 0.37, with coordinates matching those of the component A (see Figure 3.10) However, no clear galaxy overdensity can be linked to the component C.

The galaxies in PLCK2 field and in the redshift range [0.25, 0.42] are displayed in Figure 3.8 (left panel) with the VLT/VIMOS pre-imaging image (gray) and smoothed X-ray contour map (brown) displayed in the background. The blue circles represent the cluster sizes, with their radii R 500 estimated via the analysis of the XMM-Newton data by Kolodzig et al. (2021) and the colour bar indicating the redshift. From the VIMOS data alone, I was able to fit the peaks of the redshift distribution for the components A and B, assuming that the redshift of B was well traced by the redshift of the surrounding galaxies. This hypothesis is backed by the presence of a galaxy group at z = 0.29 at the coordinates of B in the group catalog of DESI. The redshift for cluster A is z A = 0.367±0.003 (1σ) in perfect agreement with the redshift estimated from the X-ray analysis of Kolodzig et al. (2021) and in good agreement with the photometric redshift from the group catalog of the DESI Legacy Imaging Survey. For cluster B, I estimated z B = 0.292 ± 0.002 (1σ), in good agreement with both the X-ray and photometric redshifts (see Table 3.7).

Regarding component C however, too few VIMOS galaxies were available in the region to accurately fit a peak of the redshift distribution. Given the lack of spectroscopic redshifts to determine the redshift of component C and hence to confirm or infirm the nature of PLCK2, I resorted to ancillary data presented in Sect. 3.3.2. First, I cross-matched the sources from the VLT/VIMOS analysis with the DESI galaxy catalogue. Second, I matched the position of the DESI catalogue of groups and clusters with the positions of the PLCK2 components. In both cases, I have performed the positional matching within a region of R 500 radius, the values for A, B and C being estimated in Kolodzig et al. (2021). I illustrate the output of this cross-match in Figure 3.10. The black solid circles around A, B and C components are the R 500 circular areas whereas the black dashed lines represent R 200 . The red crosses are the positions of the three clusters from the DESI catalogue that were found within R 500 from PLCK2 components. The colored pluses represent the galaxies from the VLT/VIMOS analysis with z in [0.25, 0.42] and the colored dots represent the DESI galaxies. The color of the symbols represents the redshift of the galaxies, whether the redshifts are photometric (in the case of DESI) or spectroscopic (in the case of VIMOS). In the case of the DESI galaxies, the size of the symbol represent the specific star formation rate sSFR = SFR/M star . The cross-match of the DESI galaxies at the region of the components shows in Figure 3.10 that component A contains a significant number of DESI galaxies with compatible photometric and spectroscopic redshifts for a proper identification of a galaxy overdensity at z ≃ 0.36 -0.4. For component B, I found a concentration of DESI galaxies within the R 200 region at z ≃ 0.28 -0.30, compatible with the spectroscopic redshift estimated from the VLT/VIMOS data. I show, in Figure 3.11, the comparison between the photometric and spectroscopic redshift distributions within R 500 of the three components. For components A and B, there is a good match between the spectroscopic redshifts from VLT/VIMOS and the photometric redshifts from DESI. For component C however, there is no clear evidence for a unique overdensity of galaxies at fixed redshift. This is highlighted in Figure 3.11, where no particular overdensity of galaxies can be seen in the spectroscopic data. The DESI galaxies however seem to point at a slight overdensity of galaxies between redshifts z ∼ 0.3 and z ∼ 0.4. In addition, the peak of the X-ray emission matches the position of a low-mass galaxy group from the group catalog of DESI, at z = 0.33.

The positional matching of the DESI clusters and the PLCK2 components indicates that only three clusters identified in the DESI survey are found within R 500 from A, B, and C positions with masses and photometric redshifts compatible with the ones estimated from the X-ray analysis of Kolodzig et al. (2021) (see Table 3.7). The ensemble of results, that I obtained from my analysis of the VLT/VIMOS spectroscopic data combined with the ancillary data and compared with the X-ray analysis, allow to put confident constraints on the structure of the PLCK2 system. In particular, with z A = 0.367 ± 0.003, z B = 0.292 ± 0.002, z A ≃ 0.33 respectively, the separation between each component is of the order of 110Mpc when considering a Planck Collaboration et al. (2020a) cosmology. This is once again incompatible with the three clusters belonging to a same supercluster, and point to the fact that the PLCK2 multiple system ends up being the chance association of three independent clusters A, B and C.

. Galaxy stellar properties

. PLCK1

Based on the coordinates and redshifts of the 561 VIMOS galaxies in the PLCK1 field, I determined the membership to each cluster component of the system. I define a cluster-member galaxy as within 2σ of the spectroscopic redshift estimate (Tables 3.6 and3.7) and within R 500 distance from the centre of the cluster (R 500 for each cluster component is determined in Lecoq et al. (in prep)). With this definition of galaxy membership, I find that components A, B and C contain 24, 17, and 26 galaxies respectively. Among them, five in A, eight in B, and four in C have counterparts in the SDSS and AllWISE catalogues, and had their SFR and M * determined following the method described in Sect.

3.5.2.

I focus on the properties of these galaxy members. I display the SFR and M * obtained from the SED fitting in Figure 3.12, where the contours represent the distribution in the PLCK1 field of the 72 galaxies with a satisfactory CIGALE fit. Figure 3.12 clearly exhibits a bimodal distribution of the galaxies in the SFR -M * plane.

A first population of star-forming galaxies (main-sequence galaxies hereafter) lies along a main sequence. It is compared with the computed main sequence derived from Speagle et al. (2014) at the redshift of the A-C pair, z = 0.45 (crimson region, in Fig 3 .12), and at the redshift of component B, z = 0.5 (gold region, in Fig 3.12). A second population of galaxies consists of quiescent galaxies. In this figure, the field galaxies are represented by green dots whereas the galaxy members of the three clusters A, B, and C are shown in pluses, stars and crosses respectively. It appears that most of the galaxies within R 500 from the centre of PLCK1 clusters are in the quiescent region as expected from cluster members. This is particularly the case for the galaxies of the cluster pair A-C at z = 0.45 where galaxies are fully quenched. The galaxies within R 500 of the component B, at z = 0.5, show by contrast an almost equal number of quiescent and main-sequence galaxies, indicating the star formation is still ongoing in this cluster. This result is in agreement with the studies from Spérone-Longin et al. (2021a) and Spérone-Longin et al. (2021b) carried out at millimeter wavelengths using ALMA observations of the CO(3-2) line, within the Spatially Extended ESO Distant Cluster Survey (SEEDisCS). Their work shows a non negligible fraction of star-forming galaxies in the center and the outskirts of the clusters CL1301.7-1139 and CL1411.1-1148, at redshifts of z= 0.48 and z = 0.52 respectively, similar to cluster B in PLCK1. Their results are shown in Figure 3.13, and compared to my measurements of star formation rates and stellar masses for the galaxies in PLCK1.

It is interesting to further investigate whether there is a link between the galaxy properties and the distribution of hot gas at least in terms of the spatial distribution of galaxies. To do so, I display in Figure 3.14 the member galaxies of PLCK1. The galaxies are overlayed on the smoothed X-ray count map (purple colours) and the VLT/VIMOS pre-imagery (gray quadrants). I highlight the galaxy types (passive (red symbols), star-forming (blue symbols), transitioning (green symbols)) from MARZ and those for which I computed the stellar mass and star-formation rate with CIGALE. I find that all galaxies identified as "Star Forming", or Late Types, indeed belong to the main sequence. Conversely, all galaxies, except one, identified as "Passive", or Early Types are indeed in a regime of low star formation. It is worth noting that the passive galaxies are largely dominant in the A-C pair, in the cluster components, where the X-ray emissions peaks. Passive galaxies were also found between the clusters beyond R 500 (see also Figures 3.6 left panel and Figure 3.7). The position of these galaxies, globally following the X-ray emission between component A and C, hints at the presence of a filamentary bridge between the two components, similarly to the case of the cluster pair A399-A401 (Bonjean et al. 2018). The properties of the galaxies in the A-C pair, in terms of quenched star-formation, are also similar to the galaxies in the aforementioned system, harboring quasi-exclusively quiescent galaxies. On the other hand, no galaxy overdensity was identified between the A-C pair and the component B, reasserting the idea that the pair and component B are two different systems. Finally, the galaxies laying in the main sequence (white symbols) are situated in the component B which also contains transiting and Figure 3.12: Distribution of the 83 PLCK1 galaxies with photometric measurements from SDSS and AllWISE on the SFR/M * plane (black contours). Member galaxies of the A (pluses), B (stars), and C (crosses) components are identified as the galaxies withing R 500 from the cluster centers and within 3, σ in redshift. Field galaxies are shown as green dots. Coloured areas represent the main sequence at z = 0.45 (A-C redshift) and z = 0.5 (B redshift). passive galaxies. Although the star forming and main sequence galaxies seem rather on the edges of the clusters, the number of concerned galaxies (1 in A, 2 in C and 5 in B) is not sufficient to consider this observation significant.

. PLCK2

Very few galaxies were identified as members of PLCK2 component based on the cluster sizes, estimated via the analysis of the XMM-Newton data, and on their redshifts. Namely, I found only seven and three galaxies with spectroscopic redshifts in components A and B respectively. No VLT/VIMOS galaxy was found in the component C within R 500 despite the presence of a concentration of galaxies in the DESI data. In Figure 3.15, I show that all the VLT/VIMOS galaxies in cluster A are passive (red symbols) whereas a a majority of B galaxies are active (blue symbols). This is due to the bias introduced during the analysis of the spectra with MARZ (see Sect. 3.5.1).

The limited number of VLT/VIMOS galaxies in A and B fields within R 500 from the cluster centers makes it hard to conclude firmly on the nature of galaxies in the two components. However, I used the DESI data and particularly the provided specific star formation rates (sSFR) for each galaxy. In Figure 3.10 I show overdensities of galaxies with low and very low sSFR (i.e. passive galaxies) within the R 200 of the three clusters, at redshifts matching those of the clusters. These elements point at the fact that the DESI galaxies belonging to the components A and B are not main sequence galaxies but rather quiescent or transitioning galaxies. This hints that the galaxy population inside these systems are indeed dominated by passive galaxies, in agreement with the properties of cluster galaxies.

. Conclusions

In this study of two multiple-cluster systems discovered by Planck, PLCK1 and PLCK2, I have analysed the spectroscopic data from dedicated observations with VLT/VIMOS in combination with ancillary optical and near-IR ancillary data. These observations aimed at determining the nature of the multiple-cluster systems and the properties of their member galaxies.

My analysis of the spectroscopic observation of PLCK1 multiple-cluster shows that the system, detected in the Planck survey via the tSZ signal, is the combined signal from the projection of a cluster pair at z = 0.445±0.002 and an isolated background cluster at z = 0.498±0.004. This result, hinted by the analysis of Planck Collaboration et al. (2013a), is confirmed by an independent re-analysis of the X-ray data from XMM-Newton by Lecoq et al. (in prep). I also show that the multiple-cluster system PLCK2 detected in the Planck data is a chance association of three independent clusters A at z = 0.367 ± 0.003, B at z = 0.292 ± 0.002 and C at z = 0.34 aligned along the line of sight, as hinted by Kolodzig et al. (2021) in their analysis of the XMM-Newton observations. For both PLCK1 and PLCK2, I confirm from ancillary data, namely AllWISE, SDSS and DESI, and from the VLT/VIMOS data that the member galaxies are dominated by passive quiescent galaxies classified either using SED fitting or with template classification. I furthermore find that the highest redshift cluster in PLCK1 at z = 0.498± 0.004 is still the site of star-formation activity, similarly to studies carried out in the mm wavelength on clusters at similar redshifts (Spérone-Longin et al. 2021a,b).

From these results few conclusions can be drawn regarding the behaviour of baryons, and more particularly galaxies, inside multiple cluster systems, as the observed systems were proven not to be actual superclusters. However, this allows to open supplementary questions.

• First, I found remaining hints of ongoing star formation inside the most distant cluster of the two systems, PLCK1-B at z = 0.498 ± 0.004. This finding is similar to those from other studies, in particular those from Spérone-Longin et al. 2014). However at such redshifts, a large variety of situations can be witnessed, with significant cluster-to-cluster variations in the galaxy populations (see the discussion in Sect. 6.1 of Strazzullo et al. (2019), and references therein). These recent findings, albeit not sufficient to statistically constrain a trend of the star formation history, show that around z ∼ 0.5 galaxy clusters can still be found with ongoing star formation activity. This may be a hint that the final steps of the transition between intense star formation in clusters at high z and the current state of fully quenched galaxy populations observed in low-redshift clusters could be taking place around these redshifts.

• Second, I showed that none of the two systems detected as triple cluster systems were indeed three-component superclusters, but were rather the chance association of several isolated clusters by projection effects, bar a cluster pair. The tSZ signal being an integral along the line of sight and independent on z, this could not have been deduced from the tSZ detection and tSZ data alone, even at high resolution. As a consequence, two clusters aligned along the line of sight may have more chance of being detected in tSZ and associated to a pair than two actually co-planar clusters with no overlapping emission. Once again, two occurrences of the phenomenon cannot hope to constrain a potential bias in the tSZ selection. However, one may wonder if these observations simply resulted from a statistical fluke, or if the tSZ detection is indeed more prone to detecting chance association of aligned clusters rather than actual multiple cluster systems.

Unfortunately, answering these two questions is out of the scope of this thesis. However, in order to obtain a good understanding of the history of star formation and cluster detection future investigations in the direction of answering them will be necessary.

Even though the structure of PLCK1 and PLCK2 did not allow for the study of galaxies inside super-clusters specifically, my results still allowed to probe the properties of cluster baryons in their galactic phase. Notably, the over-representation of passive galaxies, albeit expected, confirmed the effect of the hot gas from galaxy clusters, responsible for the galaxy quenching. It thus appears that a thorough study of the properties of the gas is necessary to obtain a more global picture of the baryonic physics taking place inside galaxy clusters. For this reason in the next chapters I'll move my focus from the study of the galaxies to that of the gas in galaxy clusters. Indeed, in addition to being responsible for the modification the galaxy properties, the gas inside the ICM traces accurately the dark matter content up to the outskirts of clusters, and the study of its properties is complimentary to the study of the galaxies for the description of clusters. More particularly, observations of the gas are currently the most standard way to measure cluster masses, a critical parameter for the characterisation of these objects.

CHAPTER -4 The gas mass fraction of clusters as a probe for the hydrostatic mass bias (based on Wicker et al. 2023b)

Je ne suis pas gros ! Non monsieur ! Enveloppé... Tout juste enveloppé !

Obélix (Le tour de Gaule d'Astérix)

. Galaxy cluster mass measurements and cluster gas fraction

In the context of the cosmological use of galaxy clusters, as well as in the more general frame of the understanding of these systems, the measurement of the total mass of galaxy clusters and their mass calibration is a central question. Indeed, a good description of the formation, evolution and population of galaxy clusters can only be obtained provided the masses of these objects are precisely and unambiguously constrained. In addition, it is only via accurate measurements of the total masses in clusters that robust cosmological constraints can be obtained from these objects, as the mass distribution of clusters is the core ingredient in cosmological analyses (see Chapters 1 and 2). A good understanding of the gas content in clusters is crucial in that aspect, as the gas is the main baryonic phase and one of the principal proxies for the measurement of the total mass of clusters (see e.g., [START_REF] Sarazin | X-ray emission from clusters of galaxies[END_REF]Allen et al. 2011, and references therein). This good understanding is even moreso necessary, given that the gas is strongly sensitive to physical effects from the baryons coming on top of the gravitational collapse. These effects will impact the mass measurements and thus need to be taken into account while performing cosmological analyses, as they will introduce systematic uncertainties in the final constraints (see Chapter Most importantly, one of the main modelling hypothesis to compute cluster masses is that of hydrostatic equilibrium (HE hereafter), stating that the gas pressure support perfectly compensates the gravitational collapse, and that the thermal pressure accounts for the entirety of the pressure support. Nevertheless, non-thermal processes such as turbulence, bulk motions, magnetic fields or cosmic rays (Lau et al. 2009;Vazza et al. 2009;Battaglia et al. 2012;Nelson et al. 2014;Shi et al. 2015;Biffi et al. 2016), may also contribute to the pressure support and cause a departure from the equilibrium condition in the ICM. Therefore, the HE assumption leads to cluster mass estimations of the hydrostatic mass M HE biased toward lower values with respect to the total cluster mass M true . The impact of non-thermal processes, and therefore an evaluation for the bias in the cluster mass estimation, was first considered in hydrodynamical simulations (Rasia et al. 2006). Since then, a parametrization for this "hydrostatic mass bias" b = (M true -M HE )/M true has been introduced also in observations (see Planck Collaboration et al. (2014a), or see Pratt et al. (2019) for a review). I stress that this bias affects all the observables which might assume hydrostatic equilibrium when evaluating cluster masses, and thus the gas mass fraction. Throughout this chapter and the following I will use the convention of measuring the hydrostatic mass bias as the hydrostatic-to-total mass ratio B = (1 -b) = M HE /M tot .

As the measurement of the true total mass is not possible in observations, the true value of the hy-drostatic mass bias cannot be measured directly and needs to be estimated from proxies. The most common method is to use weak-lensing mass measurements, considered to be an accurate and robust proxy for the total mass, and compare it to X-ray or tSZ (hydrostatic) mass measurements via the hydrostatic-to-lensing mass ratio M HE /M W L , considered to be a good proxy for B (Zhang et al. 2010;Mahdavi et al. 2013;Gruen et al. 2014;Israel et al. 2014;von der Linden et al. 2014;Hoekstra et al. 2015;Smith et al. 2016;Applegate et al. 2016;Penna-Lima et al. 2017;Medezinski et al. 2018;Ettori et al. 2019;Miyatake et al. 2019;Herbonnet et al. 2020;Lovisari et al. 2020a).

The baryon budget of galaxy clusters can also be used to put constraints on the hydrostatic mass bias, and especially the fraction of hot gas in the ICM which is composing the major part of the baryonic matter inside clusters Gouin et al. (2022b). Indeed the gas mass fraction of galaxy clusters, and references therein). In addition, the hydrostatic mass bias is not the only effect from baryonic physics which impact the measurement of the gas fraction, and which can then be probed by this quantity. For instance, feedback mechanisms inside clusters, like Active Galactic Nuclei (AGN) heating, can drive gas out of the potential wells, resulting in slightly gas-depleted clusters. This depletion of galaxy clusters' gas with respect to the universal baryon fraction is accounted for by the depletion factor Υ (Eke et al. (1998), Crain et al. (2007)). This depletion factor has been thoroughly studied in hydrodynamical simulations throughout the years, in clusters (Kravtsov et al. (2005), Planelles et al. (2013), Sembolini et al. (2016), Henden et al. (2020), and references therein) as well as in filaments Galárraga-Espinosa et al. (2022). As a result, this parameter can be very well constrained and robustly predicted in numerical simulations.

f gas = M gas /M tot , is
If the depletion factor is well constrained and understood, this is not the case for the hydrostatic mass bias as its value is still debated. Indeed, as I discussed in the practical example of Sect. 2.2, in Chapter 2, a discrepancy exists on the value of B between direct measurements finding B ∼ 0.8-0.85, and the value preferred from the combination of CMB primary anisotropies and tSZ cluster counts, closer to B ∼ 0.6 -0.65. In addition, the study from Salvati et al. (2018) shows that when forcing B = 0.8 while assuming a Planck cosmology, the observed cluster number counts are way below the number counts predicted using the CMB best-fit cosmological parameters. In other words, when Throughout the chapter I assume a flat Λ -CDM reference cosmology with H 0 = 70km.s -1 .Mpc -1 , Ω m = 0.3, Ω Λ = 0.7.

. Theoretical modelling and data

. Gas fraction sample

The gas mass fraction is defined as the ratio of the gas mass over the total mass of the cluster,

f gas = M gas M tot . (4.1)
Using X-ray observations, the gas mass is obtained by integrating the density profile ρ(r) inside a certain radius r as shown in equation 4.2 below

M gas (< r) = r 0 4πr ′2 ρ(r ′ )dr ′ . (4.2)
Here, the density profile ρ(r) is obtained from the electron density profile n e (r), measured from X-ray observations. The density is expressed as ρ(r) = µm p (n e (r) + n p (r)), (4.3) where µ is the mean molecular weight, m p the proton mass, n e the electron number density and n p the proton number density with n e = 1.17n p in a fully ionised gas. Using the density profile and a temperature profile T (r), the total hydrostatic mass M HE inside the radius r can be computed by solving the hydrostatic equilibrium equation shown below,

M HE (< r) = - rk B T (r) Gµm p d lnρ(r) d lnr + d lnT (r) d lnr , (4.4) 
where k B is the Boltzmann constant and G the gravitational constant.

Similarly to the gas mass and the hydrostatic mass, the cluster gas mass fraction is thus evaluated within a characteristic radius, determined by the radius of the mass measurements. I define this radius R ∆ , as the radius inside which the mean density contrast is higher than ∆. The gas content inside galaxy clusters is affected by baryonic physics, and the impact of the different astrophysical processes might depend on the considered density contrast. In this work, I focus on gas fractions which were taken at R 500 , and from now on all the quantities that I consider are taken at R 500 . Note that this radius is larger than most studies using the gas fraction of galaxy clusters as a cosmological probe, which are generally carried out at R 2500 (Allen et al. (2002), Allen et al. (2008), Allen et al. (2011), Mantz et al. (2014), Holanda et al. (2020), Mantz et al. (2022)). I briefly discuss this choice of radius in Section 4.5.2.

I computed the gas fraction for the clusters in the Planck-ESZ survey (Planck Collaboration et al. 2011b). In particular, I consider 120 out of 189 clusters of the Planck-ESZ sample, for which I have followup X-ray observations by XMM-Newton up to R 500 , which I still call the ESZ sample for simplicity. The sample therefore spans a total mass range from 2.22 × 10 14 M ⊙ to 1.75 × 10 15 M ⊙ and redshift range from 0.059 to 0.546. I start from the gas and total masses of the clusters which were derived in Lovisari et al. (2020b). I refer the reader to their work for the detailed analysis of the mass evaluation. I just stress here that the total cluster masses were obtained assuming hydrostatic equilibrium, as shown in equation 4.4, therefore inducing the presence of the hydrostatic mass bias. From these gas masses and hydrostatic masses I computed the gas fraction following equation 4.1, to find that they are within the range [0.06, 0.20]. Note that there are correlations between the gas mass and hydrostatic mass measurements. These correlations induce a corrective term when computing the error bars of f gas .

I check that this correlation term (provided by Lorenzo Lovisari, private communication) introduces a negligible contribution to the total error budget (see the discussion in Sect. 4.5.1). I propagate the asymmetric errors from the mass measurements to obtain the uncertainty on f gas . I also note that the Malmquist bias may affect the final results. However it is discussed in Lovisari et al. (2020b) and Andrade-Santos et al. (2021) that this effect is negligible in the case of this sample.

I give the redshifts, gas masses, hydrostatic masses and gas fractions of the clusters from the ESZ sample in Table A.1 in appendix A.11 . I show in 

. Modelling of the observed gas fraction

Following the discussion in Chapter 2 from Equations 2.17 to 2.25, the expected gas fraction as computed in a reference cosmology is

f gas (M, z) = BA(z) Ω b Ω m D ref A (z) D A (z) 3/2 -f * , (4.5) 
where the factor B accounts for all the baryonic and instrumental contributions responsible for a deviation of the cluster baryon fraction with respect to the universal Ω b /Ω m . This term can be split in three different individual contributions :

• The hydrostatic mass is used to evaluate the total cluster mass, yet is biased low with respect to the true total mass by a factor B = M HE /M true . The measured gas mass fraction is thus :

f gas,mes = M gas M HE = M gas B × M true = 1 B × f gas,true . (4.6)
By definition of the stellar mass fraction f * = M * /M tot , this quantity is similarly affected by the hydrostatic mass bias, so that in the end I simply have :

B ∝ 1 B .
(4.7)

• In addition, baryons in galaxy clusters are depleted with respect to the universal baryon fraction Ω b /Ω m , under the effect feedback from the stars or AGN (see the discussion in Chapter 2). This is taken into account by the so-called depletion factor Υ, where

f gas + f * ∝ Υ Ω b Ω m . (4.8)
As a consequence, Equation 4.7 can be refined as

B ∝ Υ B .
(4.9)

• Finally, instrumental calibration effects may bias the total mass measurements, and thus impact the gas and stellar mass fractions estimation. Similarly to the hydrostatic mass bias and depletion factor, this contribution is accounted for by a multiplicative factor noted K, which I take in a conservative manner as K = 1.0 ± 0.1 following Allen et al. (2008).

Finally the factor B thus writes :

B = K Υ B .
(4.10)

As a result, the complete form of the model which is fitted to the gas fraction data is the one described in Allen et al. (2008):

f gas,T h (M, z) = K Υ(M, z) B(M, z) A(z) Ω b Ω m D ref A (z) D A (z) 3/2 -f * . (4.11)
In this equation, D A is the angular diameter distance, and A(z) is an angular correction which I show below :

A(z) = θ ref 500 θ 500 η = R ref 500 D A (z) R 500 D A (z) ref η .
(4.12)

The parameter η accounts for the slope of the f gas profiles enclosed in a spherical shell. Here I take η = 0.442 from Mantz et al. (2014). I highlight here that this value was obtained at R 2500 , where the gas fraction profiles are generally steeper than at larger radii (see e.g. the gas fraction profiles of clusters in the X-COP study from Eckert et al. (2019)). As a result, η may possibly go to slightly lower values than the one cited here. A(z) being however very close to one for realistic models and within the range of parameters I considered, the value of this parameter has a negligible impact on my results. I checked in particular the impact of modifying the value of η in the range [0, 1.5] on the trends of f gas when considering sets of cosmological parameters close to those of the reference cosmology, to find only minor differences.

Note that the radii considered here are linked to the cluster total masses by R 500 ∝ M 1/3 500 , and as a result are also subject to the hydrostatic bias, with R 500,HE = R 500,true B 1/3 . However this is of no consequence in the computation of A(z), as the ratio of R ref 500 and R 500 in the test cosmology leads to B cancelling out. Following the discussion from 2 in Equations 2.22 and 2.23, the angular correction can thus be simply approximated as

A(z) ≃ H(z)D A (z) [H(z)D A (z)] ref η . (4.13)
Note that this model is valid as self-similarity is assumed, which I do here. In particular, deviations from self-similarity may trigger an evolution of the gas fraction with mass and redshift, of which the effects would be degenerated with deviations from the hydrostatic equilibrium. I thus discuss in depth this hypothesis in Section 4.5.1.

. Methods

My purpose in this work is to use the gas mass fraction of galaxy clusters to constrain the value of the hydrostatic mass bias, and particularly its evolution with mass and redshift. In particular, the role of such an evolution of the bias on the subsequent cosmological constraints derived from f gas data needs to be assessed. I remind here that all constraints derived from gas mass fraction data are obtained by comparing the measured gas fraction to the theoretical gas fraction expected from equation 4.11, which is proportional to the universal baryon fraction. As a consequence of this proportionality, all the other constraints are deduced as corrections needed to match the observed f gas in clusters to the constant Ω b /Ω m . As discussed in Section 4.2, one of these correction terms accounts for the baryonic effects taking place in the ICM. These baryonic effects are accounted for by the depletion factor Υ(M, z) and the hydrostatic bias B(M, z), which I am interested in. As shown in equation 4.11, I cannot constrain independently B(M, z) and Υ(M, z), as the two parameters are strongly degenerated. What I have access to instead is the ratio of the two quantities, Υ(M, z)/B(M, z). In order to break this degeneracy and properly constrain the bias, strong constraints on the depletion factor and its evolution with mass and redshift are required. Obtaining such results is however out of the scope of my study, and I retrieve these constraints from hydrodynamical simulations works.

Bias evolution study Sample dependence of the results Reference

Parameter Prior Prior ularly strong for groups and low mass clusters (M 500 < 2.10 14 M ⊙ ). Indeed, in such low mass systems, the gravitational potential wells will be shallower, and will fail to retain most of the gas under the effect of strong feedback from AGN. This results in a highly-depleted systems, with a strong mass evolution (see the review by Eckert et al. (2021)). However, at higher masses (M 500 ≳ 2 × 10 14 M ⊙ ), galaxy clusters are much more efficient in retaining their gas and the mass evolution of the depletion becomes negligible in this regime (see the discussion in Section 3.1.1 of Eckert et al. (2019) based on results from The Three Hundred Project simulations Cui et al. (2018)). In the Planck-ESZ sample, the minimal cluster mass is M 500 = 2.22 × 10 14 M ⊙ , thus falling in the higher mass regime.

Works from Planelles et al. (2013) and Battaglia et al. (2013) equally show that the depletion factor is constant with redshift when working at R 500 . Throughout the paper I thus assume a constant depletion factor with mass and redshift Υ 0 = 0.85 ± 0.03, based on hydrodynamical simulations from Planelles et al. (2013). In the discussion of section 4.5.1, I compare the results I obtain with this value to the results I obtain when assuming Υ = 0.94 ± 0.04 from Eckert et al. (2019), showing no strong modification in the final constraints.

. Bias evolution modelling

In order to analyze a possible mass and redshift evolution of the mass bias, I consider a power law evolution for the hydrostatic bias, with pivot masses and redshifts set at the mean values of the considered cluster sample :

B(z, M ) = B 0 M ⟨M ⟩ α 1 + z ⟨1 + z⟩ β (4.14)
with B 0 an amplitude.

I chose this model for the sake of simplicity following what is done in Salvati et al. (2019), as the exact dependence of B on mass and redshift is not known. In Section 4.5.1 I discuss the role of this parametrization by comparing my results with a linear evolution of B, and find results similar to those of the power law description. The complete likelihood function thus writes, assuming no deviation from self-similarity :

-2 ln L = i        ln 2πs 2 i + f gas,i -K Υ 0 B 0 M i ⟨M ⟩ -α 1+z i ⟨1+z⟩ -β A(z i , h, Ω m ) Ω b Ωm D ref A (z i ) D A (z i ,h,Ωm) 3/2 + f * 2 s 2 i        , (4.15) where s 2 i = σ 2 i + f 2 gas,T h σ 2 f , (4.16)
with σ i the uncertainties on the gas fraction data, and f gas,T h the gas fraction expected from equation 4.11. The parameter σ f is the fractional intrinsic scatter of the data, which I treat as a free parameter.

. Free cosmology study

In the first part of my analysis I simply assess the necessity to consider an evolving bias, by looking at the impact of assuming such a variation on the subsequent cosmological constraints. To do so, I compare the posterior distributions in three different cases :

• In the first case I let free the baryon fraction Ω b /Ω m , the matter density Ω m , and the parameters accounting for the variation of the bias α, β and B 0 . I will refer to this scenario as "VB".

• In the second case I let free only the cosmological parameters and fix the bias parameters α = 0 and β = 0, resulting in a constant bias at the value B 0 . This scenario will be noted in the rest of the paper as "CB". • Due to a degeneracy between β and Ω m which I will discuss later on, I also look at the results when leaving the set of parameters (B 0 , α, β, Ω b /Ω m ) free but assuming a prior on Ω m , in order to break this degeneracy and constrain β more accurately. I call this scenario "VB + Ω m ".

The set of parameters for which I assume flat priors in this part of the study is thus (B 0 , α, β, Ω b /Ω m , Ω m , σ f ), as I show in the first column of Table 4.1. This work is performed on the entirety of the cluster sample, for which the mean mass and redshift are :

(M f ull , z f ull ) = (6.42 × 10 14 M ⊙ , 0.218) (4.17)
Throughout this whole part of the analysis, I consider a prior on the total value of the bias for a certain cluster mass and redshift, taken from the Canadian Cluster Comparison Project -Multi Epoch Nearby Cluster Survey (CCCP-MENeaCS) analysis Herbonnet et al. (2020) : 4.18) where z CCCP -M EN eaCS = 0.189 and M CCCP -M EN eaCS = 6.24 × 10 14 M ⊙ are the mean mass and redshift for the CCCP-MENeaCS sample.

B(z CCCP -M EN eaCS , M CCCP -M EN eaCS ) = 0.84 ± 0.04, ( 

. Sample dependence tests

In Salvati et al. (2019), where the possibility for an evolution of the bias is probed using tSZ cluster counts, the trends of the bias are shown to be dependent on the considered sample, especially given the redshift selection of the sample. I thus chose to look into possible sample dependencies of my results regarding the value of the bias parameters B 0 , α and β, in f gas data. To that end I focus on different subsamples inside the main sample, based on mass and redshift selections. Matching the selection from weak lensing studies like the Comparing Masses in Literature (CoMaLit Sereno & Ettori 2017) or Local Cluster Substructure Survey (LoCuSS Smith et al. 2016) studies, I operate a redshift cut at z = 0.2, differentiating clusters that are above or below this threshold value. This choice was also motivated by the results from Salvati et al. (2019), investigating the hydrostatic mass bias from the perspective of tSZ number counts. Their study showed that the trends in the mass bias depended on the considered redshift range, with results changing when considering only clusters with z > 0.2.

I also perform a mass selection, differentiating between the clusters that are above or below the median mass of the sample M med = 5.89 × 10 14 M ⊙ .

In summary, the samples I am considering in this study are the following :

• The full sample of 120 clusters, with the mean mass and redshift given previously in equation 4.17.

• Clusters with z < 0. I do not consider the "Low z -high M" and "High z -low M" subsamples as by construction they do not contain enough clusters (respectively 15 and 13) to obtain meaningful results. For illustration purposes I show in Figure 4.2 the binned mass-redshift plane of the sample, with the delimitation of the different subsamples. Inside each bin I compute the mean value of f gas if at least one cluster is inside the bin. To carry out this study of the sample dependence I compare the posterior distributions obtained when running the MCMC on the three aforementioned samples independently. Note that for this test, I remain in the VB+Ω m scenario, and that I add a prior on Ω b /Ω m . This choice is motivated by the presence of a degeneracy between the baryon fraction and the amplitude of the bias B 0 . This degeneracy is broken in the first part of the analysis by assuming a prior on the total value of the bias. However, when trying to compare all the bias parameters between samples (including the amplitude), I do not wish to be dependent on such a prior. The universal baryon fraction being well known and constrained, a prior on this quantity is thus a convenient way to break the degeneracy between Ω b /Ω m and B 0 and still obtain meaningful results on the value of all the bias parameters.

The set of parameters following flat priors in this part of the study is thus (B 0 , α, β, σ f ), as I show in the second column of Table 4.1.

In brief, I adopt the list of priors given in Table 4.1 to constrain the parameters used to describe my f gas data. I fit the model in equation 4.11 to the f gas data with an MCMC approach using the sampler emcee Foreman-Mackey et al. (2013). Note that the prior I consider on f * = 0.015 ± 0.005 coming from Eckert et al. (2019) has close to no effect on my final results, as this term in equation 4.11 is almost negligible.

. Results

. Bias evolution study

In the first section of this analysis I intend on studying the possibility of an evolution of the hydrostatic mass bias with cluster mass and redshift. To that purpose I compare the cosmological constraints obtained on the full sample when considering a constant bias to those obtained when leaving the bias free to vary. The results I obtained with this description are summed up in Figure 4.3,4.4 and in Table 4.2. In the VB case, i.e. when leaving the set of parameters (B 0 , α, β, Ω b /Ω m , Ω m , σ f ) free with a prior on the total value of B, I show that a mass independent bias seems to be favored. Indeed with α = I zoom in on this degeneracy in Figure 4.3 and show that higher values of β call for higher values of Ω m . This degeneracy can be explained by the fact that both parameters are encoding a redshift dependence of the gas fraction. Indeed, Ω m intervenes in the computation of D A (z) and H(z), which drive a part of the sensitivity of f gas to cosmology. I thus argue that this degeneracy between β and Ω m that I show here in a simple Flat-ΛCDM model could also be observed between β and any other cosmological parameter, as long as they appear in the computation of D A (z) or H(z) (e.g. H 0 , w or Ω Λ ).

On a side note, I show a slight degeneracy between the baryon fraction Ω b /Ω m and β, with a lower Ω b /Ω m implying a higher β, closer to 0. This degeneracy is caused by the combined effect of the degeneracy between β and Ω m , and the degeneracy between Ω b /Ω m and Ω m , which is expected and which I also show in Figure 4.4. As the matter density Ω m has been strongly constrained in a number of works, I chose to assume a Planck Collaboration et al. (2020a) prior on this parameter (see Table 4.1) to break its degeneracy with β, in the VB + Ω m scenario. The effect of this prior is negligible on the constraints on α and Ω b /Ω m , as I obtain α = -0.057 ± 0.038 and 0.160 +0.016 -0.025 , fully compatible with the results obtained without this prior. On the other hand the use of this prior allows to constrain β. I show that the hydrostatic bias seems to show a strong redshift dependence, with β = -0.64 ± 0.18. This value of β < 0 would mean a value of B decreasing with redshift, that is to say more and more biased masses toward higher redshifts. I also note a slight degeneracy between α and β, but this is most probably due to selection effects of the sample. As the higher redshift clusters tend to mostly have higher masses (see Figure 4.2), a redshift trend of the bias could then be interpreted as a slight mass trend (or the reverse), explaining this degeneracy. These selection effects causing the degeneracy are those I explore in the second part of the analysis when looking at the sample dependence of the results (see Sect 4.4.2).

The effect of assuming a constant bias (α = β = 0) in the CB case does not have a strong impact on my constraints on Ω b /Ω m , which peaks just slightly below the Planck value but remains compatible, with Ω b /Ω m = 0.140 +0.014 -0.020 . B 0 is slightly above yet compatible with the value found in the varying bias case, with B 0 = 0.842 ± 0.040. This is simply caused by the fact that for a constant bias the amplitude B 0 is now completely determined by the total value of the bias. On the other hand, due to the degeneracy between β and Ω m , imposing no redshift evolution of the bias requires a very high matter density, resulting in Ω m > 0.860, fully incompatible with the Planck value. Such a high matter density is actually not expected in current standard cosmology and is totally aberrant.

As such, I show that I need to assume an evolution of the hydrostatic mass bias, at least in redshift, to properly describe the f gas data from the Planck-ESZ sample. In the rest of my study I focus on exploring the bias evolution. I thus consider only the VB + Ω m scenario, to be able to constrain β despite its degeneracy with the matter density. I also assume a Planck Collaboration et al. (2020a) prior on Ω b /Ω m , as the universal baryon fraction is degenerated with the total value of the bias (see equation 4.11). The bias parameters (B 0 , α, β) are thus left free, and I chose not to use a prior on the total value of B anymore.

. Sample dependence of the results

If an evolution of the bias seems necessary to properly constrain cosmological parameters using f gas data at R 500 , the strength of this evolution might differ depending on the masses and redshifts of the clusters I consider. I thus repeat the previous study, this time focusing only on the bias parameters, on the previously defined LowMz and HighMz subsamples in addition to the full sample. I remind that in this section, I am considering the VB + Ω m scenario, with an additional prior on Ω b /Ω m .

The summary of my results is given in Table 4. 3 and Figures 4.6 and 4.5. My results when considering the full sample are, as expected, the same as when adopting flat priors on the cosmological parameters. The only slight exception is B 0 , peaking slightly higher due to the absence of a prior on the total bias. I find an amplitude B 0,f ull = 0.840 ± 0.095. The parameters accounting for the bias evolution remain unchanged, with α f ull = -0.057 ± 0.038 and β f ull = -0.64 ± 0.18. These results then remain compatible with no mass evolution of the bias but still find a strong hint for a redshift dependence. -0.78 , I show that my results are fully compatible with no mass evolution of the bias, even with the posterior of α peaking slightly above 0 contrary to the other samples. More importantly, I show a strong decreasing trend of B with redshift, as I obtain β peaking close to -1. I note that the posterior distribution for this subsample is quite wider than for the full sample or the HighMz subsample. This is due to the smaller mass and redshift range of this sample (see Figure 4.2), diminishing its constraining power with respect to the other two selections. This is however sufficient to highlight a redshift dependence of the bias when considering the least massive clusters of the sample at the lowest redshifts.

Parameter

In was highlighted in the contours of Figure 4.6, which is that the results obtained for the full sample mainly fall in between the two extreme cases of the LowMz and HighMz subsamples. Secondly I show that the incompatibility between the two smaller subsamples is well visible in the result of the fits.

In the bottom two panels showing the f gas (M ) relation, the LowMz and HighMz even seem to exhibit opposite trends, similarly to what was seen in Figure 4.6. Finally I note an offset in the relative positions of the curves for the two subsamples, depending on mass and redshift. This is simply due to the fact that my model describes a simultaneous evolution of the bias both with mass and redshift, which happens to be non-zero in this case.

In summary I thus claim to find strong evidence for a sample dependence of my results regarding the mass and redshift evolution of the hydrostatic mass bias. Such sample dependence had already been noted in other works studying the evolution of the bias using tSZ cluster counts, but not when using f gas data. (Herbonnet et al. 2020), which was used to derive the prior on the total bias used as baseline in this study. The dashed black rectangle corresponds to the CCCP cluster sample (Hoekstra et al. 2015) which was used to derive the prior on the bias I use here as a comparison.

. Discussion

As I have shown in the previous section, considering an evolution of the bias seems to be necessary to infer sensible cosmological constraints. On the other hand, the variation of the bias that I measure is very dependent on the sample I consider, as I show different trends of the bias depending on mass and redshift selections inside the main sample. I discuss these results here, trying to take into account all the systematic effects that could appear and bias my results. I also compare my findings to previous studies which focused on the bias and its evolution, from different probes.

. Possible sources of systematic effects

Role of the priors

Throughout my study, I assumed gaussian priors on some of the fitted parameters in order to obtain satisfactory constraints. For obvious reasons, these priors need to be well motivated, as mindlessly adding these could lead to over-constraining parameters, and biasing the results. In particular, I chose to put a gaussian prior on the total value of the bias in the first part of my study, and a gaussian prior on the depletion factor Υ throughout the whole work. I propose here to check that assuming these priors did not have a strong impact on the final quality of the results.

In the free cosmology part of my analysis, I assume a prior on the total bias coming from the CCCP-MENeaCS study (Herbonnet et al. 2020), In the left part of the table I give the results assuming a prior on the total value of the bias. In the right part of the table I don't assume such a prior. All uncertainties and limits are at the 68% c.l.

B(z CCCP -M EN eaCS , M CCCP -M EN eaCS ) = 0.84 ± 0.04.
In order to investigate the role of the prior, I compare my results in this baseline description with those I obtain when considering a prior from the CCCP analysis of Hoekstra et al. (2015):

B(z CCCP , M CCCP ) = 0.780 ± 0.092 (4.22) 
with (z CCCP , M CCCP ) = (0.246, 14.83 × 10 14 h -1 M ⊙ ). As I show in -0.024 in the CB case, which was expected. In order to properly assess the effect of the depletion factor on my conclusions, I performed runs of the VB scenario when considering two different values of the depletion. I considered first the baseline value assumed throughout the paper Υ 0 = 0.85 ± 0.03 from Planelles et al. (2013), which I compared to Υ 0 = 0.94 ± 0.04 from Eckert et al. (2019). Both constraints were obtained using hydrodynamical simulations, considering comparable mass ranges (> 2 × 10 14 M ⊙ .h -1 for Planelles et al. (2013) and > 3 × 10 14 M ⊙ for Eckert et al. (2019)), taken at z = 0, encompassing the mass ranges of my analysis.

When I apply such a 10% shift in the value of the depletion, I do not observe a significant shift in the value of the other parameters, as I show in Figure 4.9 and Table 4.4 (left part). I however acknowledge that this result may be due to the presence of the prior on the total value of the bias, which I assume in the first part of the analysis. To try to quantify the impact of this prior, I leave the bias fully free in second MCMC runs. I show the results in Figure 4.10 Table 4.4 (right part). Similarly to the previous case, I do not observe a particular shift of the constraints from a shift of the depletion, although this may be mainly driven by the very low constraining power I have in this case. Indeed in the case of B and Ω b /Ω m , the posterior distribution is occupying the full range of the flat prior. In addition, I do not find a degeneracy between Υ and other parameters, including B 0 or cosmological parameters.

I note that here B 0 goes to values > 1, although the width of the posterior distribution is such that this value still remains in agreement with a value of ∼ 0.8. This can be imputed to a chain of degeneracies between β, Ω b /Ω m and B 0 . As in the VB case β exhibits a bimodal posterior distribution with a higher peak close to 0, Ω b /Ω m is pushed to higher values, following the slight degeneracy discussed in Sect. 4.4.1. This leads in turn to high values of B 0 , pushed by the high values of Ω b /Ω m . It thus appears that even though the choice of gaussian priors may represent an important source of systematics, modifying the priors on the total value of the bias and on the depletion does not produce such strong changes on my results. It is however worth noting that this remains true only for reasonable shift of the priors, i.e. when the mass and redshift ranges of the cluster samples used to derive the priors are matching well with those of the ESZ sample.

Instrumental calibration effects

All of the masses used in this work were taken from Lovisari et al. (2020b), where the authors used XMM-Newton observations. Possible calibration effects may have impacted the mass measurements in their work and induced biases (see e.g. Mahdavi et al. (2013) or Schellenberger et al. (2015)). This effect has been taken into account under the form of a K = 1.0 ± 0.1 parameter in my analysis, but I try here to check if this assumption is sensible. The clusters of the Planck-ESZ sample have also been observed using Chandra, in Andrade-Santos et al. ( 2021). From their work I retrieve their total masses and compare them to the XMM-Newton masses. The result of the comparison is shown in Figure 4.11. I perform a fit of the point cloud in the log-log space, assuming a linear model of the form log(M XM M ) = a log(M Chandra ) + b. Similarly to the model I defined in equation 4.14 when studying the evolution of the bias, I set a pivot to the mean value of the Chandra masses, ⟨M Chandra ⟩ = 6.32 × 10 14 M ⊙ . Note that the results I present below do not change when putting the pivot at the median mass instead of the mean. To perform the fit of the point cloud I resorted to an MCMC, in order to be able to account for the asymmetric measurement errors both in X and Y axis and the intrinsic scatter of the data.

By doing this I obtain the following relation :

log(M tot,XM M ) = (0.959 ± 0.053) log(M tot,Chandra ) -(0.029 ± 0.008), (4.23) 
with an intrinsic scatter σ i = 15.2 ± 1.3%.

I show that my results are fully compatible with a mass-independent mass calibration bias. I still however observe an offset, with the masses from XMM-Newton being globally lower than the Chandra masses. This result had already been shown previously (see Appendix D of Schellenberger et al. (2015)). This offset is however well accounted for by the 10% uncertainty I allow on the K prior.

It is nevertheless important to highlight that the mass measurements from XMM-Newton and those from Chandra were not carried out using the same method. Indeed, the masses from XMM-Newton as given in Lovisari et al. (2020b) were obtained directly from solving the hydrostatic equilibrium equation. On the contrary, the Chandra masses from Andrade-Santos et al. (2021) were derived using scaling relations. The differences between the two types of mass measurements may be a source of additional bias. A work by Gaspard Aymerich is currently underway to estimate the hydrostatic masses from Chandra measurements, which will allow for a more robust comparison. In addition, this comparison has been carried out only on the total masses, while my study focused on gas mass fraction. To be able to fully rule out possible biases from instrumental effects I would need to compare the gas mass fractions obtained from both observations rather than the total masses. Unfortunately as I do not have access to the gas masses from the Chandra observations, I can only assume that the compatibility I see for M tot stays true for f gas . This assumption is sensible, as the comparison between the Chandra and XMM-Newton gas fractions can be written as

f gas,Chandra f gas,XMM-N ewton = M gas,Chandra M gas,XMM-N ewton × M tot,XMM-N ewton M tot,Chandra . (4.24) 
As it happens, the discrepancy between Chandra and XMM-Newton mass measurements originates mainly from the calibration of the temperature profiles Schellenberger et al. (2015). As these profiles are not used in the computation of the gas masses and as the R 500 used in both studies are compatible, is it reasonable to assume M gas,Chandra /M gas,XMM-N ewton ∼ 1. I thus argue that the compatibility that I see between Chandra and XMM-Newton total mass measurements holds true for the gas fractions. I therefore claim that if calibration biases are affecting this study, they have only minor effects on my results.

Correlations between M gas and M tot measurements

As the gas mass and total (hydrostatic) mass measurements were both obtained from the same X-ray observations, they are necessarily correlated. This correlation induces a corrective term in the error bars of the gas fraction. In the analysis I chose to neglect it, and show here that this term is indeed negligible.

In the general case, the formula for propagating errors is

V (y(x)) = σ 2 (y(x)) = i j ∂ i y(x)∂ j y(x)V ij , (4.25) 
where V ij are the coefficients of the covariance matrix. As a result, if the variables are uncorrelated, σ 2 becomes :

σ 2 = i (∂ i y(x)) 2 V ii , (4.26) 
which in turn gives the simple formula of error propagation for uncorrelated variables when computing the gas fraction:

σ 2 fgas = σ 2 (M gas /M tot ) = σ 2 Mgas ∂f gas ∂M gas 2 + σ 2 Mtot ∂f gas ∂M tot 2 (4.27) ⇒ σ 2 fgas = σ 2 Mgas 1 M tot 2 + σ 2 Mtot - M gas M 2 tot 2 (4.28)
However, as I mentioned the gas mass and total (hydrostatic) mass measurements are actually correlated, meaning that the full propagation error needs to be carried out using the general formula in equation 4.25 : 

σ 2 fgas = σ 2 Mgas 1 M tot 2 + σ 2 Mtot - M gas M 2 tot 2 + σ 2
σ 2 fgas = σ 2 Mgas 1 M tot 2 + σ 2 Mtot - M gas M 2 tot 2 -2σ 2 MtotMgas M gas M 3 tot , (4.30) 
meaning a negative correction to the errorbars of f gas . After private communication with Lorenzo Lovisari, who provided the σ 2

MgasMtot coefficients between the gas and total mass measurements and the way they were obtained, it appears that the covariance matrix V is written as

V = σ 2 Mgas σ Mgas σ Mtot corr(M tot , M gas ) σ Mgas σ Mtot corr(M tot , M gas ) σ 2 Mtot , (4.31) 
with correlation coefficients between the gas and total mass measurements corr(M tot , M gas ) of the order of ∼ 10 -15%. The covariance matrix thus writes

⇒ V = σ 2 Mgas σ 2 MgasMtot σ 2 MgasMtot σ 2 Mtot ∼ (5.10 -2 ) 2 10 -3 10 -3 (10 -1 ) 2 .
(4.32)

In a pessimistic configuration, i.e. a cluster with a high gas mass ∼ 10 14 M ⊙ with respect to a relatively low total mass ∼ 2 × 10 14 M ⊙ , the corrective factor to the f gas errorbars becomes

2σ 2 MtotMgas M gas M 3 tot ∼ 10 -3 × 10 14 8 × 10 42 ∼ 10 -32 , (4.33) 
which is indeed negligible and was thus not taken into account in the main analysis.

Deviations from self-similarity

Throughout this work, I made the hypothesis that the gas from galaxy clusters followed self-similar evolution, i.e. that their physical properties were identical when scaled by the cluster masses. However, effects from baryonic physics may cause the M tot -M gas relation to evolve with mass and redshift without following the self-similar predictions. In Lovisari et al. (2020b) deviations from self-similarity of the ESZ cluster sample are studied. In particular, the redshift evolution of the relation is compatible with 0, in agreement with the self-similar prediction. On the other hand, the slope of the relation (i.e. its mass evolution) which I call γ departs from the self similar prediction by more than 4σ, with γ = 0.802 ± 0.049. This result however was obtained on the hydrostatic masses computed from the X-ray observations and thus the fitted relation is M HE -M gas . This means that the effects which can trigger a departure from self-similarity are also including (but are not limited to) deviations from hydrostatic equilibrium.

The scaling relations between two quantities (X, Y) from Lovisari et al. (2020b) are fitted using the following generic form :

log Y C1 = ϵ + γ log Z C2 + δ log F z ± σ Y |Z (4.34) with log X = log Z ± σ X|Z ,
where C1 and C2 are pivot points, ϵ is the normalisation, γ the slope of the relation, δ its evolution with redshift, σ the intrinsic scatter in the two variables and F z = E(z)/E(z) ref Lovisari et al. (2020b). As a result, when I focus on the M HE -M gas relation, I have the following expression :

log M HE 6 × 10 14 M ⊙ = ϵ + γ log M gas 10 14 M ⊙ + δ log E(z) E(z) ref ± σ Mtot|Mgas (4.35) ⇒ M HE 6 × 10 14 M ⊙ = 10 ϵ 10 ±σ M tot |Mgas M gas 10 14 M ⊙ γ E(z) E(z) ref δ (4.36)
In particular, the value for δ measured by Lovisari et al. (2020b) is δ = -0.317 ± 0.307. Even if this value is consistent with 0 within 1σ, the error bars encompass a large range of values, up to δ = -0.6, which represents a strong evolution. I test therefore the impact of having δ ̸ = 0. I find here that this assumption does not affect my results, as the factor F δ z = (E(z)/E(z) ref ) δ does not deviate from 1 when the test cosmology is close to the reference cosmology. In my analysis, the cosmological constraints I find are always in agreement with a Planck Collaboration et al. (2020a) cosmology within 1σ (see Table 4.2). When using this cosmology in my redshift range, I always remain compatible with F δ z = 1 within 1σ, with less than 1% of deviation. This term can thus be ignored in the rest of the analysis, and I am left with the following relation :

⇒ M 1-γ HE = 6 × 10 14 M ⊙ × 10 ϵ (10 14 M ⊙ ) γ × M gas M HE γ 10 ±σ M tot |Mgas . (4.37)
For the sake of simplicity I ignore the scatter σ Mtot|Mgas as it only accounts for an uncertainty around a mean value and will not translate into an additional trend of f gas with M or z, and set :

A = 6 × 10 14 M ⊙ × 10 ϵ (10 14 M ⊙ ) γ .
I obtain the following expression, as

M HE = B(M, z) × M tot : (B(M, z) × M tot ) 1-γ = A × f γ gas,obs . (4.38) 
I remind that throughout the chapter I assumed a power law evolution of the bias

B(M, z) = B 0 M tot ⟨M tot ⟩ α 1 + z ⟨1 + z⟩ β . (4.39) 
I thus have the following relation:

B 0 M α tot M tot (1 + z) β 1-γ ∝ f γ gas,obs (4.40) 
⇒ f gas,obs ∝ M (α+1) 1-γ γ tot × (1 + z) β 1-γ γ (4.41)
and the fitted M tot -M gas scaling relation can be summed up as follows:

M α+1 tot (1 + z) β(1-γ) ∝ M γ gas . (4.42) 
In my work, I find an evolution of the gas fraction f gas,obs ∝ M 0.057±0.038

tot

(1 + z) 0.64±0.017 for the full sample. There are several possibilities to explain this result when accounting for deviations of the M tot -M gas relation from self-similarity :

• The self-similar hypothesis predicts a linear and redshift independent relation between the total mass and the gas mass, i.e. α + 1 = γ and β(1 -γ) = 0. In this description, all the mass and redshift evolution of the gas fraction comes from the bias. , which is in tension with the value I measured at 2.9σ. In addition, from my measured value of β = -0.64 ± 0.17, I find β(1 -γ) = -0.13 ± 0.05, in tension with 0 at 2.6σ. This hints at the fact that the mass and redshift evolution of f gas can not be accounted for solely by an evolution of the bias. Instead, a deviation from self-similarity of the M tot -M gas relation is necessary to explain my results.

• As I show a deviation of the M tot -M gas relation from self-similarity, one may wonder whether this effect may totally mimic the effect of a mass evolution of the bias. This is however not the case. Indeed, if I set a constant bias α = β = 0, then (α + 1) 1-γ γ = 1-γ γ = 0.057 ± 0.049 (found with the full sample), leading to γ = 0.946 ± 0.034, in tension at 4σ the with the value found by Lovisari et al. (2020b) of γ = 0.802 ± 0.049. Furthermore, putting β = 0 leads to β 1-γ γ = 0, i.e. a redshift independent gas fraction. This is however not what I observe.

I thus show that the dependence of f gas on mass and redshift cannot be due to deviations from selfsimilarity or to an evolution of the bias alone. Instead, it can only be explained by a combination of the two effects. I however cannot disentangle the two effects and acknowledge that assuming or not self-similarity may lead to changes in the value of the mass evolution of the bias (see e.g. Eckert et al. (2016) or Truong et al. (2018)).

Other contributions to the evolution of f gas

In this work I consider the evolution of the gas fraction as a probe for the evolution of the hydrostatic mass bias, as well as a cosmological probe. As discussed in Sect. 4.2 and shown in Eq. 4.11 however, several physical and instrumental effects may vary with mass and redshift and play a role in the evolution of f gas , in addition to the hydrostatic mass bias and deviations from self-similarity, which have been discussed in the previous sections. In particular, the calibration bias K, the depletion Υ or the stellar mass fraction f * may cause the observed gas fraction to evolve with mass or redshift.

Following the previous discussions on the depletion and on the calibration bias, it appears that these contributions cannot be considered as sources of evolution for the gas fraction in this study.

Remains the stellar mass fraction, which may also vary both with mass and with redshift (see e.g. Lin et al. (2012) or Henden et al. (2020)). The mean value of this parameter is however negligible, following the prior from Eckert et al. (2019). Such an evolution does consequently only have a minor impact on my results and I can consider it constant in my analysis.

Thus, it appears that the only contributions from baryons which can explain the evolution of f gas in the Planck-ESZ sample is a combination of the hydrostatic mass bias and deviations from selfsimilarity. Part of the redshift dependence of the gas fraction can in addition be imputed to the value of cosmological parameters, which enter in the computation of D A (z) and H(z). In this work, I based my interpretations for the evolution of the hydrostatic mass bias on a powerlaw modelling of mass and redshift evolution of the bias. In particular, I showed that the results I obtain depend on the considered mass and redshift range. One may however wonder if these results are only due to the modelling choice, with a power-law evolution. I thus qualitatively compare in this section the results for a power law with the results given by a linear parametrization of the bias evolution. I choose to specifically focus on the redshift dependence, as I did not find strong evidence for a mass evolution of the bias in the majority of the samples. In addition, the redshift dependence of f gas allows to probe the degeneracies between the baryonic effects and the cosmological parameters. I thus set:

Role of the parametrization (Wicker et al. 2022)

B 0 B 1 Ω b /Ω m Ω m CB 0.
B(z) = B 0 + B 1 (z -⟨z⟩).
(4.43) I show in Figure 4.12 and in Table 4.5 that the results are qualitatively consistent between the power law and linear descriptions. Indeed in both cases when studying the VB scenario, I observe a strong degeneracy between the term accounting for the redshift evolution of B (here, B 1 ) and Ω m (see Figure 4.12 left panel). This explains why I once again obtain aberrant values of Ω m when considering the CB scenario.

In addition, when considering the VB + Ω m scenario I observe a strong sample dependence of the results. As a matter of fact, I show in Figure 4.12 (right panel) that the LowMz clusters strongly favor a non-zero slope B 1 = -0.73 +0.30 -0.66 . On the high end of the mass-redshift plane I however find consistent results with the power law case, with results compatible with no redshift evolution of B, as I find B 1 = -0.095 ± 0.14. My estimates of B 0 are also consistent between the power law case and the linear case for each subsample respectively, as I find B 0,lowM z = 0.912 +0.051 -0.059 , B 0,highM z = 0.763 +0.044 -0.039 and B 0,f ull = 0.839 ± 0.046.

This compatibility between the qualitative results given by both parametrizations would hint at the fact that my results are not dominated by the choice of model for the bias evolution. 

. Comparison with other studies

Mass and redshift trends of the bias

I show in this work a strong sample dependence of my results, with different mass and redshift variations of the bias depending on the mass and redshift range of the subsample. I show that for low redshift and low mass clusters, the bias tends to stay constant with mass, while it increases toward higher redshift. The reverse behavior is observed in the case of high masses and high redshift clusters, with a bias constant with redshift but slightly increasing with the mass of the objects. This sample dependence had already been noted in Salvati et al. (2019), where the authors used tSZ number counts on the cosmology sample of the PSZ2 catalog.

The authors indeed noted a non-zero trend of the bias with redshift when considering their complete sample, that disappeared when considering only the clusters above z = 0.2. I however note that the compatibility of my results with theirs regarding the mass and redshift trends depend on the considered subsample of clusters. Indeed, I observe the same behavior regarding the value of the constant term of the bias B 0 , with compatible results for the high redshift clusters but incompatible ones when considering the full sample. One might argue that these differences come from different choices of priors in the two studies. Indeed when investigating sample dependencies I do not assume any prior on the bias parameters and consider priors on cosmology, while Salvati et al. (2019) assume a prior on the total value of the bias, and let their cosmological parameters free. This however might not have such a strong impact, as in the first part in the analysis I let cosmological parameters free and put a prior on the total value of the bias, and I do not see significant deviations in the value of B 0 between the two cases. These differences are actually most probably due to differences between the clusters considered in the two studies, as the clusters from the ESZ sample have globally higher mass at equivalent redshift than the PSZ2Cosmo sample considered in their study, as I show in Figure 4.14. If anything, this could be yet another indication of the strong sample dependence of the results I show.

My results however are consistent with other weak lensing studies among which are Weighing the On a side note, the results regarding the amplitude B 0 are also compatible with Lovisari et al. (2020a) where the authors measure the ratio of hydrostatic to weak lensing mass M HE /M W L inside the Planck-ESZ sample. The authors find a ratio (M HE /M W L ) ESZ = 0.74±0.06, which is in agreement with the amplitude I measure B 0,ESZ = 0.840 ± 0.095. Regarding the trends of the bias with mass and redshift, the authors find hints for a mass evolution of the bias, with B going to lower values at higher masses, similarly to the hints found in my work. However, the authors do not find any redshift dependence of the bias in this sample, with B keeping an identical value in three different bins of redshift ([< 0.17; 0.17 -0.29; > 0.29]). As the study of Lovisari et al. (2020a) was carried out on a subsample of 62 of clusters from the original sample for which weak lensing data were available, this may be the hint of additional selection effects.

Discussing the choice of a sample at R 500

In this work I focus on gas fractions taken at R 500 , which is larger than most works using f gas as a cosmological probe, carried out at R 2500 . The choice of R 2500 is generally motivated by the low scatter of the gas fraction data around those radii (see Mantz et al. (2014) and references therein), allowing for more precise cosmological constraints. The scatter in f gas data is larger at R 500 , however this inconvenient is balanced by the stability of the depletion factor Υ at this radius. Indeed as shown by the hydrodynamical simulations from Planelles et al. (2013), the value of Υ does not vary much with the radius when one measures it around R 500 . This reduces the possibility of a biased estimation of the depletion due to incorrect determinations of R 500 . On the other hand Υ starts to decrease in the vicinity of R 2500 . As a consequence if the radius is not properly measured, due for instance to erroneous estimations of the density contrast, the estimation of the depletion will be biased. My purpose with this study being to constrain the hydrostatic mass bias and its evolution, I need a robust prior on the depletion factor, due to the degeneracy between Υ and B. A bias in the value of the 

. Discussing the tension on the bias value

Finally, I highlight that the value of B 0 = 0.840 ± 0.095 I found for the full sample is in agreement with a collection of other studies including the aforementioned weak-lensing and X-ray studies, and with works from hydrodynamical simulations, as I show in Similarly the X-COP study Eckert et al. (2019) shows that assuming a bias B = 0.58 ± 0.04 from Planck Collaboration et al. (2016d) results in gas fractions which are way lower than expected, as they find a median gas fraction of their sample f gas,B=0.58 = 0.108±0.006. This would imply that the galaxy clusters from their sample are missing about a third of their gas. A low value of the bias thus seems highly unlikely seeing its implications on the gas content of galaxy clusters. I show a similar result in this work. Indeed, from equation 4.11, it is possible to compute the expected universal baryon fraction for a certain value of the bias : 

Ω b Ω m = (f gas + f * ) 1 KA(z) B(M, z) Υ(M, z) D A (z) D A (z) ref

. Conclusions

I measured the gas mass fraction of galaxy clusters at R 500 , and used it to constrain a possible mass and redshift evolution of the hydrostatic mass bias. To do so, I compared the cosmological constraints I obtained when assuming a varying bias to those I obtained when assuming a constant B.

I show that assuming a redshift evolution seems necessary when performing a cosmological analysis using f gas data at R 500 . Indeed I show a significant degeneracy between the redshift dependence of the bias β and the matter density Ω m . This degeneracy implies that high and close to zero β push the matter density to higher values. As a consequence, assuming a constant bias implies Ω m > 0.860, which is aberrant. Forcing Ω m to have sensible values by imposing a Planck Collaboration et al. (2020a) prior in turns induces β = -0.64 ± 0.17, in a 3.8σ tension with 0.

I show however that these results are strongly dependent on the considered sample. Indeed for the least massive clusters of the ESZ sample at the lowest redshifts, I show an important decreasing trend of B with redshift and no trend with mass, with the set (α, β) = (0.09 ± 0.11, -0.995 +0.44 -0.78 ).

On the other hand, for the most massive clusters at highest redshifts I observe no variation with redshift but I show a decreasing evolution with mass, with (α, β) = (-0.149 ± 0.058, -0.08 ± 0.23).

When I consider the full sample, the results I obtain are lying in between the two extremes, largely favouring a decreasing trend of B with redshift yet remaining compatible with no mass trend of the bias as I obtain (α, β) = (-0.057 ± 0.038, -0.64 ± 0.18). I remind however that other selection effects might affect my results as the clusters at the highest redshifts are also generally the most massive.

In addition, deviations from self-similarity may lead to changes in the value of the mass and redshift evolution of the bias.

In order to identify and rule out different sources of systematic effects in my study, I looked at the possibility of being subject to instrumental calibration effects. Using mass measurements of the galaxy clusters in the sample both from Chandra and XMM-Newton, I find no evidence of a bias which would significantly change my results. In this study I assumed a power law description for the evolution of the bias. I look at the effect of this choice of parametrization by comparing my results to those I obtain when assuming a linear evolution of B with redshift. I find no major difference with the power law case, as I still observe a strong degeneracy between the redshift evolution of B and Ω m , favoring an evolution of the bias with redshift when considering a Planck prior on Ω m . Furthermore the sample dependence I observe for the power law case holds true when assuming a linear evolution of the bias. However, I could not rule out the possibility of joint effects from a varying bias on one side, and a deviation from self-similarity of the M tot -M gas relation on the other side. Indeed, I showed that the mass and redshift evolution of the gas fraction inside the Planck-ESZ sample is most probably due to a combination from deviations to HE and deviations to self-similarity. Despite these results, I stress that the constraints I obtain on the value of the bias remain compatible with a collection of X-ray, weak lensing, and hydrodynamical simulation works regarding the mean value of the bias, as I find B 0 = 0.840 ± 0.095. This value remains on the other hand in tension with the value required from the combination of CMB observations and tSZ cluster counts to alleviate the tension on σ 8 . This work has, in particular, highlighted the effect that the gas modelling hypotheses (mainly the hydrostatic equilibrium and to some extent the self-similar hypotheses) for mass measurements can have on the cosmological constraints from galaxy clusters. Indeed, I showed that the hydrostatic mass bias, originating from the assumption of hydrostatic equilibrium, and in particular its evolution, was heavily degenerated with cosmological parameters. This highlights the need to improve the constraints on the value and behaviour of this mass bias in order to obtain cosmological constraints which can be trusted. If the gas mass fraction of clusters can bring constraints on the hydrostatic mass bias, its use as a standalone cosmological probe stays limited due to the reliance on several physically-motivated priors, and as the main constraining power from f gas is on a combination of the baryon density Ω b and the matter density Ω m . Number counts on the other hand, have the advantage of bringing very tight constraints on other cosmological parameters including but not limited to Ω m and σ 8 , thanks to their high dependence on these two parameters. However, number counts are extremely sensitive to baryonic effects and in particular to the hydrostatic mass bias, which cannot be constrained using this probe alone. In this context and in the pursuit of accurate and robust constraints both on cosmological parameters and effects from the baryons, a combination of the two probes seems to be the path to follow. Indeed, combining the strong sensitivity to astrophysics and marginal cosmological sensitivity of f gas with the strong cosmological sensitivity and marginal astrophysical sensitivity of the number counts can help in obtaining interesting results in both fields, without the need for a high number of strong priors. I thus combined gas fraction data from the Planck-ESZ sample with the cosmological sample of the PSZ2 catalog (Planck Collaboration et al. 2016a), used for number counts studies. In particular I used these combined data to study the degeneracies between cosmological parameters (in particular σ 8 ) and the hydrostatic mass bias, trying to put constraints on both parameters using as few priors as possible.

CHAPTER -5 Astrophysical and cosmological constraints from a combination of cluster gas fraction and number counts

L'union fait la force Popular saying

. Combination of cluster-based probes

The number of galaxy clusters as a function of mass and redshift, being tightly correlated with the statistical properties of the primordial medium (see Chapters 1 and 2), provides one of the most robust ways of constraining cosmological parameters. In particular, number counts exhibit a particularly high dependence on the parameters describing the matter content of the universe, i.e. the matter density Ω m and the variance of the matter distribution in spheres of 8Mpc σ 8 , providing tight constraints on the combination of these two parameters (see Table 2.1 in Chapter 2).

However, as discussed in Section 2.1.2, other cosmological probes based on cluster observables can be used, allowing to put constraints on parameters which number counts are not sensitive to. For instance, the gas fraction of clusters can be used to bring constraints on the dark energy density Ω DE and equation of state w (see Table 2.1), provided external priors are considered (Allen et al. 2008;Ettori et al. 2009;Mantz et al. 2014Mantz et al. , 2022)). In addition, astrophysical effects from the baryons will bias the cosmological constraints obtained from cluster number counts or other probes alike. Some of these astrophysical contributions are accounted by the hydrostatic mass bias, which has been discussed in length in the previous chapter. In particular this bias is degenerated with the parameter σ 8 , estimated with number counts, and cannot be constrained solely using this probe.

As I showed in the previous Chapter, the gas fraction of clusters is on the contrary a powerful probe for the hydrostatic mass bias, once again provided a right choice of priors. In this context, combining the number counts and gas fraction may thus help in breaking the degeneracies between cosmological and astrophysical parameters, as the gas fraction does not depend on σ 8 , and is thus not sensitive to the same degenerated combination of σ 8 and B. This combination of cluster counts and gas fraction could thus allow to obtain constraints without having to assume priors on poorly understood parameters, including the hydrostatic mass bias.

I thus carried out this work of combination of cluster-based probes, focusing on number counts and gas fraction, as a direct continuation of the work I did on the latter probe in Chapter 4. Note that the results that I present in this Chapter are still the first results of a currently ongoing work, and some of the paths I explored are still on the way to being consolidated. As a consequence, some aspects of this work which will be explored afterwards are not yet discussed in this manuscript, including the study of the bias evolution, or the derivation of cosmological constraints beyond the (Ω m , σ 8 ) plane.

The data used for this work are described in Sect. 5.2, while the theoretical modelling and methods used to analyse them are described in Sect. 5.3. I detail my first results in Sect. 5.4 and discuss them in Sect. 5.5. I draw first conclusions from this work in Sect. 5.6. Throughout the chapter, the reference cosmology I assume is a flat Λ -CDM with H 0 = 70km.s -1 .Mpc -1 , Ω m = 0.3 and Ω Λ = 0.7. 

. Data

. Gas fraction sample

In a first approach, I chose to use the same gas fraction sample as Chapter 4, described in said Chapter and in Wicker et al. (2023b). As a reminder, I used XMM-Newton gas mass and hydrostatic mass measurements of 120 clusters from a subset of the Planck-ESZ sample (Planck Collaboration et al. 2011b), derived in Lovisari et al. (2020b). Out of the 189 clusters of the original ESZ sample, only 155 were observed by XMM-Newton, and from these 155 clusters the final sample consists of the 120 clusters for which the R 500 is completely covered by the field of view of XMM-Newton, thus excluding some of the most massive clusters at the lowest redshifts (Lovisari et al. 2017(Lovisari et al. , 2020b)). The clusters in the sample, which I'll keep calling ESZ sample for simplicity, lie within the redshift range z ∈ [0.059, 0.546], the mass range M 500 ∈ [2.22, 17.5] × 10 14 M ⊙ , and a range of gas fractions f gas ∈ [0.06, 0.20]. All the asymmetric errorbars in gas mass, gas fraction and hydrostatic mass were properly taken into account. The complete set of redshifts, gas and hydrostatic masses, and gas fractions for these 120 clusters is available in Table A.1 in appendix, and online1 (Wicker et al. 2023c).

. Number counts sample

For accurate cosmological constraints coming from galaxy clusters number counts, it is necessary to have access to a large enough sample of clusters, with a large enough mass and redshift coverage, based on a well defined selection function. For the reasons listed in the previous subsections, the sample used for the gas fraction study is not the best suited for the number counts study, with a mild redshift leverage and a complicated selection. As a result, to derive the number counts I rather resorted to using the cosmological sample of clusters built from the PSZ2 catalog Planck Collaboration et al. (2016a), hereafter the "PSZ2Cosmo" sample. The complete process for the sample selection is described in Planck Collaboration et al. (2016d). The sample was here selected on the 65% cleanest regions of the sky, with a threshold in signal-to-noise q min = 6 (Planck Collaboration et al. 2016d). This high threshold on q was selected to ensure a purity of 1 in the sample. The cluster masses were estimated using the mass proxy defined in Planck Collaboration et al. (2016a), based on scaling relations calibrated on XMM-Newton hydrostatic mass measurements.

In the end, the PSZ2Cosmo sample contains 439 clusters spanning the redshift range [0.01, 0.972], with masses ranging from 8.26 × 10 13 M ⊙ to 1.47 × 10 15 M ⊙ . For 6 of these 439 clusters, no direct measurement of the redshift was available. This is accounted for by redistributing the fraction of missing clusters across the complete redshift range, by renormalizing the observed counts (Planck Collaboration et al. 2016d). The comparison of this sample with the ESZ sample used for the gas fraction study was given in Figure 4.14, and is reminded here in Figure 5.1.

. Methods

. Theoretical modelling

Gas fraction

The complete theoretical modelling of the gas fraction data is explained in detail in Chapter 4, Sect. 4.2. I simply remind here that the measured gas fraction obtained assuming hydrostatic equilibrium,

f gas,mes = M gas M HE = M gas B × M true , (5.1)
is compared to the theoretically observed gas fraction f gas,T h , proportional to the universal baryon Ω b /Ω m , which computes as :

f gas,T h (M, z) = K Υ(M, z) B(M, z) A(z) Ω b Ω m D ref A (z) D A (z) 3/2 -f * .
(5.2)

K encodes the calibration bias taking into account any possible instrumental effect biasing the gas fraction measurements, Υ is the depletion factor, B is the hydrostatic mass bias and f * is the stellar mass fraction. Similarly to Chapter 4, the calibration bias follows a gaussian prior K = 1.0 ± 0.1, the stellar mass fraction follows a prior from Eckert et al. (2019) f * = 0.015 ± 0.005, and the depletion is constant, following a prior from Planelles et al. ( 2013) Υ = 0.85 ± 0.03, although I perform some tests when modifying or relieving this last prior (see Table 5.1 and Sect. 5.5).

The only difference between this present work and the one presented in the previous chapter is the way the universal baryon fraction Ω b /Ω m is treated. In the previous chapter, Ω b /Ω m was treated as a unique parameter, and any possible prior was put directly on this global quantity. In the present case however, the constituting quantities of Ω b /Ω m are treated as separate parameters, with Ω b on one side and Ω m on the other side. In the matter density, massive neutrinos with a summed neutrino mass m ν = 0.06eV are considered, so that the neutrino density Ω ν is also considered. As a result, the matter density is Ω m = Ω b + Ω c + Ω ν , with any possible prior this time put on Ω b h 2 and Ω c h 2 , and a negligible effect from Ω ν . In addition, as a first step I do not consider yet the possible evolution of the hydrostatic bias with mass and redshift. This evolution will be considered in future steps of the work, and as a result the bias is for now parameterized as B(M, z) = B 0 .

The gaussian log-likelihood for gas fractions ln L f g thus writes, similarly to Equation 4.15 in Chapter 4 : (5.3) where Θ are the cosmological parameters and

-2 ln L f g = i        ln 2πs 2 i + f gas,i -K Υ 0 B 0 A(z i , Θ) Ω b Ωm D ref A (z i ) D A (z i ,Θ) 3/2 + f * 2 s 2 i        ,
s 2 i = σ 2 i + σ 2 f f 2 gas,T h , (5.4) 
with σ i the uncertainties on the gas fraction and σ f an intrinsic scatter treated as a free parameter. 

Number counts

The theoretical modelling of the number counts follows here the method described in Planck Collaboration et al. (2016d). Here, the high number of clusters present in the sample allows for a counting of clusters both in bins of redshift and in bins of signal-to-noise ratio q. I describe in the next equations all the ingredients entering in practice in the modelling of the counts, which have been introduced in Sect. 2.1.1 of Chapter 2. The density of clusters inside each (z, q) bin can be written as dN dzdq = dΩ mask dM 500 dN dzdM 500 dΩ P [q|q m (M 500 , z, l, b)] ,

( 5.5) where dN dM 500 dzdΩ = dN dV dM 500 dV dzdΩ (5.6) is the HMF times the comoving volume element and the function P [q|q m (M 500 , z, l, b)] is the distribution of the signal-to-noise ratio q for each cluster, given the theoretical mean signal-to-noise qm for a cluster of mass M 500 at redshift z and at the galactic coordinates (l, b).

However, what is directly observed in surveys is the redshift distribution of clusters detected above a threshold of signal-to-noise q cat . This distribution is written dN dz (q > q cat ) = 5.11) and

E(z) -β SZ D 2 A (z) Ȳ500 10 -4 Mpc 2 = Y * h 0.7 -2+α SZ B × M 500 6 × 10 14 M ⊙ α SZ , ( 
E(z) 2/3 D A (z) θ500 500Mpc = θ * h 0.7 -2/3 B × M 500 3 × 10 14 M ⊙ 1/3
.

(5.12)

The parameters α SZ , β SZ , and Y * are treated as free parameters, and θ * = 6.997arcmin. These scaling relations have been calibrated on X-ray observations relying on the assumption of hydrostatic equilibrium, hence the presence of the hydrostatic mass bias B in their expression. The scaling between the mean observables ( Ȳ500 , θ500 ) and (M 500 , z), then propagates through Equations 5.10, 5.9, back to Equation 5.8. Coupled to the selection function χ(Y 500 , θ 500 , l, b), it is possible to compute the probability of detecting a cluster of mass M 500 at the redshift z and the coordinates (l, b), from Equation 5.8. Then using this quantity injected in Equation 5.7, assuming a fitting function for the HMF, the expected density of clusters in bins of redshift and signal-to-noise, dN/dzdq, is computed. In this work, following the method of Planck Collaboration et al. (2016d), I considered a fitting function from Tinker et al. (2008) for the HMF. The density of clusters in (z, q) bins then allows to compute the mean theoretical number of clusters inside a bin of redshift and signal-to-noise Nij : Nij = dN dzdq (z i , q j )∆z∆q, (5.13) where ∆z is the width of the redshift bin and ∆q is the width of the signal-to-noise bin.

Finally, when considering that the observed cluster counts inside a bin N ij can be modelled as independent Poisson variables, these observed counts can be compared to the theoretical counts Nij , and the log-likelihood of number counts ln L N C thus writes : 5.14) where N z and N q are the number of bins of redshift and signal-to-noise. This equation for the likelihood assumes that the bins are uncorrelated, which may be an optimistic approximation given the possibility of clustering at the largest scales. However, following the discussion in Planck Collaboration et al. (2016d) based on the work by Hu & Kravtsov (2003), I claim that these correlations only have a negligible effect on my results. In this study I consider 10 redshift bins with ∆z = 0.1, and 5 logarithmically spaced signal-to-noise bins, with ∆ log q = 0.25. The binned (z, q) plan inside which the observed counts are measured is given in Figure 5.2.

ln L N C = Nz,Nq i,j N ij ln Nij -Nij -ln(N ij !) , ( 

Parameter

Prior Reference B 0 U(0. 

Combined likelihood

From the two likelihoods derived in the previous sections, L f g for the gas fraction and L N C for the number counts, I computed the resulting likelihood of the combined probes, L tot . As it appears from the Figure 5.1, several clusters are common to both the ESZ and the PSZ2Cosmo sample. This will result in correlations between the two probes, which should appear in the computation of the total log-likelihood. Part of these correlations are mitigated by the fact that the constraints from the gas fraction directly rely on the mass and redshift distribution of clusters, while the study of number counts is based on the redshift and tSZ signal-to-noise distribution of the clusters. In a first step before making the approach more complex when the work will be more advanced, I will thus consider a negligible contribution from the correlations, and the log-likelihood of the two combined probes becomes the sum of the two individual log-likelihoods. In future steps however I will focus on the effect that the remaining correlations between probes can add.

As number counts and gas fraction, even combined, are not sensitive to all cosmological parameters, I considered additional datasets coming from Baryonic Acoustic Oscillations (BAO). The BAO data are obtained from the combined datasets of the 6dF galaxy survey (Beutler et al. 2011), the SDSS Main Galaxy Sample (Padmanabhan et al. 2012;Anderson et al. 2012), and the Baryon Oscillation Spectroscopic Survey (BOSS) DR12 Alam et al. (2017). Taking into account these supplementary data, the total likelihood can be written ln L tot = ln L f g + ln L N C + ln L BAO .

(5.15)

In addition to the BAO supplementary dataset, which in the end can be considered as observational priors, I considered additional priors on the baryon density Ω b h 2 and on the spectral index n s , both coming from primordial CMB constraints (Planck Collaboration et al. 2020a). I test in Sect. 5.5 the impact of the prior on Ω b h 2 . The complete set of ranges and priors put on the parameters for this joint analysis are given in Table 5.1 below. To sample the parameter space and derive constraints both on astrophysical and cosmological parameters from the total combined likelihood, I resorted to an MCMC approach.

However, before sampling the total likelihood, it is necessary to check that each individual likelihood coming into play is properly understood. The implementation of the likelihood for galaxy cluster counts used in this work is the exact same one as the one used in Planck Collaboration et al. (2016d), Sakr et al. (2018), andSalvati et al. (2019). I refer thus to their work for further discussions on the characterization of the likelihood. The gas fraction likelihood on the other hand, despite being very similar to the one used in Chapter 4, is however used here based on a different implementation. Indeed, the study in Wicker et al. (2023b) studying solely the mass and redshift evolution of the gas fraction, described in Chapter 4, was carried out using the MCMC sampler emcee (Foreman-Mackey et al. 2013).

The model being simple with only 10 parameters to fit and no complex operations, this solution was easy to implement and quick to run. However, the constrains on number counts rely on many more free parameters, with much more complex operations including the computation of the linear matter power spectrum P m (k). Developing the complete code for the number counts likelihood in python using emcee, representing a significant and time-consuming work, was not attempted for the first steps of this analysis. I thus moved to the January 2022 version of the cosmological MCMC sampler CosmoMC (Lewis & Bridle 2002). The CosmoMC sampler is a Fortran90 code relying on cosmological calculations using the code CAMB (Lewis et al. 2000) for cosmological constraints. This version of the code already contained an implementation of the number counts likelihood, following the method defined in the previous section. I implemented the supplementary module to take into account the gas fraction data and enable the combination of the likelihoods.

In order to check that moving from the emcee implementation to the CosmoMC one did not introduce additional biases, I repeated the study of Chapter 4 using the CosmoMC code, in the VB, CB and VB + Ω m scenarios. I found that the posterior distributions retrieved for all parameters are identical to those obtained using the emcee implementation, asserting that the migration from one code to the another did not introduce any unexpected bias.

. Results

Following the method detailed in Sect. 4.3, and assuming the priors described in Table 5.1, I ran the MCMC on the combined gas fraction, number counts and BAO datasets. Throughout the study, I use for cluster counts the X-ray calibration of the scaling relations from Planck Collaboration et al. (2014a), and only test the hydrostatic mass bias. The detailed study of the scaling relation calibration is the current object of a work being carried out by Gaspard Aymerich. I show my results in Figure 5.3 and give the numerical values of the derived parameters in Table 5.2. In particular I compare three cases to assess the constraining power of the combination of number counts and gas fraction with respect to other standard methods :

• In the first case, only number counts and BAO are considered, without the addition of the gas fraction likelihood. This particular description is denoted "NC + ext.", where "ext." designates the external datasets and priors, BAO + Ω b h 2 + n s .

• In a second case, I consider the addition of the gas fraction data to this previous description. This case is noted "NC + ext. + f gas ". This will be the baseline of my analysis, from which the bulk of the cosmological astrophysical constraints will be derived. 

Case

M ⊙ .h -1 .
It appears from Figure 5.3 that both the NC + ext. + f gas and NC + ext. + B cases greatly improve the constraints from the NC + ext. case, notably by breaking the degeneracies between σ 8 and Ω m on one side, and σ 8 and the bias on the other side. It is worth noting that the direction of the degeneracy between σ 8 and Ω m seen in the NC + ext. case is precisely the degeneracy line along which the constraints on the set (σ 8 , Ω m ) are moving when changing the prior on the mass calibration, as I discussed in the practical case of the Sect. 2.2 in Chapter 2.

In addition, if the constraining power of the NC + ext. + B combination is higher than that of the NC + ext.+f gas combination (see Table 5.2), the latter still allows to put constraints on all parameters fitted in this work. In particular, the addition of the gas fraction data allows to break the degeneracy existing between σ 8 and the hydrostatic mass bias, without having to assume any prior on the latter quantity. This allows to obtain constraints on the cosmological parameters from the combination of number counts and gas fractions, with in particular Ω m = 0.352 +0.024 -0.030 , σ 8 = 0.772 +0.028 -0.041 , and the parameter S 8 , here parameterized as S 8 = σ 8 (Ω m /0.3) 0.5 = 0.837 +0.048 -0.069 . All these constraints are globally in good agreement with previous works of cosmology with number counts (see Table 2.1 in Chapter 2), and in particular with the baseline of Planck Collaboration et al. (2016d). In addition, the constraint on the hydrostatic mass bias, is in agreement with the prior used in the NC + ext. + B case, and more importantly is in agreement with the value of the bias amplitude derived in Chapter 4,in Sect. 4.4.2. It is worth noting however that this agreement can be partly due to the size of the error bars, which are quite large, given that the posterior distribution for the bias peaks at quite low values, with B = 0.69 +0.11 -0.12 , becoming compatible even with the CMB-preferred value. This leads in particular to Ω m slightly higher than generally measured, and thus a larger S 8 , although the latter constraint is in full agreement with the CMB value from Planck Collaboration et al. (2020a). This higher value of Ω m may be partly explained by the degeneracy between the redshift evolution of the gas fraction (and a fortiori, of the mass bias), which was shown and discussed in Chapter 4. Indeed, I show in Sect. 4.4.1 that in the particular case of a constant bias when considering the gas fraction alone for the ESZ sample, the matter density is drawn to very high values. As in this preliminary work I consider a massand redshift-independent bias, the gas fraction will naturally push for higher values of Ω m . It appears that the combination of number counts and gas fraction indeed allows to put independent constraints on the baryon density, with Ω b h 2 = 0.0130 +0.0014 -0.0042 when considering no prior on this quantity. However, these constraints are way below the expected value given by other cosmological probes, including CMB and BBN (Planck Collaboration et al. 2020a;Burles et al. 2001). This discrepancy may be once again explained by the assumption of a constant bias, hence constant gas fraction. Indeed, in a similar manner to when Ω m is drawn to higher values when assuming a constant bias, Ω b h 2 can be drawn to lower values under this assumption. As discussed previously, under the assumption of a constant bias the gas fraction will push the matter density to higher values. As the matter density is however well constrained at low values by the number counts, and as f gas is particularly sensitive to the ratio Ω b /Ω m , keeping the bias constant and Ω m at low values will naturally push Ω b h 2 to unrealistically low values. In addition, if constraints can be put on Ω b h 2 , removing the prior on this quantity prevents the breaking of the degeneracy between the hydrostatic mass bias and σ 8 , the posterior being simply pushed to lower values of the bias, hence higher values of σ 8 .

From these results it appears that with the current set of data and assumptions, including that of a constant bias, the prior on Ω b h 2 cannot be ignored when trying to infer constraints on B and on cosmological parameters. However, considering an evolving bias, following the results from Chapter 4 may introduce further degeneracies and systematics, which will need to be carefully characterized.

In particular, as the derivation of σ 8 is entirely depending on the mass calibration of clusters, a massevolving bias may trigger additional degeneracies between this parameter and B, rather than solving them. As the prior on Ω b h 2 is robust, well motivated, and constrained by several independent probes, the possibility of introducing biases following its use are only minor. As a result, the advantages of assuming this prior are greatly outweighing the possible drawbacks, and the evolution of the bias will be analysed only in a future work. Additionally to the prior set on the baryon density Ω b h 2 , another prior was set on the baryon depletion factor Υ = 0.85 ± 0.03, from Planelles et al. (2013). The impact of this prior was already tested in Chapter 4, when working with gas fractions only. However, as the bias and the depletion are degenerated, and as the bias is in turn degenerated with σ 8 , a shift in the value of Υ may trigger a shift in the constraints on σ 8 derived by the combination of number counts and gas fraction. To check for this possibility, I carried out a similar test to the one carried out in Chapter 4. I imposed a 10% shift in the depletion factor, by assuming Υ = 0.94 ± 0.04, from Eckert et al. (2019). In addition, I also tested opening completely the range of the depletion, with Υ ∼ U(0.3, 1.7), in order to probe further the degeneracy between the depletion and other parameters, namely σ 8 and the hydrostatic bias B. I give the results of these tests in Figure 5.5 and Table 5.4.

. Prior on the baryon depletion Υ

It appears that the constraints obtained on cosmological parameters and on the bias remain compatible when shifting the depletion to higher values. However, all constraints appear shifted, with in particular the set (σ 8 , Ω m , S 8 ) moving to lower values (0.340 ± 0.024, 0.738 +0.025 -0.035 , and 0.786 +0.042 -0.058 respectively) when the depletion goes up, and B E19 = 0.81 +0.13 -0.11 moves to higher values with respect to the baseline. This highlights the degeneracy between the hydrostatic mass bias and the depletion, which can be seen in the posteriors of the free depletion case and is not broken by the addition of number counts. In particular, I show that moving the depletion to higher values is equivalent to moving the hydrostatic mass bias to lower ones, as the depletion is following the same degeneracy line in the (σ 8 , Ω m ) plane as the bias.

As a consequence of this results, it becomes clear that the prior on the baryon depletion factor needs to be extremely robust, in order to avoid introducing biases caused by the priors in this combined study. In particular, independent constraints or datasets could be used in addition, in order to break the degeneracy between the hydrostatic mass bias and the depletion that exists in gas fraction data. However, this is out of the scope of my preliminary analysis. Indeed, I showed here that despite the shift in the constraints, changing the value of the depletion by 10 %, using two slightly disagreeing priors still allowed to recover compatible constraints. In addition the value of the depletion factor, mostly constrained in hydrodynamical simulations of clusters, is mainly dictated by the mass range of the cluster sample. In the mass range of the joint ESZ+PSZ2Cosmo sample, hydrodynamical simulations agree on values of the depletion between ∼ 0.8 to ∼ 0.9, within the 10% shift that was considered here, thus allowing to derive compatible results in all cases. That being said, due to the degeneracy between Υ and B, the depletion remains one of the sources of concern and the validity of the priors on this quantity will always need to be assessed, moving forward on this type of analysis.

. Future investigations

Data correlation

As discussed previously, correlations may exist between number counts and gas fraction data. In a first step these correlations have not been taken into account, however they may produce non negligible effects on the posterior distributions of the fitted parameters, including the hydrostatic bias. As a result, in the next step of this work, a particular attention will be put on investigating the correlation between number counts and gas fraction data, in order to account for these in the joint likelihood. In particular, using simulations of a large number of clusters is a possibility to compute numerically the correlations. As the data used in this work are gas fractions of massive clusters (> 2 × 10 14 M ⊙ ), this would however require the use of hydrodynamical simulations of large volume, in order to have enough massive objects. In addition, the gas fraction of simulated clusters may depend strongly on the implemented feedback models in particular on the low mass end (see the review by Eckert et al. 2021, on galaxy groups and low-mass clusters). This study would then need to be carried out with particular caution, in order to avoid introducing new systematics.

Evolution of the bias

I showed in Chapter 4 a possible evolution of the bias, with a strong sample dependence of the recovered trends. More particularly, I showed a strong degeneracy between the evolution of the bias with redshift and cosmological parameters, including the matter density Ω m . This lead to aberrant values of Ω m when considering a constant bias. Hints of the action of this degeneracy could be seen in some of my results on the combined number counts and gas fraction, always assuming a constant bias. In particular, leaving the baryon density free to vary while assuming a constant bias led to very low values of Ω b h 2 , while Ω m appeared globally at slightly higher values than the usual CMB or large scale structure constraints.

As a result, it will be necessary in future steps of the analysis to probe more accurately the effect of the combination of cluster counts and gas fraction on these degeneracies. In particular, it may allow to constrain the redshift and mass evolution of the bias without having to assume strong astrophysical and cosmological constraints, contrary to what was done in Wicker et al. (2023b) (Chapter 4) or in Salvati et al. (2019). It may in addition allow to probe additional degeneracies. In particular the parameters σ 8 and S 8 being particularly sensitive to cluster mass, a mass evolution of the bias may be degenerated with these parameters. Opening the parameter space to the evolution of B is thus an important step towards understanding the interplay between cosmological and astrophysical parameters.
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Additional datasets

Finally I showed that the prior assumed on the baryon depletion could have a strong impact, as it is degenerated with B, which is degenerated with σ 8 . One of the possible paths to follow would be to carry out a dedicated study of the depletion, in simulations or in observations, to obtain a robust prior on this quantity, adapted to the mass and redshift range of my sample. The other possible path would be to improve the constraints on one or the other parameters, by considering supplementary datasets which could help in breaking, or at least reduce the degeneracy. In particular, improving the redshift and mass range of the gas fraction sample, by using additional gas fraction measurements, could give more leverage to segregate the respective effects of the depletion on one side, and of the bias on the other side, in particular if one of the two quantities is evolving with mass or redshift.

Putting additional observational constraints on other parameters, like B or combinations of σ 8 and Ω m , for instance via the use of the tSZ power spectrum (Komatsu & Seljak 2002;Planck Collaboration et al. 2014c) or of galaxy cluster sparsity (Balmès et al. 2013;Corasaniti et al. 2018Corasaniti et al. , 2021)), may as well help in breaking or at least reducing degeneracies, once again provided the correlations between probes are well constrained. The eventuality of considering refined or supplementary datasets will thus also be one of my focuses in the next steps of my analysis.

. Conclusions

With this preliminary work I investigated the potential constraints that could be put on cosmological and astrophysical parameters when analysing a combination of gas fraction data and galaxy cluster number counts. In particular I investigated the cosmological parameters Ω m and σ 8 , and the hydrostatic mass bias B, and the degeneracies between these parameters. Using number counts from the PSZ2 cosmological sample combined with gas fractions from the Planck-ESZ sample, with additional observational constraints from BAO, I studied how these degeneracies could be broken while assuming little to no priors on still misunderstood parameters, and in particular on the hydrostatic mass bias. I also probed how the constraints from combined number counts and gas fractions were sensitive to some of the priors used in the analysis. I show that the combination of number counts and gas fraction can effectively break the degeneracy between σ 8 and the hydrostatic mass bias B without assuming any prior on the latter parameter, even though the constraints are wider than when assuming a prior coming from weak lensing observations. In particular, I could put first constraints on the matter density Ω m = 0.352 +0.024 -0.030 , the variance of the matter distribution σ 8 = 0.772 +0.028 -0.041 , on the parameter S 8 = σ 8 (Ω m /0.3) 0.5 = 0.837 +0.048 -0.069 , and on the hydrostatic mass bias B = 0.69 +0.11 -0.12 . The constraints are well in agreement with previous works, despite a slightly higher matter density, hence S 8 , and a lower B with respect to previous studies of the hydrostatic mass bias in the Planck-ESZ sample (Lovisari et al. 2020a;Wicker et al. 2023b).

I however show that some of the priors considered in this analysis play a non-negligible role, which needs to be properly highlighted and understood. Notably, the prior set on the baryon density Ω b h 2 is essential to break the degeneracy between the hydrostatic bias and σ 8 . In addition, relaxing the prior on Ω b h 2 will not only prevent the degeneracy from being broken, but also leads to unrealistic constraints on the baryon density, with Ω b h 2 = 0.0130 +0.0014 -0.0042 . This parameter is biased low with respect to the expected values, mainly because of the evolution of the gas fraction with redshift, mostly driven by the hydrostatic mass bias, as shown in Chapter 4, and which is here considered to be constant. I also investigated the effect of the prior on the baryon depletion factor Υ, which is heavily degenerated with the hydrostatic mass bias. I show that when applying a 10% shift in the value of Υ, a subsequent shift is observed in the constraints on the bias and on cosmological parameters, although all constraints remain compatible with the baseline description. In particular, when combining gas fractions and cluster counts, I show that the depletion follows the same degeneracy line as the hydrostatic mass bias in the (σ 8 , Ω m ) plane, in the same direction. Although this does not dramatically alter the quality of the results here, mainly due to the width of the posterior distributions, this highlights the need to properly constrain all the parameters encoding astrophysical effects of the baryonic matter.

Finally, I remind that the results given here are only the first results obtained from a preliminary work. Going forward, I will spend time in improving the quality and physical interpretation of these early results. More specifically, I will investigate the possible correlations existing between the probes used in this analysis, as such correlations may have a strong impact on the posterior distributions if not properly taken into account. I will also investigate the possible effects of allowing for the hydrostatic mass bias to vary with cluster mass and redshift. In particular I will study how the combination of number counts and gas fraction in the context of a varying B will allow, or not, to break the degeneracies observed in Chapter 4. Finally, the study of the role of the prior on Υ has highlighted the need to properly control the assumptions made on this parameter. As a result I will work on the possibility of using supplementary datasets in order to bring improved constraints either on Υ or on B to reduce the degeneracy using as few priors as possible.

This work highlights how promising the combination of cluster number counts and galaxy cluster gas fraction can be, as a probe of cosmological parameters and astrophysical effects. Indeed, from this combination it was possible to derive constraints on the hydrostatic mass bias and on (Ω m , σ 8 ), without assuming any external prior on B, all the while assuming no other cosmological priors than those of the baseline Planck Collaboration et al. (2016d) analysis for number counts. The full potential of this combination can however only be accessed provided a robust knowledge and understanding of the other baryonic effects at play is obtained, in particular regarding the baryon depletion Υ. In addition, in order to improve the robustness of these preliminary results, correlations between the probes will need to be taken into account. Although this combination then adds a substantial level of complexity, it has the advantage of bringing an independent constraint on the hydrostatic mass bias, coming directly from observations of the gas without the need for additional lensing calibrations. The bias being a fundamental quantity that needs to be well constrained in the current context of precision cosmology with galaxy clusters, it is necessary to constrain it using as many independent observational proxies as possible in order to characterize it properly. In addition, the clusters samples used to derive the weak lensing priors are generally composed of few clusters with respect to X-ray or SZ catalogs, at relatively high redshifts (z ≳ 0.2), with only recent studies starting to work on samples of 100 clusters or more, encompassing the lowest redshifts (see e.g. Herbonnet et al. (2020)). As weak lensing mass measurements may also suffer biases and scatter due to the triaxal geometry of galaxy clusters (Becker & Kravtsov 2011;Rasia et al. 2012;Bahé et al. 2012;Henson et al. 2016;Herbonnet et al. 2019), being able to bring constraints on the bias directly from the observation of the gas in large cluster samples at all redshifts is primordial in order to be able to assess the robustness of the estimates.

As a result, despite the compromises that need to be done regarding the complexity of the full study, the combination of gas fraction and number counts prove to be a particularly interesting probe to improve our understanding of baryon physics in galaxy clusters, in particular regarding the deviations to hydrostatic equilibrium.

Part IV Conclusion

CHAPTER -6 Summary and perspectives

Bon...eh ben... à la prochaine... mais le plus tard possible... Amen y adiu

Zarakaï (Reflets d'Acide)

Lying at the endpoint of large scale structure formation, as massive virialized quasi-spherical matter halos, galaxy clusters are excellent targets of study to improve our understanding of the structuring and assembly of matter at the largest scales. More specifically, the properties of the matter content in these systems can be used as cosmological probes, based on cluster observations at multiple wavelengths. In the present context of precision cosmology, galaxy clusters can bring robust and independent constraints on cosmological parameters, solely based on the mass and redshift distribution of these objects, which then can be compared to constraints from other probes. In particular, as the cosmological sensitivity of galaxy clusters originates from the evolution of the structure of the universe at the largest scales up to recent epochs, they constitute a good probe for cosmology at low redshifts (z ≲ 1 -2). The constraints from clusters at low redshifts can thus be compared to constraints from other probes, including probes at higher redshifts, e.g. CMB, to investigate the validity of our models describing the evolution of the universe. However, the information we can gather from galaxy clusters come exclusively from observations of the baryonic content, accounting for barely ∼15% of the total matter in these objects. Sensitive to astrophysical effects, baryonic matter thus constitutes a biased tracer of the global matter content and its physics need to be well constrained and understood in order to obtain a reliable picture of the cluster population, and its evolution.

The aim of my thesis, in this context, was to investigate the properties of the baryons in galaxy clusters, from observations at multiple wavelengths of the stars in the galaxies and of the gas in the ICM. I first focused, in Chapter 3, on the structure and properties of the galaxies in two multiple systems, using optical spectroscopic and photometric data. More specifically, I measured the redshifts, star formation rates and stellar masses for galaxies in two Planck-detected multiple systems (Planck Collaboration et al. 2011d), PLCKG214.6+36.9 (PLCK1) and PLCKG334.8-38.0 (PLCK2). I showed that both systems appear as superclusters only under the effect of projection along the line of sight. In particular, PLCK1 is constituted of a foreground cluster pair, A-C, at z A-C = 0.450 ± 0.004, and of an isolated cluster, B, in the background, at z B = 0.498 ± 0.004. Similarly, PLCK2 is constituted of three isolated clusters, A, B and C, respectively at z A = 0.367 ± 0.003, and z B = 0.292 ± 0.002. The redshift of C could not be reliably measured directly from the spectroscopic data, it could however be constrained from the photometric group catalog of the DESI Legacy Imaging Survey (Zou et al. 2019), with z C = 0.34.

These results are well in agreement with those obtained from the X-ray analysis of the gas in these systems, from [START_REF] Lecoq | Nabila Astroparticules et cosmologie université Paris-Saclay[END_REF], Lecoq et al. (in prep) for PLCK1, and Kolodzig et al. (2021) in PLCK2. In addition, I show that in the most distant cluster observed here, PLCK1-B, star formation is still ongoing, up to within R 500 of the system. Being compatible with radio observation of clusters from Spérone-Longin et al. (2021b,a), this may be a hint that at redshifts z ∼ 0.5, we are witnessing a particular moment in the history of galaxy quenching in clusters.

I then moved my focus, in Chapter 4, to the second baryonic phase of clusters, the gas, by studying the mass and redshift evolution of the cluster gas fraction derived from X-ray observations. I used a sample of 120 gas fraction measurements for clusters in the Planck-ESZ survey (Planck Collaboration et al. 2011b;Lovisari et al. 2020b) to constrain a possible evolution of the hydrostatic mass bias with mass and redshift, and the effects of such an evolution on the cosmological constraints derived from gas fraction data. I showed that the redshift evolution of the bias, β, is heavily degenerated with cosmological parameters, in particular with the matter density Ω m . The effect is such that when assuming a constant bias, the matter density goes to unrealistically large values, with Ω m > 0.860, while imposing a Planck Collaboration et al. (2020a) cosmology induces a non-negligible evolution of the bias with redshift, with β = -0.64 ± 0.18. I showed however a strong dependency of my results to the considered sample. Indeed, depending on the mass and redshift selections inside the main sample, the mass and redshift trends of the hydrostatic bias may go from fully compatible with 0 to a > 2σ discrepancy with the constant case. Nevertheless, my measurement of the bias amplitude, B 0 = 0.840 ± 0.095, is consistent with a wide range of direct measurements from X-ray, tSZ or weaklensing works, as well as with predictions from hydrodynamical simulations. On the other hand my estimation remains in tension with the constraints from combined Planck CMB and number counts.

Finally, building from my findings in Chapter 4, I investigated in Chapter 5 the potential constraints that could be obtained from a combination of tSZ cluster counts and X-ray gas fraction data. More specifically I aimed at putting constraints on the cosmological parameters (Ω m , σ 8 ) and on the hydrostatic mass bias, without assuming priors on the latter parameter. I combined tSZ cluster number counts from the PSZ2 cosmological sample (Planck Collaboration et al. 2016d) to the gas fraction data used in Chapter 4. I showed that the combination of these two probes allows to break the degeneracy between the cosmological parameter σ 8 and the hydrostatic mass bias, allowing to put constraints on these parameters independently of any prior on the bias. In particular, I was able to put constraints on the set (B, Ω m , σ 8 , S 8 ) = (0.69 +0.11 -0.12 , 0.352 +0.024 -0.030 , 0.772 +0.028 -0.041 , 0.837 +0.048 -0.069 ), in good agreement with the study from Planck Collaboration et al. (2016d), where the cosmological constraints were obtained assuming a prior on the bias from Hoekstra et al. (2015). These results are however preliminary and appear conditioned to several prior choices, in particular on the baryon density Ω b h 2 (similarly to number counts alone) and on the baryon depletion Υ. Drawing properly the limitations of this combination of probes will thus be the object of a future work. Despite the additional complexity of this study with respect to number counts alone, it may however allow to obtain independent constraints on the bias competing with weak lensing estimations of this quantity, solely based on observations of the gas. As a result, the combination of cluster counts and gas fraction appears as a promising path to follow in the aim of putting coherent constraints on B.

As it was already expressed throughout this thesis, only a deeper understanding of baryonic physics in clusters will allow to describe properly these objects, understand their formation, their evolution, and to use them as unbiased cosmological probes. My work has allowed to push further in this direction, yet much remains to be done. In the near future, I will keep on working on improving the quality of the combination between gas fraction and number counts, as it proves to be a quite promising way to obtain constraints both cosmological parameters and on deviations to the hydrostatic equilibrium. I will notably investigate more in depth the effects of introducing a evolution of the bias with mass and redshift, and investigate the effect of other baryonic contributions, including the depletion, on this combination.

Overall, my work in this thesis has allowed to explore further the connections between astrophysical and cosmological effects in galaxy clusters, at the level of baryonic matter, both galaxies and gas. In the current years, more and more focus is put on the accurate characterisation of the effects from baryons in cosmological analyses with clusters. In particular with the most recent and future cluster samples in X-ray (eFEDS, (Liu et al. 2022), CHEX-MATE (CHEX-MATE Collaboration et al. 2021), or Athena in a more distant future), SZ (ACT-DR5 (Hilton et al. 2021), SPT-3G) and optical (Vera Rubin/LSST, Euclid), the number of observed and characterized clusters will soar, thus allowing to probe more and more accurately the cluster population over large ranges of mass and redshifts. This gain in statistics will allow to obtain more and more refined constraints on cosmological parameters. However this will also increase the need for an accurate modelling of the astrophysical biases, as their effects will result in an even larger hindrance for accurate cluster cosmology. In this context, my work brought new light on the way cosmological constraints from clusters could be impacted by the modelling assumptions for astrophysical effects, notably by bringing independent constraints on the hydrostatic mass bias, which is a strong concern in current cluster cosmology. I also studied how this quantity was degenerated with cosmological parameters, and how these degeneracies could be broken using observations of the gas. In the framework of preparing the field for the next very large surveys, I was able to highlight some of the issues that would be faced, and some leads to reduce them. Improvements can still be brought to this work, going forward. In particular, working with a larger sample of galaxy clusters (e.g. using the already available catalog of cluster masses from the X-ray eFEDS (Bahar et al. 2022)) spanning a wider redshift range, may help in gaining leverage on cosmological parameters, thus helping improving the constraints on the bias. In addition, a further work could be done using multi-wavelength observations and/or hydrodynamical simulations to constrain accurately additional baryonic contributions which have not been fully constrained in this work, including the depletion Υ. In the end, as a picture is worth a thousands words, I chose to remind in Figures 6.1, 6.2, and 6.3 the three main new results obtained during this thesis, from Chapters 3, 4 and 5. matter power spectra between z = 5.5 and z = 0. The simulated power spectrum was obtained using the MultiDark dark matter only simulations (Prada et al. 2012). Towards low redshifts the simulated power spectrum departs more and more from the linear prediction, with a strong increase of the power contained in small scales. 6.3 1D and 2D posteriors for the number counts and gas fraction combination. In particular, it appears that combining the two probes, without assuming any prior on the bias, allows to break the degeneracy existing between σ 8 an B, all the while giving constraints compatible with those obtained when assuming a prior on the bias. From Chapter 5. . 
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 1112 Figure 1.1: Schematic representation of the decoupling between baryons and radiation. The red and blue dots are protons and neutrons respectively, orange dots are electrons, and arrows are marking the path of photons. The filled grey circles on the right panel represent neutral atoms. Before the decoupling, all photons are systematically scattered by the relativistic electrons of the medium, constituting a single coupled baryon-radiation cosmological fluid. Once the temperature of the universe is low enough, photons and baryons decouple, and electrons combine with the nuclei to form neutral atoms. As they are not scattered anymore, photons now propagate in a straight line.
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 13 Figure 1.3: Temperature anisotropies of the CMB observed by the Planck satellite, from Planck Collaboration et al. (2020b), using the SMICA (Spectral Matching Independent Component Analysis Delabrouille et al. 2003; Cardoso et al. 2008) method for component separation.
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 14 Figure 1.4: Filamentary pattern of the cosmic web in observations (blue dots) and in simulations (red dots), showing a remarkable agreement between the two. The simulated cosmic web was obtained from the Millenium Simulation (Springel et al. 2005). The left section of the figure shows a slice of the 2-degree-field galaxy redshift survey (2dfGRS) (Colless et al. 2001). The top section of the figure shows two large galaxy walls, the Cfa2 Great Wall (as seen by Geller & Huchra 1989, lower panel) and the Sloan Great Wall (as seen by the Sloan Digital Sky Survey (SDSS) in Gott et al. 2005, top panel). Figure taken from the review of Zavala & Frenk (2019).
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 21 Figure 2.1: Schematic representation of the mass distribution of the different phases of matter inside galaxy clusters.
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 22 Figure 2.2: Left: Schematic representation of the Bremsstrahlung radiation. When approaching a
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 2 Figure 2. from Chandra Cluster Cosmology Project III: Cosmological Parameter Constraints VIKHLININ ET AL. 2009 ApJ 692 1060 doi:10.1088/0004-637X/692/2/1060 https://dx.doi.org/10.1088/0004-637X/692/2/1060 © 2009. The American Astronomical Society. All rights reserved.
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 23 Figure 2.3: Figure 2 of Vikhlinin et al. (2009b), highlighting the cosmological dependence of the halo

  , i.e. how many detected objects are indeed galaxy clusters Purity = 1 -Number of false detections Total number of detections ,

  χ(z, M, l, b) represents the selection function, linked to real world observables (x, y) via the scaling relations P (z, M |x, y), χ(z, M, l, b) = dx dyP (z, M |x, y)χ(x, y, l, b).

  References : V09 : Vikhlinin et al. (2009b); H09 : Henry et al. (2009); M10 : Mantz et al. (2010); R10 : Rozo et al. (2010); P14 : Planck Collaboration et al. (2014a); P16 : Planck Collaboration et al. (2016d); S18 : Salvati et al. (2018); B19 : Bocquet et al. (2019); A20 : Abbott et al. (2020); S22 : Salvati et al. (2022); L06 : LaRoque et al. (2006); A08 : Allen et al. (2008); E09 : Ettori et al. (2009); M14 : Mantz et al. (2014); M22 : Mantz et al. (2022); S04 : Schmidt et al. (2004); B06 : Bonamente et al. (2006); W21 : Wan et al. (2021); C18 : Corasaniti et al. (2018); C21 : Corasaniti et al. (2021).
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 24 Figure 2.4: Joint constraints on σ 8 and Ω m from galaxy cluster number counts of Planck Collaboration et al. (2016d), assuming different priors on the hydrostatic mass bias (pink, blue and green contours). The pink contour is obtained by assuming a prior on B obtained from CMB lensing in Melin & Bartlett (2015) and Planck Collaboration et al. (2016d), with B = 0.99 ± 0.19. The B prior for the blue contour is obtained in Hoekstra et al. (2015), with B = 0.780 ± 0.092. The prior on B for the green contour was obtained by von der Linden et al. (2014), with B = 0.688 ± 0.072. These results are compared to the constraints on σ 8 and Ω m from the combination of tSZ number counts and CMB lensing power spectrum (Planck Collaboration et al. 2016b) (red contours), CMB primary anisotropies (black dashed contours) and CMB primary + baryon acoustic oscillations (BAO, black filled contours) (Planck Collaboration et al. 2016c). Figure adapted from the Figure 7 of Planck Collaboration et al. (2016d).

  1 and Planck Collaboration et al. (2014b, 2016c,e, 2020a)). In particular, in the results of Planck Collaboration et al. (2016c), the two probes show a discrepancy of > 2σ. This tension could be partly imputed to the mass calibration of clusters, and this idea was discussed in Planck Collaboration et al. (2014a), Planck Collaboration et al. (2016d) and Salvati et al. (2018). Indeed, as shown by Planck Collaboration et al. (2016d) and in Figure 2.4, depending on the prior set on B the constraints on σ 8 from galaxy clusters are moving along a degeneracy line.
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 25 Figure 2.5: SFR/M * plane for galaxies in SDSS, with the color of the points corresponding to the distance to the Main Sequence (d2ms). The Main Sequence is represented by the purple line and obtained from Elbaz et al. (2007), and the purple contours represent the density of galaxies in the
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 2 Figure 2.6: Color-magnitude diagram of the galaxy cluster Abell 2390, from Gladders & Yee (2000), with each point being a galaxy. Asterisks are galaxies with an "Early Type" morphology, i.e. elliptical

Figure 2

 2 Figure 2.7: Gas fraction of galaxy clusters depending on their mass, from the review of Eckert et al. (2021). The orange squares are the data points from Sun et al. (2009), the magenta circles come from Lovisari et al. (2015), the cyan triangles from Sanderson et al. (2013), the green stars from Nugent et al. (2020), and the blue stars have been obtained using the X-COP sample of massive galaxy clusters (Eckert et al. 2019). The blue solid lines shows the f gas -M relation from the REXCESS sample Pratt et al. (2009), the red solid line is the one from the XMM-XXL sample Eckert et al. (2016), the magenta line shows the relation from the SPT-SZ sample Chiu et al. (2018), and the green line comes fromEttori (2015). The grey dashed area represents the 90% confidence area from existing observations and uncertainties.

  , Andrade-Santos et al. (2021) or CHEX-MATE Collaboration et al. (2021).
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 3 Figure 3.1: The triple-cluster systems PLCK1 (top) and PLCK2 (bottom). Left panels : Contours from the XMM-Newton image (white) overlaid on the PlanckY SZ maps (color). Right panels : XMM-Newton image in the [0.3 -2]keV band. The white circles mark the R 500 of each cluster components. On all panels, the letters correspond to the denomination of each cluster component, and the crosses mark the position of extraction centre for the flux analysis. Figure taken from Planck Collaboration et al. (2011d).
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 32 Figure 3.2: Main frame: Position of all the 5283 individual VIMOS spectra inside the full field of PLCK1. Inserted subplot: Zoom on a region of the field to highlight the different scatter in R.A and Dec.
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 33 Figure 3.3: Distribution of the values of the summed pixel-pixel dispersion D, in the data of PLCK1. I highlight on the x-axis the threshold value of D = 550.
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 34 Figure 3.4: Screenshot of the marz interface. In green is an observed spectrum, showing no clear feature besides the atmospheric line at 7600 Å. In light red is the template for an Early Type galaxy at z = 0.29. The solid black line is the correlation product between the spectrum and the template, depending on redshift, and showing a bump at z = 0.29.
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 35 Figure 3.5: In both panels, the green solid line is the observed spectrum, and the red solid line is the galaxy template Left : Blended emission of the Hα line in the observed spectrum with the neighbouring lines. Right : [OII] emission line in a star forming galaxy at z = 0.49. Half of the line is outside the observed wavelength range of [5500Å, 9500Å].
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 3 Figure 3.6: Left : VLT/VIMOS galaxies overlaid on the XMM-Newton contours for PLCK1. The colors of the dots correspond to the redshift of the galaxies. Right : Cumulative histogram of the spectroscopic redshifts of 561 galaxies in the field of PLCK1. The galaxy types are based on the MARZ templates used to fit the spectra (see text for details). Passive galaxies are in red, active ones in blue, and transitioning galaxies are in green. The solid lines show the fits to the redshift distribution in the components A, B and C of PLCK1.
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 3 Figure 3.7: 3D distribution of the galaxies in the field of PLCK1 in the redshift range [0.4,0.52]. The color of the dots correspond to the galaxy types assigned with MARZ. The blue spheres indicate the spatial extensions of the different components with radius R 500 in the R.A./Dec. plane and 3σ in the z axis, where σ is the uncertainty on the fit of the redshift distribution from Figure 3.6(right panel).

  Comp. z spec (This work) z X(Lecoq et al. in prep) Redshift of the PLCK1 components, in optical spectroscopy and in X-ray spectroscopy fromLecoq et al. in prep. 
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 38 Figure 3.8: Left : VLT/VIMOS galaxies overlaid on the XMM-Newton contours for PLCK2. The colors of the dots correspond to the redshift of the galaxies. Right : Cumulative histogram of the spectroscopic redshifts of 299 galaxies in the field of PLCK2. The color of the bars correspond to the galaxy types assigned with MARZ. The solid lines show the fits to the redshift distribution in the components A and B. No fit was obtained for component C.
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 3 Figure 3.9: Comparison of photometric (DESI) and spectroscopic (VLT/VIMOS) redshifts in the field of PLCK2.
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 3 Figure 3.10: DESI and VLT/VIMOS galaxies inside the PLCK2 field, between z = 0.25 and z = 0.42. The size of the dots correspond to the sSFR and their color to the redshift.
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 3 Figure 3.11: Comparison of the spectroscopic redshifts from VLT/VIMOS and photometric redshifts from DESI within the R 200 of components A, B and C of PLCK2.
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 3 Figure 3.13: Left : Comparison between the stellar properties of the galaxies in PLCK1 and those in CL1301.7-1139, at z = 0.48, from Spérone-Longin et al. (2021a). The red shaded area marks the galaxy Main Sequence at z = 0.48. Right : Comparison between the stellar properties of galaxies in PLCK1, and those in CL1411.1-1148, at z = 0.52, from Spérone-Longin et al. (2021b). The yellow shaded area marks the galaxy Main Sequence at z = 0.52. In both figures, The blue contours represent the photometric measurements from SDSS and AllWISE on the SFR/M * plane. Member galaxies of the A, B, and C components are displayed as pluses, stars, and crosses respectively.

  (2021a) andSpérone-Longin et al. (2021b), showing ongoing star formation in galaxies of clusters at similar redshifts. The star formation in the universe, including galaxy clusters, has been shown to decline since z ∼ 2 at Cosmic
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 3 Figure 3.14: VIMOS galaxies overlaid on the XMM-Newton contours for PLCK1. The "+" markers correspond to the component A, the stars to component B and "X" to component C. The white markersshow the galaxies identified as belonging to the Main Sequence using CIGALE, and the black markers those which were identified with low star formation.
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 3 Figure 3.15: VIMOS galaxies overlaid on the XMM-Newton contours for PLCK2. The "+" markers correspond to the component A, the stars to component B and "X" to component C.

  2 and the discussions from McCarthy et al. (2003a), McCarthy et al. (2003b), Poole et al. (2007), Hoekstra et al. (2012), Mahdavi et al. (2013), Ruan et al. (2013), Sakr et al. (2018)).

  considered to be a good proxy for the universal baryon fraction Ω b /Ω m(Sadat & Blanchard 2001;Borgani & Kravtsov 2011) on one side, and is sensitive to all the biases affecting the gas mass and total measurements on the other side, by definition. Comparing the observed gas fraction to the expected Ω b /Ω m thus allows to estimate the amount of bias in the mass measurements, and in particular the amount of hydrostatic bias.The gas fraction of galaxy clusters can also be used to constrain cosmological parameters including the matter density Ω m , the Hubble parameter h, the Dark Energy density Ω DE or the Equation of State of Dark Energy w (seeChapter 2 or Allen et al. (2008), Holanda et al. (2020),Mantz et al. (2022) 

  assuming B = 0.8 with a CMB cosmology, one predicts approximately three times as many clusters as what is actually observed. As the precise value of the mass bias is still an open matter and has a direct impact on the accuracy and precision of the cosmological constraints deduced from galaxy clusters, I propose a new and independent measurement of this quantity. In this chapter, based on the published article Wicker et al. (2023b), I use the gas mass fractions of 120 galaxy clusters from the Planck-ESZ sample Planck Collaboration et al. (2011b) to bring robust constraints on the value of the hydrostatic bias. More importantly, I aim at studying the potentiality of variations of the bias with mass and redshift. Such studies on mass and redshift trends of B have already been carried out in weak lensing works (von der Linden et al. (2014),Hoekstra et al. (2015),Smith et al. (2016),Sereno & Ettori (2017)) or using tSZ number countsSalvati et al. (2019) giving sometimes contradictory results. In this work I measure and use gas mass fractions from a large sample to get new independent constraints on B and its mass and redshift evolution. I also aim at investigating the role that an evolution of the bias would have on the cosmological constraints I obtain from f gas data.After describing the theoretical modelling and my cluster sample in Section 4.2, I detail my meth-
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 41 Figure 4.1: Left: Gas mass fraction of Planck-ESZ clusters with respect to redshift. Right: Gas mass fraction of Planck-ESZ clusters with respect to cluster total mass. The yellow bands in both plots mark the Planck Collaboration et al. (2020a) value of Ω b /Ω m = 0.156 ± 0.003.

Figure 4 .

 4 1 the observed gas fraction in this sample, with respect to redshift and mass. I also compare these f gas values to the universal baryon fraction Ω b /Ω m = 0.156 ± 0.03 from Planck Collaboration et al. (2020a).

  of priors used in my analysis. A prior noted U(l, u) is a uniform prior of lower bound l and upper bound u, while a prior noted N (µ, σ) is a gaussian prior of mean µ and standard deviation σ. z piv and M piv are the pivot redshift and mass at which the prior on the bias is applied, and are given in Eq.4.18. References : (1) Herbonnet et al. (2020); (2)Eckert et al. (2019); (3)Planelles et al. (2013); (4)Allen et al. (2008); (5)Planck Collaboration et al. (2020a).

Figure 4 . 2 :

 42 Figure 4.2: Binned mass-redshift plane of the Planck-ESZ sample. Inside each bin I compute the mean value of f gas . I show the number of clusters included in each bin and mark the delimitation of each subsample.
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 4342 Figure 4.3: Degeneracy between β and Ω m . The contours mark the 68% and 95% c.l. The gray dashed lines highlight reference values for (β, Ω m ) = (0, 0.315). The orange band marks the Planck Collaboration et al. (2020a) value for Ω m at 2σ c.l.

Figure 4 . 4 :

 44 Figure 4.4: 1D and 2D posterior distributions for the CB, VB, and VB + Ω m scenarios. The contours mark the 68% and 95% confidence level (c.l.). The gray dashed lines highlight reference values for (α, β, Ω b /Ω m , Ω m ) = (0, 0, 0.156, 0.315). The orange bands mark the Planck Collaboration et al. (2020a) values for Ω b /Ω m and Ω m at 2σ c.l.
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 45 Figure 4.5: Fits obtained from my analysis, for the different mass and redshift selected samples. The results in the top two panels are represented with respect to redshift at constant mass (respectively minimal and maximal masses of the full sample), while the bottom two panels are the results presented with respect to mass, at fixed redshift (respectively minimal and maximal redshifts of the full sample). The shaded areas around the curves mark the 68% and 95% confidence levels. The blue dashed line marks the reference value Ω b /Ω m = 0.156.

Figure 4 .

 4 Figure 4.6: 1D and 2D posterior distributions for the bias parameters in the three mass and redshift selected samples. The levels of the contours mark the 68% and 95% confidence levels. The gray dashed lines mark the reference values (α, β) = (0, 0).
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 45 show what these values of the bias parameters translate to in terms of gas fraction with respect to redshift and mass. I show these fits computed at [M min , M max ] with z free , and at [z min , z max ] with M free, taking into account the uncertainties at 68% and 95% c.l. I first notice what

Figure 4 .

 4 Figure 4.7: Comparison of the mass and redshift ranges in different samples. The colored squares in the background correspond to the Planck-ESZ gas fraction sample used throughout this work, already shown in Figure 4.2. The dashed red rectangle represents the mass and redshift range of the CCCP-MENeaCS cluster sample(Herbonnet et al. 2020), which was used to derive the prior on the total bias used as baseline in this study. The dashed black rectangle corresponds to the CCCP cluster sample(Hoekstra et al. 2015) which was used to derive the prior on the bias I use here as a comparison.

4 :

 4 0.85 ± 0.03 Υ 0 = 0.94 ± 0.04 Υ 0 = 0.85 ± 0.03 Υ 0 = 0.94 ± 0Comparison of the constraints on the model parameters in the VB scenario, for two values of the depletion factor, from Planelles et al. (2013) (Υ 0 = 0.85 ± 0.03) and Eckert et al. (2019) (Υ 0 = 0.94 ± 0.04).

Figure 4 .

 4 7, the mass and redshift ranges of the cluster samples that are used in the two analyses are compatible and matching well with the mass and redshift range of my own study, despite a lower coverage of the CCCP sample in the low redshifts and high mass regions. As I show in Figure4.8 in the CB, VB and VB+Ω m scenarios, the constraints when considering theHoekstra et al. (2015) prior do not change with respect to the baseline case, except a small shift on Ω b /Ω m = 0.132+0.019 
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 48 Figure 4.8: Comparison of the constraints obtained on the bias and cosmological parameters, when using the baseline Herbonnet et al. (2020) prior on the total bias (green contours) and a Hoekstra et al. (2015) prior on the total bias (blue contours). The tests are made in the VB (top left panel), VB + Ω m (top right panel) and CB (bottom panel) scenarios.
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 49 Figure 4.9: Comparison of the constraints on the model parameters in the VB scenario, for two values of the depletion factor, from Planelles et al. (2013) (Υ 0 = 0.85 ± 0.03, blue contours) and Eckert et al. (2019) (Υ 0 = 0.94 ± 0.04, crimson contours). These results were obtained assuming a prior on the total bias from Herbonnet et al. (2020).
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 4 Figure 4.11: Comparison of the total masses inside the Planck-ESZ sample between XMM-Newton and Chandra.

  From Lovisari et al. (2020b) I have γ = 0.802 ± 0.049. This means that in the self-similar case, I should obtain α = -0.198 ± 0.049 i.e. f gas ∝ M (α+1) 1-γ γ tot = M 0.198±0.049 tot

Figure 4 .

 4 Figure 4.12: Left : 1D and 2D posteriors obtained when comparing the CB, VB and VB + Ω m scenarios with a linear parametrization. The contours mark the 68% and 95% c.l. and the gray dashed lines highlight reference values for (B 1 , Ω b /Ω m , Ω m ) = (0, 0.156, 0.315). The orange bands mark the Planck Collaboration et al. (2020a) values for Ω b /Ω m and Ω m at 2σ c.l. Right : 1D and 2D posteriors obtained when comparing the bias parameters derived for the three samples, when considering a linear evolution of the bias. The contours mark the 68% and 95% c.l.

Figure 4 .

 4 Figure 4.13: Comparison of the value of the mass bias depending on mass and redshift with other X-ray, weak lensing and hydrodynamical simulation works. In both panels, the shaded areas mark the 1 and 2σ confidence levels and the gray band marks the value preferred by CMB observations of B = 0.62 ± 0.003. The half-filled circles are hydrodynamical simulation works, other points are works from observations. Top : Value of the bias depending on redshift, which I computed at the mean mass of the sample. Bottom : Value of the bias depending on mass, which I computed at the mean redshift of the sample. References : Rasia et al. (2012), Mahdavi et al. (2013), von der Linden et al. (2014), Gruen et al. (2014), Hoekstra et al. (2015), Israel et al. (2015), Biffi et al. (2016), Okabe & Smith (2016), Smith et al. (2016), Sereno et al. (2017), Gupta et al. (2017), Jimeno et al. (2018), Medezinski et al. (2018), Eckert et al. (2019), Salvati et al. (2019), Herbonnet et al. (2020), Lovisari et al. (2020a), Planck Collaboration et al. (2020a), Gianfagna et al. (2021).

Figure 4 .

 4 Figure 4.14: Comparison between the PSZ2Cosmo sample used in Salvati et al. (2019) and the Planck-ESZ sample.

Figure 4 .

 4 Figure 4.15: Comparison of the expected baryon fraction Ω b /Ω m between the bias I derived in the VB + Ω m scenario and B = 0.62 from Planck Collaboration et al. (2020a).

Figure 4 .

 4 13. The works shown in Figure 4.13 are those for which the bias is known at R 500 with a central value and error bars, where the mean mass and redshift of the samples are available. I show however that this value is incompatible with the values B 0 = 0.62 ± 0.03 from Planck Collaboration et al. (2020a), or B 0 ≲ 0.67 from Salvati et al. (2018), needed to reconcile local measurements of the bias with the combination of CMB and tSZ number counts measurements. Indeed I show in Figure 4.13, that the tension is alleviated only for clusters at the highest redshifts and masses, at masses above 10 15 M ⊙ at redshifts above z ∼ 0.2 -0.3.

  Ω b /Ω m ∝ B. When assuming a low value of the bias B = 0.62 ± 0.03 from Planck Collaboration et al. (2020a), I show that the derived baryon fraction becomes Ω b /Ω m = 0.108 ± 0.018, which is incompatible with the value of the baryon fraction derived from the CMB, Ω b /Ω m = 0.156 ± 0.003 Planck Collaboration et al. (2020a), as I show in Figure 4.15. Assuming a low value of the bias would then imply that the universe hosts roughly 20% less baryons than expected. I thus argue that a value of the bias B = 0.62 ± 0.03 seems highly unlikely provided the gas fraction data from the Planck-ESZ sample.

Figure 5 .

 5 Figure 5.1: Comparison of the ESZ sample used for the gas fraction study (red stars), and the cosmological sample of the PSZ2 catalog used for the study of cluster counts (blue dots). The masses for the PSZ2Cosmo sample are the masses derived from tSZ data, while the masses for the ESZ sample are those obtained from X-ray data assuming hydrostatic equilibrium.
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 52 Figure 5.2: Binned (z, q) plane of the PSZ2Cosmo cluster sample. In each bin, I give the number of observed clusters. The six clusters of the sample which do not have a measured redshift are not represented here. The empty bins are those where no cluster is observed.

  500 , z, l, b) is the mass-and redshift-dependent selection function, corresponding to the completeness only as the cosmological sample is built so that the purity is 1 (Planck Collaboration et al. 2016d). The mass-and redshift-dependent selection function can be linked to the selection function depending on cluster observables, χ(Y 500 , θ 500 , l, b), through the relation χ(M 500 , z, l, b) = d ln P [ln q m (Y 500 , θ 500 , l, b)|q m (M 500 , z, l, b)]χ(Y 500 , θ 500 , l, b), (5.8) where q m is the modelled signal-to-noise for a given signal Y 500 and scale θ 500 at the coordinates (l, b), and the signal-and scale-dependent selection function χ(Y 500 , θ 500 , l, b) has the shape of an error function, assuming a gaussian noise. The function P [ln q m (Y 500 , θ 500 , l, b)|q m (M 500 , z, l, b)], has the role of linking the selection function depending on observables to the mass-and redshift-dependent selection function, through the use of the scaling relations, P [ln q m (Y 500 , θ 500 , l, b)|q m (M 500 , z, l, b)] = dθ 500 P (ln Y 500 , θ 500 |M 500 , z).(5.9)The function P (ln Y 500 , θ 500 |M 500 , z) describes the distributions of Y 500 and θ 500 around their mean values Ȳ500 and θ500 P (ln Y 500 , θ 500 |M 500 , z) the Dirac delta function centered on θ500 and σ ln Y is the intrinsic scatter of the Ȳ500 -M 500 scaling relation. The observable-to-mass scaling relations, linking the mean observable quantities Ȳ500 and θ500 to M 500 and redshift, are the ones used in Planck Collaboration et al. (2014a) :

Figure 5 . 3 :

 53 Figure 5.3: 1D and 2D posterior distribution on cosmological parameters and on the hydrostatic mass bias in the "NC + ext." (gold contours), "NC + ext. + f gas " (crimson contours) and "NC + ext. + B"(green contours) cases. The dark and lighter contours respectively mark the 68% and 95% confidence regions.

Figure 5 . 4 :

 54 Figure 5.4: Comparison of the 1D and 2D posterior distributions when considering the baseline NC + ext. + f gas (green contours) and when considering a flat prior on Ω b h 2 (crimson contours). The situation is compared to the NC + ext. case, assuming a prior on Ω b h 2 (gold contours). The dark and lighter contours respectively mark the 68% and 95% confidence regions.

  on the baryon density Ω b h 2 Throughout this preliminary work, I considered a prior on the baryon density, from Planck Collaboration et al. (2020a), Ω b h 2 = 0.02237 ± 0.00015. Although reliable, this prior is extremely tight, and may lead to over-constraining other parameters. In addition, the gas fraction is a good proxy of the baryon fraction Ω b /Ω m . As number counts allow to derive constraints on the matter density, the combination of the two probes may be sufficient to obtain independent constraints on Ω b h 2 without having to assume external priors. I thus tested the effect of opening up the range of possible values for Ω b h 2 , by assuming a flat prior Ω b h 2 ∼ U(0.005, 0.1), and comparing the results to the baseline,

Figure 5 . 5 :

 55 Figure 5.5: Comparison of the 1D and 2D posterior distributions when considering the baseline NC + ext. + f gas (crimson contours) and when considering a depletion from Eckert et al. (2019) (green contours). The situation is compared to the NC + ext. + f gas case, assuming a flat prior on Υ (gold contours). The dark and lighter contours respectively mark the 68% and 95% confidence regions.
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 6 Figure 6.1: 3D distribution of the galaxies in PLCK1, highlighting the clear separation between the foreground A-C pair and the cluster B, from Chapter 3.

Figure 6 . 2 :

 62 Figure 6.2: Degeneracy between the redshift evolution of the hydrostatic mass bias β and the matter density of the universe Ω m , from Chapter 4.

Figure 6 . 3 :

 63 Figure 6.3: 1D and 2D posteriors for the number counts and gas fraction combination. In particular, it appears that combining the two probes, without assuming any prior on the bias, allows to break the degeneracy existing between σ 8 an B, all the while giving constraints compatible with those obtained when assuming a prior on the bias. From Chapter 5.

  Figure taken from Klypin et al. (2016). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.1 Schematic representation of the mass distribution of the different phases of matter inside galaxy clusters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.7 Comparison of the mass and redshift ranges in different samples. The colored squares in the background correspond to the Planck-ESZ gas fraction sample used throughout this work, already shown in Figure 4.2. The dashed red rectangle represents the mass and redshift range of the CCCP-MENeaCS cluster sample (Herbonnet et al. 2020), which was used to derive the prior on the total bias used as baseline in this study. The dashed black rectangle corresponds to the CCCP cluster sample (Hoekstra et al. 2015) which was used to derive the prior on the bias I use here as a comparison. . . . . . . . . . . . . . . 4.8 Comparison of the constraints obtained on the bias and cosmological parameters, when using the baseline Herbonnet et al. (2020) prior on the total bias (green contours) and a Hoekstra et al. (2015) prior on the total bias (blue contours). The tests are made in the VB (top left panel), VB + Ω m (top right panel) and CB (bottom panel) scenarios. . . . . . 4.9 Comparison of the constraints on the model parameters in the VB scenario, for two values of the depletion factor, from Planelles et al. (2013) (Υ 0 = 0.85 ± 0.03, blue contours) and Eckert et al. (2019) (Υ 0 = 0.94 ± 0.04, crimson contours). These results were obtained assuming a prior on the total bias from Herbonnet et al. (2020). . . . . . . . . 4.10 Comparison of the constraints on the model parameters in the VB scenario, for two values of the depletion factor, from Planelles et al. (2013) (Υ 0 = 0.85 ± 0.03, blue contours) and Eckert et al. (2019) (Υ 0 = 0.94 ± 0.04, crimson contours). These results were obtained without assuming any prior on the total bias. . . . . . . . . . . . . . . . . . . . 4.11 Comparison of the total masses inside the Planck-ESZ sample between XMM-Newton and Chandra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.12 Left : 1D and 2D posteriors obtained when comparing the CB, VB and VB + Ω m scenarios with a linear parametrization. The contours mark the 68% and 95% c.l. and the gray dashed lines highlight reference values for (B 1 , Ω b /Ω m , Ω m ) = (0, 0.156, 0.315). The orange bands mark the Planck Collaboration et al. (2020a) values for Ω b /Ω m and Ω m at 2σ c.l. Right : 1D and 2D posteriors obtained when comparing the bias parameters derived for the three samples, when considering a linear evolution of the bias. The contours mark the 68% and 95% c.l. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.13 Comparison of the value of the mass bias depending on mass and redshift with other X-ray, weak lensing and hydrodynamical simulation works. In both panels, the shaded areas mark the 1 and 2σ confidence levels and the gray band marks the value preferred by CMB observations of B = 0.62 ± 0.003. The half-filled circles are hydrodynamical simulation works, other points are works from observations. Top : Value of the bias depending on redshift, which I computed at the mean mass of the sample. Bottom : Value of the bias depending on mass, which I computed at the mean redshift of the sample. References : Rasia et al. (2012), Mahdavi et al. (2013), von der Linden et al. (2014), Gruen et al. (2014), Hoekstra et al. (2015), Israel et al. (2015), Biffi et al. (2016), Okabe & Smith (2016), Smith et al. (2016), Sereno et al. (2017), Gupta et al. (2017), Jimeno et al. (2018), Medezinski et al. (2018), Eckert et al. (2019), Salvati et al. (2019), Herbonnet et al. (2020), Lovisari et al. (2020a), Planck Collaboration et al. (2020a), Gianfagna et al. (2021).
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 14 Comparison between the PSZ2Cosmo sample used in Salvati et al. (2019) and the Planck-ESZ sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.15 Comparison of the expected baryon fraction Ω b /Ω m between the bias I derived in the VB + Ω m scenario and B = 0.62 from Planck Collaboration et al. (2020a). . . . . . . . . . 5.1 Comparison of the ESZ sample used for the gas fraction study (red stars), and the cosmological sample of the PSZ2 catalog used for the study of cluster counts (blue dots). The masses for the PSZ2Cosmo sample are the masses derived from tSZ data, while the masses for the ESZ sample are those obtained from X-ray data assuming hydrostatic equilibrium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2 Binned (z, q) plane of the PSZ2Cosmo cluster sample. In each bin, I give the number of observed clusters. The six clusters of the sample which do not have a measured redshift are not represented here. The empty bins are those where no cluster is observed. . . . 5.3 1D and 2D posterior distribution on cosmological parameters and on the hydrostatic mass bias in the "NC + ext." (gold contours), "NC + ext. + f gas " (crimson contours) and "NC + ext.+B" (green contours) cases. The dark and lighter contours respectively mark the 68% and 95% confidence regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4 Comparison of the 1D and 2D posterior distributions when considering the baseline NC + ext. + f gas (green contours) and when considering a flat prior on Ω b h 2 (crimson contours). The situation is compared to the NC + ext. case, assuming a prior on Ω b h 2 (gold contours). The dark and lighter contours respectively mark the 68% and 95% confidence regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5 Comparison of the 1D and 2D posterior distributions when considering the baseline NC + ext. + f gas (crimson contours) and when considering a depletion from Eckert et al. (2019) (green contours). The situation is compared to the NC + ext. + f gas case, assuming a flat prior on Υ (gold contours). The dark and lighter contours respectively mark the 68% and 95% confidence regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.1 3D distribution of the galaxies in PLCK1, highlighting the clear separation between the foreground A-C pair and the cluster B, from Chapter 3. . . . . . . . . . . . . . . . . . . . 6.2 Degeneracy between the redshift evolution of the hydrostatic mass bias β and the matter density of the universe Ω m , from Chapter 4. . . . . . . . . . . . . . . . . . . . . . . .

  

Table 3 .

 3 2: Number of available spectra and sources after each step of the analysis, for the two systems

		5283 (VIMOS spectra)	Raw spectra
		922 (VIMOS galaxies)	After reduction
		561 (VIMOS galaxies)	After MARZ analysis
		83 (VIMOS galaxies)	In (VIMOS)∩(SDSS)
	PLCK1	27 (VIMOS galaxies)	In (VIMOS)∩(SDSS)∩(WISE)
		72 (VIMOS galaxies)	In (VIMOS)∩(SDSS) with good CIGALE fit
		561 (VIMOS galaxies)	Used for structure analysis
		72 (VIMOS galaxies)	Used for analysis of galaxy properties
		4141 (VIMOS spectra)	Raw spectra
		734 (VIMOS galaxies)	After reduction
	PLCK2	299 (VIMOS galaxies)	After MARZ analysis
		2190 (DESI galaxies)	DESI galaxies in the field
		2157 (DESI galaxies)	Used for the analysis

Table 3 . 3

 33 

	Template ID	Template Name		Wavelength Range	Label and color in plots
	1		A Star		3511.0 Å→ 7429.3 Å	-
	2		K Star		3511.0 Å→ 7429.3 Å	-
	3		M3 Star		3811.7 Å→ 9192.2 Å	-
	4		M5 Star		3511.0 Å→ 7429.3 Å	-
	5		G Star		3816.8 Å→ 9200.3 Å	-
	6	Early Type Absorption Galaxy	2399.4 Å→ 9120.1 Å	Passive Galaxy (Red)
	7	Intermediate Type Galaxy 2399.4 Å→ 9120.1 Å Transitioning Galaxy (Green)
	8	Late Type Emission Galaxy 2399.4 Å→ 9120.1 Å Star-Forming Galaxy (Blue)
	9	Composite Galaxy	3305.2 Å→ 8344.5 Å Transitioning Galaxy (Green)
	10	High Redshift Star Forming Galaxy	1800.6 Å→ 5061.4 Å Star-Forming Galaxy (Blue)
	11	Transitional Galaxy	3640.5 Å→ 7071.1 Å Transitioning Galaxy (Green)
	12		Quasar		900.8 Å→ 5749.6 Å	Quasar (Orange)
		QOP PLCK1 PLCK2 Kept in the rest of the analysis
		1	341	411	NO
		2	426	243	YES
		3	124	50	YES
		4	11	6	YES
		6	20	24	NO

: Summary of the templates available in MARZ, from

Hinton et al. (2016)

. Column (1) : ID of the template in MARZ. Column (2) : Name of the template in MARZ. Column (3) : Wavelength range of the full MARZ template, which then can be shifted when increasing the redshift. Column (4) : Corresponding label and color for the galaxies in the redshift + galaxy type histograms and spatial distributions (Figs.

3.6, 3.7, 3.8, 3.14, 3.15)

.

Table 3 .
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	Region	Global	Star forming Transitioning	Passive	Quasars
	PLCK 1					
	Full field	561 (100%)	171 (30.5%)	126 (22.5%)	259 (46.2%) 5 (0.8%)
	z ∈ [0.44, 0.51] (A,B,C) 195 (34.8%)	15 (7.7%)	15 (7.7%)	165 (84.6%)	0 (0%)
	z ∈ [0.44, 0.455] (A,C) 102 (18.2%)	-	-	-	0 (0%)
	z ∈ [0.49, 0.506] (B)	60 (10.7%)	-	-	-	0 (0%)
	PLCK 2					
	Full field	299 (100%) 110 (36.8%)	59 (19.7%)	128 (42.8%) 2 (0.7%)
	z ∈ [0.345, 0.375] (A,C) 33 (11.0%)	5 (15.2%)	1 (3%)	27 (81.8%)	0 (0%)
	z ∈ [0.28, 0.30] (B)	46 (15.4%)	16 (34.8%)	16 (34.8%)	14 (30.4%)	0 (0%)

4: Number of spectra per QOP in each system. I remind in this table if a galaxy is retained in the rest of the analysis for a given QOP

Table 3 .

 3 5: Census of the redshifts and galaxy types directly from the output of MARZ. The estimated redshift ranges for each component of the triple systems are taken from the Xray analyses of Lecoq (2021) and Lecoq et al. in prep (for PLCK1) and Kolodzig et al. (2021) (for PLCK2

  2 and M < 5.89 × 10 14 M ⊙ . I consider them in the "Low Mz" subsample, which contains 47 clusters. The mean mass and redshift are (M lowM z , z lowM z ) = (4.26 × 10 14 M ⊙ , 0.126) Clusters with z > 0.2 and M > 5.89 × 10 14 M ⊙ . I consider them in the "High Mz" subsample, which contains 45 clusters. The mean mass and redshift are (M highM z , z highM z ) = (8.86 × 10 14 M ⊙ , 0.333)

	(4.19)
	• (4.20)

Table 4 .

 4 

		LowMz subsample	HighMz subsample	Full sample
	B 0	0.92 +0.10 -0.11	0.767 ± 0.086	0.840 ± 0.095
	α	0.09 ± 0.11	-0.149 ± 0.058	-0.057 ± 0.038
	β	-0.995 +0.44 -0.77	-0.08 ± 0.23	-0.64 ± 0.18

3: Constraints obtained on the bias parameters depending on the considered sample. The uncertainties are given at 68% c.l.

Table 5 .

 5 1: Set of priors for the study of combined number counts and gas fraction. A prior noted N (µ, σ) is a gaussian prior centered on µ with the standard deviation σ, and a prior noted U(l, u) is a flat prior of lower bound l and upper bound u. 100θ M C is here the Monte-Carlo approximation of the sound horizon at recombination presented in Table1.1 of Chapter 1, as defined in PlanckCollaboration et al. (2020a).

		3, 1.7)	-
	Ω b h 2	N (0.02237, 0.00015) (main study) or U(0.005, 0.1) (Sect. 5.5.1)	1
	Ω c h 2	U(0.001, 0.99)	-
	log 10 10 A s	U(2, 4)	-
	100θ M C	U(0.5, 10)	-
		N (0.85, 0.03) (main study) or	
	Υ 0	N (0.94, 0.04) (Sect. 5.5.2) or	2,3
		U(0.3, 1.7) (Sect. 5.5.2)	
	σ f	U(0, 1)	-
	n s	N (0.9649, 0.0042)	1
	K	N (1, 0.1)	4
	f *	N (0.015, 0.005)	3
	α SZ	N (1.789, 0.084)	5
	β SZ	0.6666 (fixed)	5
	log Y *	N (-0.186, 0.021)	5
	σ log Y	N (0.075, 0.010)	5
	References : (1) : Planck Collaboration et al. (2020a); (2) : Planelles et al. (2013); (3) : Eckert
	et al. (2019); (4) : Allen et al. (2008); (5) : Planck Collaboration et al. (2014a)

Table 5 .

 5 2: Constraints on the free cosmological parameters in the analysis. All constraints and limits are given at the 68% confidence interval. piv = 0.189 and M piv = 6.24 × 10 14 M ⊙ . This case is noted "NC + ext. + B". It can be considered as an updated version of the baseline in the work by PlanckCollaboration et al. (2016d), which considered a CCCP(Hoekstra et al. 2015) prior on the bias,

		B	Ω m	σ 8	S 8 = σ 8 (Ω m /0.3) 0.5
	NC + ext.	< 0.558	0.344 ± 0.032	0.876 +0.13 -0.064	0.940 +0.18 -0.094
	NC + ext. + B	0.834 ± 0.040 0.312 +0.018 -0.022	0.742 ± 0.018	0.757 ± 0.020
	NC + ext. + f gas	0.69 +0.11 -0.12	0.352 +0.024 -0.030	0.772 +0.028 -0.041	0.837 +0.048 -0.069
	P16	= prior	0.33 ± 0.03	0.76 ± 0.03	0.80 ± 0.05
	Reference : P16 : Planck Collaboration et al. (2016d)		
	• Finally, I compare the results from the baseline to those obtained when replacing the gas frac-
	tion data by a prior on the hydrostatic bias, from the CCCP-MENeaCS study (Herbonnet et al.
	2020),				
			B(z piv , M piv ) = 0.84 ± 0.04,	(5.16)
	where z				

B(z CCCP , M CCCP ) = 0.780 ± 0.092,

(5.17) 

with z CCCP = 0.246, and M CCCP = 14.83 × 10 14

Table 5 .

 5 3: Comparison of the constraints obtained when considering a gaussian prior on Ω b h 2 . All constraints and limits are given at the 68% confidence interval.

	Case	B	Ω m		σ 8	S 8	Ω b h 2
	NC + ext.	< 0.558	0.344 ± 0.032 0.876 +0.13 -0.064	0.940 +0.18 -0.094	= prior
	NC + ext. + f gas	0.69 +0.11 -0.12	0.352 +0.024 -0.030	0.772 +0.028 -0.041	0.837 +0.048 -0.069	= prior
	NC + BAO + n s + f gas + flat Ω b h 2	< 0.424	0.385 ± 0.029 0.906 +0.079 -0.036	1.03 +0.12 -0.054	0.0130 +0.0014 -0.0042
	Case		B		Ω m	σ 8	S 8
	NC + ext. + f gas , P13 Υ	0.69 +0.11 -0.12	0.352 +0.024 -0.030	0.772 +0.028 -0.041	0.837 +0.048 -0.069
	NC + ext. + f gas , E19 Υ	0.81 +0.11 -0.13	0.340 ± 0.024	0.738 +0.025 -0.035	0.786 +0.042 -0.058
	NC + ext. + f gas , flat Υ	< 0.408	0.380 ± 0.028	0.929 +0.081 -0.038	1.05 +0.12 -0.06

Table 5 .

 5 4: Comparison of the constraints obtained assuming different priors on the depletion Υ. All constraints and limits are given at the 68% confidence interval.

	References : P13 : Planelles et al. (2013) (Baseline), E19 : Eckert et al. (2019)

assuming a prior on the baryon density. I show the comparison of the two cases in

Figure 5.4 and 

Table 5 .

 5 3, and compare in addition with the NC + ext. case, where the gas fraction data are not used but where a prior is set on Ω b h 2 .

Table A .

 A 1 continued from previous page Planck Name zM gas [×10 14 M ⊙ ] M tot [×10 14 M ⊙ ] M gas [×10 14 M ⊙ ] M tot [×10 14 M ⊙ ] M gas [×10 14 M ⊙ ] M tot [×10 14 M ⊙ ]

		Table A.1 continued from previous page Table A.1 continued from previous page	
	Planck Name Planck Name	z z			f gas f gas f gas
	G071.61+29.79 G236.95-26.67 G313.36+61.11	0.157 0.148 0.183	0.532 +0.051 -0.043 0.696 +0.014 -0.014 1.050 +0.000 -0.000	4.24 +0.76 -0.59 5.91 +0.32 -0.33 7.87 +0.10 -0.09	0.125 +0.026 -0.020 0.118 +0.007 -0.007 0.133 +0.002 -0.002
	G072.63+41.46 G241.74-30.88 G313.87-17.10	0.228 0.271 0.153	1.650 +0.020 -0.020 0.759 +0.025 -0.022 1.070 +0.010 -0.010	10.70 +0.40 -0.30 5.80 +0.42 -0.33 8.24 +0.25 -0.23	0.154 +0.006 -0.005 0.131 +0.010 -0.008 0.130 +0.004 -0.004
	G072.80-18.72 G241.77-24.00 G318.13-29.57	0.143 0.139 0.217	0.825 +0.011 -0.008 0.395 +0.004 -0.004 0.743 +0.040 -0.038	5.33 +0.17 -0.12 3.29 +0.06 -0.06 5.59 +0.64 -0.57	0.155 +0.005 -0.004 0.120 +0.003 -0.003 0.133 +0.017 -0.015
	G073.96-27.82 G241.97+14.85 G321.96-47.97	0.233 0.169 0.094	1.710 +0.020 -0.020 0.710 +0.069 -0.045 0.483 +0.017 -0.014	11.40 +0.40 -0.30 4.13 +0.64 -0.38 3.95 +0.29 -0.23	0.150 +0.006 -0.004 0.172 +0.031 -0.019 0.122 +0.010 -0.008
	G080.38-33.20 G244.34-32.13 G324.49-44.97	0.107 0.284 0.095	0.383 +0.003 -0.003 1.140 +0.030 -0.030 0.347 +0.020 -0.010	3.66 +0.07 -0.06 6.94 +0.54 -0.50 3.09 +0.40 -0.19	0.105 +0.002 -0.002 0.164 +0.013 -0.013 0.112 +0.016 -0.008
	G080.99-50.90 G244.69+32.49 G332.23-46.36	0.3 0.153 0.098	0.955 +0.020 -0.017 0.504 +0.017 -0.012 0.706 +0.008 -0.006	6.62 +0.32 -0.23 3.70 +0.31 -0.19 5.09 +0.15 -0.10	0.144 +0.008 -0.006 0.136 +0.012 -0.008 0.139 +0.004 -0.003
	G083.28-31.03 G247.17-23.32 G332.88-19.28	0.412 0.152 0.147	1.240 +0.030 -0.020 0.416 +0.037 -0.026 0.774 +0.021 -0.019	7.68 +0.47 -0.38 3.17 +0.54 -0.35 6.22 +0.38 -0.33	0.161 +0.011 -0.008 0.131 +0.025 -0.017 0.124 +0.008 -0.007
	G085.99+26.71 G249.87-39.86 G335.59-46.46	0.179 0.165 0.076	0.397 +0.047 -0.041 0.402 +0.036 -0.028 0.461 +0.054 -0.044	3.31 +0.68 -0.57 2.86 +0.56 -0.40 3.53 +0.74 -0.56	0.120 +0.028 -0.024 0.141 +0.030 -0.022 0.131 +0.031 -0.024
	G086.45+15.29 G250.90-36.25 G336.59-55.44	0.26 0.2 0.097	0.930 +0.021 -0.018 0.674 +0.027 -0.020 0.488 +0.046 -0.036	5.74 +0.33 -0.25 5.36 +0.51 -0.36 3.78 +0.71 -0.52	0.162 +0.010 -0.008 0.126 +0.013 -0.009 0.129 +0.027 -0.020
	G092.73+73.46 G252.96-56.05 G337.09-25.97	0.228 0.075 0.26	1.070 +0.020 -0.020 0.390 +0.003 -0.003 0.894 +0.034 -0.030	6.18 +0.32 -0.28 3.58 +0.04 -0.05 5.75 +0.50 -0.41	0.173 +0.010 -0.008 0.109 +0.001 -0.002 0.155 +0.015 -0.012
	G093.91+34.90 G253.47-33.72 G342.31-34.90	0.081 0.191 0.232	0.549 +0.044 -0.033 0.571 +0.030 -0.033 0.949 +0.045 -0.040	4.68 +0.71 -0.50 4.52 +0.44 -0.48 6.85 +0.74 -0.62	0.117 +0.020 -0.014 0.126 +0.014 -0.015 0.139 +0.016 -0.014
	G096.87+24.21 G256.45-65.71 G347.18-27.35	0.3 0.22 0.237	0.628 +0.108 -0.089 0.718 +0.057 -0.054 1.100 +0.040 -0.050	5.47 +2.40 -0.39 5.42 +0.89 -0.76 8.24 +0.63 -0.73	0.115 +0.054 -0.018 0.132 +0.024 -0.021 0.133 +0.011 -0.013
	G097.73+38.11 G257.34-22.18 G349.46-59.94	0.171 0.203 0.347	0.687 +0.017 -0.016 0.451 +0.082 -0.051 2.230 +0.040 -0.040	4.21 +0.21 -0.20 3.19 +0.88 -0.51 13.50 +0.60 -0.60	0.163 +0.009 -0.009 0.141 +0.047 -0.028 0.165 +0.008 -0.008
	G098.95+24.86 G260.03-63.44	0.093 0.284	0.299 +0.014 -0.007 1.000 +0.030 -0.020	3.25 +0.35 -0.15 7.15 +0.73 -0.73	0.092 +0.011 -0.005 0.140 +0.015 -0.015
	G106.73-83.22 G262.25-35.36	0.292 0.295	0.831 +0.026 -0.022 1.080 +0.070 -0.060	5.18 +0.36 -0.29 6.59 +0.90 -0.70	0.160 +0.012 -0.010 0.164 +0.025 -0.020
	G107.11+65.31 G262.71-40.91	0.292 0.42	0.694 +0.030 -0.028 1.220 +0.070 -0.060	7.26 +0.75 -0.67 9.16 +2.11 -0.59	0.096 +0.011 -0.010 0.133 +0.032 -0.011
	G113.82+44.35 G263.16-23.41	0.225 0.227	0.570 +0.028 -0.022 1.120 +0.020 -0.010	3.87 +0.32 -0.21 7.07 +0.35 -0.28	0.147 +0.014 -0.010 0.158 +0.008 -0.006
	G124.21-36.48 G263.66-22.53	0.197 0.164	0.781 +0.029 -0.033 1.050 +0.020 -0.020	5.81 +0.57 -0.62 8.59 +0.65 -0.45	0.134 +0.014 -0.015 0.122 +0.010 -0.007
	G125.70+53.85 G266.03-21.25	0.302 0.296	0.964 +0.043 -0.043 2.170 +0.020 -0.020	6.78 +0.69 -0.65 12.50 +0.30 -0.30	0.142 +0.016 -0.015 0.174 +0.004 -0.004
	G139.19+56.35 G269.31-49.87	0.322 0.085	1.020 +0.140 -0.080 0.319 +0.026 -0.016	7.42 +5.68 -0.68 2.65 +0.41 -0.23	0.137 +0.107 -0.017 0.120 +0.021 -0.012
	G149.73+34.69 G271.19-30.96	0.182 0.37	1.160 +0.050 -0.050 1.280 +0.040 -0.050	7.12 +0.71 -0.63 8.38 +0.68 -0.53	0.163 +0.018 -0.016 0.153 +0.013 -0.011
	G157.43+30.33 G271.50-56.55	0.45 0.3	0.964 +0.035 -0.031 0.979 +0.075 -0.061	6.23 +0.52 -0.42 8.07 +2.11 -0.51	0.155 +0.014 -0.012 0.121 +0.033 -0.011
	G159.85-73.47 G272.10-40.15	0.206 0.059	0.988 +0.041 -0.047 0.779 +0.005 -0.005	6.73 +0.64 -0.70 6.11 +0.09 -0.08	0.147 +0.015 -0.017 0.127 +0.002 -0.002
	G164.18-38.89 G277.75-51.73	0.074 0.44	0.630 +0.028 -0.015 1.440 +0.050 -0.040	5.07 +0.45 -0.22 8.96 +0.73 -0.59	0.124 +0.012 -0.006 0.161 +0.014 -0.011
	G166.13+43.39 G278.60+39.17	0.217 0.307	0.868 +0.022 -0.019 1.330 +0.050 -0.050	6.86 +0.48 -0.41 9.37 +0.87 -0.81	0.127 +0.009 -0.008 0.142 +0.014 -0.013
	G167.65+17.64 G280.19+47.81	0.174 0.156	0.925 +0.026 -0.021 0.744 +0.061 -0.047	5.88 +0.40 -0.30 6.53 +1.70 -0.09	0.157 +0.012 -0.009 0.114 +0.031 -0.007
	G171.94-40.65 G282.49+65.17	0.27 0.077	1.500 +0.090 -0.070 0.664 +0.011 -0.010	12.30 +3.40 -2.10 5.25 +0.22 -0.20	0.122 +0.034 -0.022 0.126 +0.006 -0.005
	G180.24+21.04 G283.16-22.93	0.546 0.45	2.340 +0.030 -0.050 1.050 +0.060 -0.060	12.50 +0.50 -0.60 7.34 +1.14 -0.97	0.187 +0.008 -0.010 0.143 +0.024 -0.021
	G182.44-28.29 G284.46+52.43	0.088 0.441	0.958 +0.011 -0.020 1.690 +0.030 -0.030	6.93 +0.17 -0.18 10.60 +0.50 -0.40	0.138 +0.004 -0.005 0.159 +0.008 -0.007
	G182.63+55.82 G284.99-23.70	0.206 0.39	0.688 +0.015 -0.010 1.480 +0.080 -0.070	4.77 +0.26 -0.16 10.10 +1.50 -1.20	0.144 +0.008 -0.005 0.147 +0.023 -0.019
	G186.39+37.25 G285.63-17.24	0.282 0.35	1.240 +0.060 -0.050 0.820 +0.057 -0.078	9.28 +1.19 -0.89 6.59 +1.00 -0.17	0.134 +0.018 -0.014 0.124 +0.021 -0.012
	G195.62+44.05 G286.58-31.25	0.295 0.21	0.877 +0.049 -0.036 0.718 +0.024 -0.015	5.82 +0.72 -0.49 5.52 +0.45 -0.26	0.151 +0.020 -0.014 0.130 +0.011 -0.007
	G195.77-24.30 G286.99+32.91	0.203 0.39	1.110 +0.020 -0.010 2.200 +0.060 -0.050	6.67 +0.32 -0.22 12.20 +0.70 -0.70	0.166 +0.009 -0.006 0.180 +0.011 -0.011
	G218.85+35.50 G288.61-37.65	0.175 0.127	0.430 +0.020 -0.019 0.735 +0.067 -0.050	3.86 +0.45 -0.41 4.00 +0.70 -0.48	0.111 +0.014 -0.013 0.184 +0.036 -0.025
	G225.92-19.99 G292.51+21.98	0.46 0.3	2.190 +0.280 -0.540 1.130 +0.020 -0.020	11.00 +3.20 -4.40 8.03 +0.49 -0.44	0.199 +0.063 -0.094 0.141 +0.009 -0.008
	G226.17-21.91 G294.66-37.02	0.099 0.274	0.510 +0.011 -0.009 0.988 +0.036 -0.026	4.61 +0.32 -0.23 7.20 +0.59 -0.39	0.111 +0.008 -0.006 0.137 +0.012 -0.008
	G226.24+76.76 G304.67-31.66	0.143 0.193	0.834 +0.006 -0.005 0.538 +0.076 -0.061	6.28 +0.12 -0.09 4.16 +1.10 -0.79	0.133 +0.003 -0.002 0.129 +0.039 -0.029
	G228.15+75.19 G304.84-41.42	0.545 0.41	1.350 +0.070 -0.050 1.140 +0.030 -0.030	7.94 +0.96 -0.60 8.28 +0.64 -0.60	0.170 +0.022 -0.014 0.138 +0.011 -0.011
	G228.49+53.12 G306.68+61.06	0.143 0.085	0.587 +0.017 -0.021 0.503 +0.007 -0.017	5.16 +0.35 -0.42 3.93 +0.13 -0.31	0.114 +0.008 -0.010 0.128 +0.005 -0.011
	G229.21-17.24 G306.80+58.60	0.171 0.085	0.656 +0.084 -0.068 0.582 +0.014 -0.009	5.26 +1.84 -0.19 4.60 +0.26 -0.16	0.125 +0.046 -0.014 0.127 +0.008 -0.005
	G229.94+15.29 G308.32-20.23	0.07 0.48	0.851 +0.012 -0.013 1.050 +0.050 -0.040	7.01 +0.25 -0.26 8.61 +1.22 -0.98	0.121 +0.005 -0.005 0.122 +0.018 -0.015

Je montre une forte dégenerescence entre l'évolution du biais avec z et les paramètres cosmologiques, en particulier avec la densité de matière Ω m . En effet, imposer un biais constant aurait pour conséquence une densité de matière bien trop haute, en contradiction complète avec toutes les autres mesures. En revanche, considérer une densité de matière à sa valeur déterminée par PlanckCollaboration et al. (2020a) implique nécessairement une évolution non nulle du biais avec z. Cela signifie que lors d'études cosmologiques faisant usage de fractions de gaz, une potentielle évolution du biais hydrostatique avec z ne doit pas être ignorée. Toutefois, je montre que ces résultats dépendent fortement de l'échantillon considéré, un comportement qui avait été noté dans plusieurs études utilisant d'autres méthodes de contrainte du biais(Salvati et al. 2019;Sereno & Ettori 2017;Herbonnet et al. 2020). En particulier, selon les sélections en masse et en décalage vers le rouge effectuées au sein de l'échantillon principal, l'évolution du biais avec la masse et z différera, jusqu'à parfois montrer des comportements opposés. Dans tous les scenarii cependant, l'amplitude du biais est systématiquement en accord avec les autres estimations directes, avec B = 0.840 ± 0.095, mais en désaccord avec l'estimation indirecte de Planck Collaboration et al. (2020a) de B = 0.62 ± 0.03.Dans cette étude, toute évolution de la fraction de gaz est imputée à une évolution du biais hydrostatique. En réalité, d'autres contributions d'origine baryonique ou instrumentale peuvent occasionner une évolution de la fraction de gaz. S'il apparait que le choix de distributions a priori pour les paramètres du modèle ou les possibles biais de calibration instrumentale ne sont pas suffisants pour expliquer une évolution de la fraction de gaz autrement que par une évolution du biais, d'autres effets doivent être considérés avec attention. D'une part, le gaz dans les amas de galaxies peut être déplété, sous l'effet de rétro-action des noyaux actifs de galaxies. Cet effet de dépletion affectera inévitablement la fraction de gaz, et sera fortement dégénéré avec le biais de mass hydrostatique. Différentes études de simulations ont montré qu'à de faibles masses, la déplétion du gaz pouvait dépendre de la masse des amas, entrainant une évolution de la fraction de gaz(Eckert et al. 2021). Si cet effet semble négligeable dans le régime de hautes masses considéré pour cette étude, la déplétrion du gaz reste toutefois une source d'erreurs systématiques à considérer. De plus, il apparait qu'une déviation aux conditions auto-similaires, qui peut survenir suite à des effets d'astrophysique des baryons, peut entraîner une évolution de la fraction de gaz pouvant être méprise pour une évolution du biais. Je montre en particulier que l'évolution de la fraction de gaz observée ici ne peut être que l'effet conjoint d'une évolution du biais et de déviations à l'auto-similarité.De cette étude, il ressort que la fraction de gaz peut-être utilisée comme une sonde robuste des effets astrophysiques dûs aux baryons, et en particulier du biais de masse des amas, permettant de poser des contraintes indépendantes de cette quantité et de sa possible évolution. En revanche, du fait des nombreuses dégénérescences entre le biais et les paramètres cosmologiques et de la forte dépendence à l'échantillon des contraintes sur l'évolution du biais, il apparait que les capacités de la fraction de gaz en tant que sonde cosmologique peuvent s'avérer limitées, si utilisée seule. Les comptages d'amas de galaxies, parallèlement, constituent la plus standard des sondes cosmologiques basées sur l'observation d'amas de galaxies, du fait de leur robustesse et précision(Allen et al. 2011). Toutefois, ces derniers sont fortement dépendant de la calibration des masses des amas, et dépen-

From now on and in all the thesis, except if stated otherwise, a density parameter noted Ω X will be said density parameter taken at z = 0, Ω X = Ω X,0 . Similarly for the critical density, ρ crit = ρ crit,0 . The redshift dependent quantities will always be noted Ω X (z) and ρ crit (z).
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In the following, I call transitioning galaxies the ones identified by MARZ as intermediate, composite or transitioning, I call passive galaxies the ones identified by MARZ as early type, and I call star forming the galaxies identified as late type or high redshift star forming.

This table is available online at http://szcluster-db.ias.u-psud.fr. Planck-ESZ gas fraction sample available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr(130.79.128.5) or via https://cdsarc.cds. unistra.fr/viz-bin/cat/J/A+A/674/A48.

The depletion factor is known to vary with mass (see Chapter 2), however this evolution is partic-

If all subsamples provide compatible values for the amplitude with B 0,lowM z = 0.92+0.10 -0.11 , B 0,HighM z = 0.767 ± 0.086 and B 0,f ull = 0.840 ± 0.095, this cannot be said regarding α and β. Indeed, if the study

Figure 4.10: Comparison of the constraints on the model parameters in the VB scenario, for two values of the depletion factor, from Planelles et al. (2013) (Υ 0 = 0.85 ± 0.03, blue contours) and Eckert et al. (2019) (Υ 0 = 0.94 ± 0.04, crimson contours). These results were obtained without assuming any prior on the total bias.

Table online at http://szcluster-db.ias.u-psud.fr, at https://byopic.eu/tools_and_data, and at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/ viz-bin/cat/J/A+A/674/A48.
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Part III

The gas mass fraction of galaxy clusters 2.2 Left: Schematic representation of the Bremsstrahlung radiation. When approaching a proton, the electron of energy E 1 moving with the velocity v 1 will change trajectory and be slowed down, so that it will leave with the velocity v 2 and the energy E 2 , where E 2 < E 1 and ||v 2 || < ||v 1 ||. The electron loses its energy through the radiation of a photon γ with energy E γ = E 1 -E 2 . Right: Schematic representation of the thermal Sunyaev-Zel'dovich effect, from Mroczkowski et al. (2019). When a CMB photon of frequency ν 1 enters the ICM it will be scattered, or "Comptonized" by the free electrons in the hot plasma, and leave it blueshifted with a frequency ν 2 > ν 1 . Bulk motions from the gas may additionally cause a Doppler shift of the CMB photons, via the kSZ effect. . . . . . 2 of Vikhlinin et al. (2009b), highlighting the cosmological dependence of the halo mass function X-ray observations. Left panel : For a standard Λ -CDM cosmology, the predicted number of clusters per bin of mass (plain line) is matching well with the observed one (dots with error bars), up to higher ranges of redshift. Left panel : For a universe without dark energy, the predicted number of clusters per bin of mass is not matching with the observed one for higher redshifts. . . . . . . . . . . . . . . . . . . . . 2.5 SFR/M * plane for galaxies in SDSS, with the color of the points corresponding to the distance to the Main Sequence (d2ms). The Main Sequence is represented by the purple line and obtained from Elbaz et al. (2007), and the purple contours represent the density of galaxies in the SFR/M * plane of the SDSS MPA-JHU DR8 catalogue (Kauffmann et al. 2003;Brinchmann et al. 2004;Tremonti et al. 2004). This plot corresponds to the Figure 1 with each point being a galaxy. Asterisks are galaxies with an "Early Type" morphology, i.e. elliptical galaxies, diamonds are the other galaxies in the field of view. The

Figure

x-axis is the magnitude in the Hubble Space Telescope F814 filter, of central wavelength 814nm. The y-axis is the color estimated from the magnitude difference between the F555 (555nm) and F814 (814nm) filters. F555 -F814 > 0 thus indicates a reddening. A line of early-type galaxies with F555 -F814 > 0, i. 

APPENDIX -A Appendix to : The gas mass fraction of clusters as a probe for the hydrostatic mass bias

A.1 . Cluster sample

The redshifts, gas masses, total masses, and gas mass fractions inside R 500 of the clusters I used for this study are given in Table A.1. The redshifts and gas and total masses for the clusters were taken from Lovisari et al. (2020b). I computed the gas fractions from these masses.