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. * * In case of the RLAGN (id 491), the stellar contribution to the total Hα emission flux is in the range 20 -100%. + Cluster members for which the values of the SFR are reported in Noirot et al., 2018 that are used for estimating the depletion time and SFE.

A B S T R A C T

This Thesis presents my work on developing a Python pipeline for deriving the stellar mass function (SMF) of cluster galaxies, using the 1/Vmax method and fitting the SMF with a chosen model (variations of the Schechter function), for the upcoming Euclid Space Mission. I test the pipeline and derive the SMF and SMF fit of the Flagship mock galaxies and COS-MOS2015 galaxies over the redshift range 0.2 z < 2.5, i.e. the redshift range expected to be covered by the future Euclid Mission. Moreover, I develop a Python code for fitting the SMF and obtaining the best-fit parameters of the model and their uncertainties, using the MCMC algorithm and Bayesian approach.

I analyze the evolution of the SMF and stellar mass density, and confirm the results from the literature on the stellar mass build-up of different galaxy samples, over the redshift range taken into account (0.2 z < 2.5). I show the mass-dependent evolution of the SMF of COSMOS2015 full sample, flattening of the SMF and sharpening of the knee of the function at the high-mass end around the characteristic stellar mass M * , which is probably a consequence of mass quenching. The SMF of COSMOS2015 starforming galaxies does not show any significant evolution, whereas the SMF of COSMOS2015 quiescent subsample is mass-dependent, and shows mass assembly of low and intermediate-mass galaxies at z < 1, possibly through environmental quenching, which is consistent with the downsizing effect. Furthermore, I split the COSMOS2015 star-forming galaxies into high activity (log(sSFR) -9.5) and intermediate activity galaxies (-9.5 > log(sSFR) -11). The high activity star-formation shifts to low and intermediate-mass galaxies at lower redshifts, in agreement with the downsizing effect.

I show that most of the stellar mass assembly of galaxies occurs during the stellar mass assembly and star formation epoch, i.e. the cosmic noon epoch 1 < z < 2.5. After this very active phase in cosmic history, the stellar mass build-up of galaxies slows down, which is consistent with a drop of the cosmic SFR and molecular gas content of galaxies during the last cosmic epoch z < 1. Moreover, I show that quiescent galaxies have assembled their mass substantially over the redshift range 1 < z < 2.5, after which their stellar mass density surpassed the stellar mass density of star-forming galaxies at z ∼ 0.75. This shows that the star formation quenching mechanisms were very efficient during the cosmic noon epoch. This part of the thesis reproduces published results from Ilbert et al., (2013) and Davidzon et al., (2017).

The focus of my research is also on deriving the molecular gas content and star formation of cluster galaxies at the cosmic noon epoch at z ∼ 1.5. I present the observations of the synchrotron continuum emission, detection of substantial molecular gas reservoir in the core of the CARLA J1103+3449 cluster at z ∼ 1.44 with NOEMA, and estimation of the SFR and other properties of the cluster confirmed members (Markov et al., 2020a). I present the detection of an extended continuum emission at ν obs ∼ 94.48 GHz in the iii cluster core, with the brightest peak at the position of the RLAGN, that extends towards the western radio lobe, while the fainter component is at the position of the eastern radio lobe and radio jet. The two continuum emission components visually correspond to the two radio lobes. This is consistent with the same or a connected physical origin of the two emissions. The continuum flux associated with the RLAGN, the eastern lobe and the jet, and the western radio lobe are S cont = 4.6 ± 0.2 mJy, S cont = 1.1 ± 0.2 mJy and S cont = 0.8 ± 0.2 mJy, respectively. I combine the radio observations from the literature and mm observations from this work to calculate the total spectral index α = 0.92 ± 0.02, determined over the range of frequencies that spans over three orders of magnitude. The spectral index is consistent with optically thin synchrotron emission.

I present observations of two CO(2-1) emission lines in the center of the CARLA J1103+3449 cluster, which correspond to two extended regions. The position of the red emission peak is south-west of the RLAGN, and it encompasses the RLAGN and companion disk galaxy, while the blue emission peak is south-east of the RLAGN and it does not have an optical counterpart. The two CO(2-1) emissions are in the same direction (east-west) as the two continuum emission components and the two radio lobes, but spatially offset and less extended. The velocity integrated flux of the blue and red components are S∆v = 0.88 ± 0.14 Jykm s -1 and S∆v = 0.90 ± 0.14 Jykm s -1 , and molecular gas masses M gas = 1.9 ± 0.3 × 10 10 M ⊙ and M gas = 2.0 ± 0.3 × 10 10 M ⊙ , respectively. Therefore, a total molecular gas reservoir in the cluster center is M gas = 3.9 ± 0.4 × 10 10 M ⊙ . We discuss several hypotheses on the most probable origin of this molecular gas reservoir, of which the most reasonable is the hypothesis of gas cooling, either from interaction of the hot ICM and AGN jets, or from the hot low-entropy gas uplifted by the AGN jets.

I show the molecular gas mass upper limits, SFR and other properties of the RLAGN and other spectroscopically confirmed cluster members which are within the NOEMA beam. The molecular gas mass upper limits and stellar masses are comparable to the expected average values of field galaxies at similar redshift. For the RLAGN host galaxy, I assume a stellar contribution to the total Hα flux in the 20 -100% range, and find SFR Hα = 30 -140 M ⊙ yr -1 , consistent with the MS star-forming galaxies, while the SFR of the other cluster confirmed members are below the MS, which suggests an impact of the environment.

Throughout the Thesis Manuscript, I use we to refer to the contribution of my collaborators and myself, and I use I to mention my own involvement.

This thesis is based on, or contains non-public Euclid Consortium material or results that have not yet been endorsed by the Euclid Consortium. The work on the CARLA ALMA follow-up is preliminary and contains results that have not yet been validated and endorsed by the CARLA collaboration. iv R É S U M É Cette thèse présente mon travail sur le développement d'un pipeline Python pour déduire la SMF (fonction de masse stelaire) des galaxies d'amas, en utilisant la méthode 1/Vmax et en ajustant la SMF avec un modèle choisi (variations de la fonction de Schechter), pour la future mission spatiale Euclid. Je teste le pipeline et déduis la SMF et l'ajustement de la SMF des galaxies simulées de Flagship et des galaxies de COSMOS2015 sur la plage de redshift 0.2 z < 2.5, c'est-à-dire la plage de redshift qui devrait être couverte par la future Euclid Space Mission. De plus, je développe un code Python pour ajuster la SMF et obtenir les meilleurs paramètres du modèle et leurs incertitudes, en utilisant l'algorithme MCMC et l'approche bayésienne.

J'analyse l'évolution de la SMF et de la densité de masse stellaire, et confirme les résultats de la littérature sur l'accumulation de masse stellaire de différents échantillons de galaxies, sur la plage de redshift prise en compte (0.2 z < 2.5). Je montre l'évolution de la SMF de l'échantillon complet de COSMOS2015 en fonction de la masse, l'aplatissement de la SMF et l'accentuation du genou de la fonction à l'extrémité haute de la gamme de masse élevée autour de la masse stellaire caractéristique M * , ce qui est probablement une conséquence de mass quenching. La SMF des galaxies à formation d'étoiles de COSMOS2015 ne montre aucune évolution significative, alors que la SMF du sous-échantillon des galaxies inactives de COSMOS2015 dépend de la masse, et montre un assemblage de masse des galaxies de masse faible et intermédiaire à z < 1, peut-être par la environmental quenching, ce qui est cohérent avec l'effet de downsizing. En outre, j'ai divisé les galaxies à formation d'étoiles de COSMOS2015 en galaxies de haute activité (log(sSFR) -9.5) et en galaxies d'activité intermédiaire -11). La formation stellaire de haute activité se déplace vers des galaxies de masse faible et intermédiaire à faible décalage à redshift plus bas, en accord avec l'effet de downsizing.

Je montre que la plupart de l'assemblage de masse stellaire des galaxies se produit pendant l'époque du 1 < z < 2.5. Après cette phase très active de l'histoire cosmique, l'assemblage de la masse stellaire des galaxies ralentit, ce qui correspond à une baisse du SFR cosmique et du contenu en gaz moléculaire des galaxies pendant la dernière époque cosmique z < 1. De plus, je montre que les galaxies inactives ont rassemblé leur masse stelaire de manière substantielle dans la plage de redshift 1 < z < 2.5, après quoi leur densité de masse stellaire a dépassé celle des galaxies à formation d'étoiles à z ∼ 0.75. Cela montre que les mécanismes de tremplage de la formation stellaire étaient très efficaces à cette époque.

Mes recherches portent également sur la détermination de la teneur en gaz moléculaire et la formation d'étoiles des galaxies d'amas à des redshifts intermédiaires (z ∼ 1.5). Je présente les observations de l'émission synchrotron continue et du réservoir substantiel de gaz moléculaire au coeur de l'amas CARLA J1103+3449 à z ∼ 1.44 avec NOEMA, l'estimation du v SFR et des autres propriétés des galaxies membres confirmés de l'amas (Markov et al., 2020a). Je présente la détection d'une émission continue à ν obs ∼ 94.48 GHz dans le noyau de l'amas, avec le pic le plus brillant à la position du RLAGN, qui s'étend vers le lobe radio ouest, tandis que la composante la plus faible se trouve à la position du lobe radio est, et du jet radio. Les deux composantes d'émission du continuum correspondent visuellement aux deux lobes radio. Ceci est cohérent avec une même origine physique ou une origine physique connectée des deux émissions. Le flux continu associé au RLAGN, au lobe est et au jet radio et au lobe radio ouest sont respectivement S cont = 4.6 ± 0.2 mJy, S cont = 1.1 ± 0.2 mJy et S cont = 0.8 ± 0.2mJy. Je combine les observations radio de la littérature et les observations mm de ce travail pour calculer l'indice spectral total α = 0.92 ± 0.02, déterminé sur une plage de fréquences qui s'étend sur trois ordres de grandeur. L'indice spectral correspond à une émission synchrotron optiquement mince.

Je présente les observations de deux lignes d'émission de CO(2-1) au centre de l'amas CARLA J1103+3449, qui correspondent à deux régions étendues. La position du pic d'émission rouge est au sud-ouest du RLAGN, et il englobe le RLAGN et la galaxie compagne, tandis que le pic d'émission bleu est au sud-est du RLAGN et il n'a pas de contrepartie optique. Les deux émissions de CO(2-1) sont dans la même direction (est-ouest) que les deux composantes d'émission du continuum et les deux lobes radio, mais elles sont décalées dans l'espace et moins étendues. Les flux intégrés de vitesse des composantes bleue et rouge sont S∆v = 0, 88 ± 0, 14Jykm s -1 et S∆v = 0, 90 ± 0.14 Jykm s -1 , et les masses moléculaires de gaz sont M gaz = 1, 9 ± 0, 3 × 10 10 M ⊙ et M gaz = 2, 0 ± 0, 3 × 10 10 M ⊙ , respectivement. Par conséquent, un réservoir de gaz moléculaire total au centre de l'amas est de M gaz = 3, 9 ± 0, 4 × 10 10 M ⊙ . Nous discutons plusieurs hypothèses sur l'origine la plus probable du réservoir de gaz moléculaire, dont la plus raisonnable est l'hypothèse de refroidissement du gaz, soit par l'interaction d'ICM et des jets d'AGN, soit par le gaz chaud de faible entropie soulevé par les jets d'AGN.

Je montre les limites supérieures de la masse de gaz moléculaire, le SFR et d'autres propriétés du RLAGN et d'autres membres de l'amas confirmés par spectroscopie qui se trouvent dans le faisceau NOEMA. Les limites supérieures de la masse de gaz moléculaire et les masses stellaires sont comparables aux valeurs moyennes attendues des galaxies de champ à un redshift similaire. Pour la galaxie hôte du RLAGN, je suppose une contribution stellaire au flux total Hα dans la plage de 20 -100%, et trouve SFR Hα = 30 -140 M ⊙ yr -1 , ce qui correspond aux galaxies à formation d'étoiles MS, tandis que les SFR des autres membres confirmés de l'amas sont en dessous de la MS, ce qui suggère un impact de l'environnement.

Tout au long du manuscrit de thèse, j'utilise nous pour faire référence à la contribution de mes collaborateurs et de moi-même, et j'utilise je pour mentionner ma propre participation.

Cette thèse est basée sur, ou contient du matériel ou des résultats non publiques du Consortium Euclid qui n'ont pas encore été approuvés par le Consortium Euclid. Le travail sur le suivi du CARLA ALMA est prélimivi naire et contient des résultats qui n'ont pas encore été validés et approuvés par la collaboration CARLA. Tollet, É., Mamon, G., Markov, V., Combes, F., Dubois, Y., Cattaneo, A., in preparation). "How fast do galaxies quench in groups and clusters? The view from Horizon-AGN.
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L I S T O F TA B L E S

The current most-favored cosmological framework is the cold dark matter cosmology with a cosmological constant i.e. the ΛCDM framework. According to this framework the Universe consists of the ordinary, i.e. luminous or baryonic matter, dark matter, and finally dark energy (∼ 5%, ∼ 25% and 70% of the total universe content, respectively). However, the ΛCDM model is based on two components of generally unknown nature: dark matter and dark energy, that make ∼ 95% of the Universe. The Λ term in the ΛCDM model refers to the cosmological non-zero constant in general relativity theory. This constant infers a non-static, expanding Universe, that is going through a period of accelerated expansion due to a mysterious force called dark energy [START_REF] Peebles | Mass and Environment as Drivers of Galaxy Evolution in SDSS and zCOSMOS and the Origin of the Schechter Function[END_REF][START_REF] Steinhardt | Cosmological tracking solutions[END_REF]. Dark energy was first confirmed observationally with studies of the luminosity distances of type Ia Supernovae (SNe) [START_REF] Riess | Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant[END_REF][START_REF] Perlmutter | Measurements of Ω and Λ from 42 High-Redshift Supernovae[END_REF].

Dark matter interacts with baryonic matter through gravitational attraction only, and it does not emit or absorb light. There is still a lack of a direct detection of dark matter, although there are numerous evidences supporting its existence, such as velocity dispersion of galaxies in the Coma cluster [START_REF] Zwicky | Die Rotverschiebung von extragalaktischen Nebeln[END_REF], flat galaxy rotation curves [START_REF] Rubin | Rotational properties of 21 SC galaxies with a large range of luminosities and radii, from NGC 4605 (R=4kpc) to UGC 2885 (R=122kpc)[END_REF][START_REF] Persic | The universal rotation curve of spiral galaxies -I. The dark matter connection[END_REF][START_REF] Sofue | Rotation Curves of Spiral Galaxies[END_REF], strong and weak gravitational lensing [START_REF] Mellier | Probing the Universe with Weak Lensing[END_REF][START_REF] Van Waerbeke | Weak lensing predictions at intermediate scales[END_REF][START_REF] Refregier | Weak Gravitational Lensing by Large-Scale Structure[END_REF], etc. There are several possible dark matter candidates, including baryonic matter (brown dwarfs, black holes, etc.; e.g. [START_REF] White | Core condensation in heavy halos: a two-stage theory for galaxy formation and clustering[END_REF][START_REF] Carr | CosmoHub and SciPIC: Massive cosmological data analysis, distribution and generation using a Big Data platform[END_REF], massive neutrinos (e.g. [START_REF] Gershtein | Rest Mass of Muonic Neutrino and Cosmology[END_REF][START_REF] Klinkhamer | Dark Matter Halos in the Standard Cosmological Model: Results from the Bolshoi Simulation[END_REF], non-baryonic warm dark matter (collisionless particles of ∼ 1 keV energy; e.g. [START_REF] Peebles | Large-scale background temperature and mass fluctuations due to scale-invariant primeval perturbations[END_REF][START_REF] Bond | The collisionless damping of density fluctuations in an expanding universe[END_REF] and, presently the most favored, cold dark matter (collisionless massive particles of ≫ 1 keV energy; e.g. [START_REF] Davis | The evolution of large-scale structure in a universe dominated by cold dark matter[END_REF].

In order to study dark matter, dark energy, gravity, and to put constraints on cosmological parameters, we can use cosmological probes. For example, in order to investigate the nature of dark matter and dark energy, we can follow their effect on luminous matter, on the geometry and expansion of the Universe. Standard cosmological probes include Weak gravitational Lensing (WL) [START_REF] Mellier | Probing the Universe with Weak Lensing[END_REF][START_REF] Van Waerbeke | Weak lensing predictions at intermediate scales[END_REF][START_REF] Refregier | Weak Gravitational Lensing by Large-Scale Structure[END_REF][START_REF] Schrabback | Evidence of the accelerated expansion of the Universe from weak lensing tomography with COSMOS[END_REF], Baryonic Acoustic Oscillations (BAO) [START_REF] Eisenstein | Detection of the Baryon Acoustic Peak in the Large-Scale Correlation Function of SDSS Luminous Red Galaxies[END_REF], distribution of galaxies in groups, clusters and superclusters i.e. large-scale structures [START_REF] Peacock | Studying Large-scale Structure with the 2dF Galaxy Redshift Survey[END_REF], Cosmic Microwave Background (CMB) [START_REF] Spergel | First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of Cosmological Parameters[END_REF][START_REF] Komatsu | Five-Year Wilkinson Microwave Anisotropy Probe Observations: Cosmological Interpretation[END_REF]Planck Collaboration et al., 2016[START_REF]Planck 2018 results. VI. Cosmological parameters[END_REF], redshift space distortions and the integrated Sachs-Wolf effect [START_REF] Giannantonio | Detectability of a phantom-like braneworld model with the integrated Sachs-Wolfe effect[END_REF]. Moreover, the initial conditions of the Universe are unknown, but can be constrained by observations, such as the ∆T/T ∼ 10 -5 anisotropies present in the CMB maps of the Universe when radiation and matter first decoupled, ∼ 380000 years after the Big Bang, i.e. at z ∼ 1100 [START_REF] Penzias | A Measurement of Excess Antenna Temperature at 4080 Mc/s[END_REF][START_REF] Smoot | Structure in the COBE Differential Microwave Radiometer First-Year Maps[END_REF][START_REF] Bennett | First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Preliminary Maps and Basic Results[END_REF][START_REF] Spergel | First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of Cosmological Parameters[END_REF][START_REF] Hinshaw | Three-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Temperature Analysis[END_REF][START_REF] Komatsu | Five-Year Wilkinson Microwave Anisotropy Probe Observations: Cosmological Interpretation[END_REF]Planck Collaboration et al., 2018a), abundance of hydrogen and helium in the Universe [START_REF] Gamow | Expanding Universe and the Origin of Elements[END_REF][START_REF] Alpher | The Origin of Chemical Elements[END_REF] and expansion of the Universe according to the Hubble law [START_REF] Hubble | A Relation between Distance and Radial Velocity among Extra-Galactic Nebulae[END_REF][START_REF] Hubble | The Velocity-Distance Relation among Extra-Galactic Nebulae[END_REF].

According to the current, accepted Concordance model and the Big Bang theory, the age of the Universe is ∼ 13.8 Gyr. History of the Universe can be roughly divided into several epochs (Figure 1):

• Primordial nucleosynthesis phase, in the first few minutes, when hydrogen (∼ 75%), helium (∼ 25%), and lithium (< 1%) were produced during the nuclear reactions [START_REF] Gamow | Expanding Universe and the Origin of Elements[END_REF][START_REF] Alpher | The Origin of Chemical Elements[END_REF][START_REF] Wagoner | On the Synthesis of Elements at Very High Temperatures[END_REF][START_REF] Walker | Primordial Nucleosynthesis Redux[END_REF][START_REF] Olive | Primordial nucleosynthesis: theory and observations[END_REF].

• Inflationary phase, at z > 1100 that started with the nearly uniform, dense and hot Universe that went through exponential expansion, i.e. cosmic inflation, due to the vacuum energy that acts as a cosmological constant [START_REF] Guth | Inflationary universe: A possible solution to the horizon and flatness problems[END_REF][START_REF] Linde | Scalar field fluctuations in the expanding universe and the new inflationary universe scenario[END_REF]; see e.g. Kolb and Turner, 1990;[START_REF] Liddle | Cosmological Inflation and Large-Scale Structure[END_REF].

• Recombination phase, or the epoch of dark age of the Universe, at 14 < z < 1100, during which the temperature of the Universe dropped, protons and electrons combined to form hydrogen and helium atoms [START_REF] Peebles | Recombination of the Primeval Plasma[END_REF][START_REF] Peebles | Principles of Physical Cosmology[END_REF].

• Reionization epoch, at 6 < z < 14, when luminous objects, i.e. first stars and quasars in galaxies produced high-energy Ultra-Violet (UV) photons that almost fully reionized the Universe [START_REF] Becker | Evidence for Reionization at z ~6: Detection of a Gunn-Peterson Trough in a z=6.28 Quasar[END_REF][START_REF] Fan | Observational Constraints on Cosmic Reionization[END_REF][START_REF] Mellema | Simulating cosmic reionization at large scales -II. The 21-cm emission features and statistical signals[END_REF][START_REF] Robertson | Early star-forming galaxies and the reionization of the Universe[END_REF][START_REF] Robertson | New Constraints on Cosmic Reionization from the 2012 Hubble Ultra Deep Field Campaign[END_REF][START_REF] Robertson | Cosmic Reionization and Early Star-forming Galaxies: A Joint Analysis of New Constraints from Planck and the Hubble Space Telescope[END_REF].

• Galaxy epoch, at 0 < z < 6 during which galaxies assembled their mass, and clustered in large-scale structures, such as groups and clusters.

Figure 1: A representation of the major phases in the evolution of the Universe. Credit: NASA/WMAP science team.

Focus of this Thesis is on the last cosmic epoch, the epoch of formation and evolution of galaxies. In the following sections I give an introduction to the formation of galaxies within the ΛCDM framework (Section 1.2), a brief overview of galaxy studies (Section 1.3) with simulations (Section 1.3.1) and observations (Section 1.3.2) and fundamental galaxy properties (Section 1.3.3).

galaxy formation

According to the cosmological principle, the Universe is uniform and isotropic on large-scales. However, on smaller scales the distribution of matter in the Universe is clearly far from uniform, and we see matter distributed in structures such as galaxies. Galaxies are distributed in dense regions of galaxy clusters, and regions devoid of almost any galaxies called voids (Figure 5; [START_REF] Guzzo | VIPERS: An Unprecedented View of Galaxies and Large-scale Structure Halfway Back in the Life of the Universe[END_REF]. In order to explain the existence of galaxies and galaxy clustering, we need to take into account quantum fluctuations at the very beginning of time, when the Universe was dense, hot and nearly uniform. Therefore, we need to include the inflationary theory into standard cosmology (e.g. [START_REF] Guth | Inflationary universe: A possible solution to the horizon and flatness problems[END_REF][START_REF] Linde | Scalar field fluctuations in the expanding universe and the new inflationary universe scenario[END_REF].

The ΛCDM model provides a cosmological framework to explain the formation of galaxies through mass assembly and galaxy clustering. According to this hierarchical clustering or bottom-up scenario, formation of the first galaxies started with small density fluctuations in the nearly uniform, and rapidly expanding early Universe, amplified exponentially through gravitational instabilities into large structures we see today [START_REF] White | Core condensation in heavy halos: a two-stage theory for galaxy formation and clustering[END_REF][START_REF] Peebles | The large-scale structure of the universe[END_REF][START_REF] Efstathiou | The Formation of Galaxies[END_REF][START_REF] White | Galaxy Formation through Hierarchical Clustering[END_REF][START_REF] Lacey | Merger rates in hierarchical models of galaxy formation[END_REF][START_REF] Kauffmann | The formation and evolution of galaxies within merging dark matter haloes[END_REF][START_REF] Cole | A recipe for galaxy formation[END_REF][START_REF] Cole | Hierarchical galaxy formation[END_REF]. These random small fluctuations in the primordial cosmic density field were augmented over time. Once these overdensities reached critical density, they gravitationally collapsed and formed virialized objects i.e. small dark matter halos. Small dark matter halos accreted material from its surroundings or subsequently merged into larger and larger halos (Figure 2; [START_REF] Press | Formation of Galaxies and Clusters of Galaxies by Self-Similar Gravitational Condensation[END_REF][START_REF] White | Core condensation in heavy halos: a two-stage theory for galaxy formation and clustering[END_REF][START_REF] Lacey | Merger rates in hierarchical models of galaxy formation[END_REF][START_REF] Kauffmann | The formation and evolution of galaxies within merging dark matter haloes[END_REF][START_REF] Stewart | Merger Histories of Galaxy Halos and Implications for Disk Survival[END_REF]. Dark matter halos are approximately spherical or ellipsoidal objects, depending on their mass, redshift, radius, merger history, surroundings, etc. [START_REF] Jing | Triaxial Modeling of Halo Density Profiles with High-Resolution N-Body Simulations[END_REF][START_REF] Bailin | Internal and External Alignment of the Shapes and Angular Momenta of ΛCDM Halos[END_REF][START_REF] Allgood | The shape of dark matter haloes: dependence on mass, redshift, radius and formation[END_REF]. Their density distribution can be described by e.g. Navarro, Frank and White (NFW) profile (Navarro, Frenk, andWhite, 1996, 1997).

Figure 2: Merger tree illustration of a halo at t = t 0 , from [START_REF] Lacey | Merger rates in hierarchical models of galaxy formation[END_REF]. Direction of time is from top to bottom, and branch widths represent the masses of the progenitor halos.

Baryonic matter followed the dark matter with its own physics, i.e. fluid dynamics and radiative processes. Baryonic gas associated with the dark matter halo grew through accretion and merging. During these processes, gas can be shock-heated to virial temperatures of the halo (see. e.g. [START_REF] Evrard | Formation and Evolution of X-Ray Clusters: A Hydrodynamic Simulation of the Intracluster Medium[END_REF][START_REF] White | Galaxy Formation through Hierarchical Clustering[END_REF][START_REF] Kereš | How do galaxies get their gas?[END_REF][START_REF] Mo | Galaxy Formation and Evolution[END_REF]. This primordial gas was able to cool through different processes. Primary cooling process of the hot (T > 10 6 K) primordial gas is bremsstrahlung. The most important gas cooling processes of warm ionized gas at temperatures 10 4 < T < 10 6 K are recombination and radiative de-excitation. Finally, radiative cooling in cold gas is possible though vibrational and rotational transitions (see e.g. [START_REF] Dalgarno | Heating and Ionization of HI Regions[END_REF][START_REF] Spitzer | Physical processes in the interstellar medium[END_REF][START_REF] Mo | Galaxy Formation and Evolution[END_REF][START_REF] Tielens | The Physics and Chemistry of the Interstellar Medium[END_REF].

When gravitationally bound baryons reached a critical mass (Jeans mass; e.g. [START_REF] Gamow | On the Origin of Great Nebulae[END_REF][START_REF] Lifshitz | On the gravitational stability of the expanding universe[END_REF] within the dark matter halos, they gravitationally collapsed and fragmented into stars. There are still many open questions in the theory of galaxy formation, such as: What is the fraction of gas that collapses and the time scales of a collapse? What is the initial mass distribution of stars, i.e. the Initial Mass Function (IMF; [START_REF] Salpeter | The Luminosity Function and Stellar Evolution[END_REF][START_REF] Miller | The Initial Mass Function and Stellar Birthrate in the Solar Neighborhood[END_REF][START_REF] Scalo | The Stellar Initial Mass Function[END_REF][START_REF] Kroupa | The Initial Mass Function of Stars: Evidence for Uniformity in Variable Systems[END_REF]Chabrier, 2003)? etc.

Light of the first stars and quasars in (proto)galaxies is accountable for the supply of the high-energy photons responsible for reionization of the Universe [START_REF] Becker | Evidence for Reionization at z ~6: Detection of a Gunn-Peterson Trough in a z=6.28 Quasar[END_REF][START_REF] Fan | Observational Constraints on Cosmic Reionization[END_REF][START_REF] Mellema | Simulating cosmic reionization at large scales -II. The 21-cm emission features and statistical signals[END_REF][START_REF] Robertson | Early star-forming galaxies and the reionization of the Universe[END_REF][START_REF] Robertson | New Constraints on Cosmic Reionization from the 2012 Hubble Ultra Deep Field Campaign[END_REF][START_REF] Robertson | Cosmic Reionization and Early Star-forming Galaxies: A Joint Analysis of New Constraints from Planck and the Hubble Space Telescope[END_REF]. A complete reionization of the Universe by z ∼ 6, requires a population of star-forming galaxies at redshifts 6 < z < 10, and even earlier times [START_REF] Ellis | The Abundance of Star-forming Galaxies in the Redshift Range 8.5-12: New Results from the 2012 Hubble Ultra Deep Field Campaign[END_REF][START_REF] Robertson | New Constraints on Cosmic Reionization from the 2012 Hubble Ultra Deep Field Campaign[END_REF]. Galaxies have been confirmed spectroscopically out to z ∼ 11 [START_REF] Finkelstein | A galaxy rapidly forming stars 700 million years after the Big Bang at redshift 7.51[END_REF][START_REF] Oesch | A Remarkably Luminous Galaxy at z=11.1 Measured with Hubble Space Telescope Grism Spectroscopy[END_REF]. These first galaxies were less massive, fainter, more gas rich and with a more irregular, clumpy morphology. Our knowledge on the first high-z galaxies is still quite limited, but this will change soon with the upcoming research facilities such as the James Webb Space Telescope (JWST) [START_REF] Gardner | The James Webb Space Telescope[END_REF], the Euclid Space Mission (Section 2.2.1; [START_REF] Laureijs | Euclid Definition Study Report[END_REF], the European Extremely Large Telescope (E-ELT; [START_REF] Gilmozzi | The European Extremely Large Telescope (E-ELT)[END_REF], the Wide-Field InfraRed Survey Telescope (WFIRST; [START_REF] Spergel | Wide-Field InfrarRed Survey Telescope-Astrophysics Focused Telescope Assets WFIRST-AFTA 2015 Report[END_REF] and the improvements of the already existing ground facilities such as the Atacama Large Millimeter Array (ALMA).

galaxy studies

Observations of galaxies begun with the first catalogs of nebulae by Charles Messier, William Hershel and John Dreyer, at the end of the XIX century. However, it was Hubble who first proved that these nebulae are extragalactic objects, by measuring their distances using Cepheid stars in the M31 nebula, i.e. the Andromeda galaxy. Furthermore, he demonstrated a relation between the radial velocities and distances of galaxies (Hubble's law), and thus, proved that the Universe is expanding [START_REF] Hubble | A Relation between Distance and Radial Velocity among Extra-Galactic Nebulae[END_REF][START_REF] Hubble | The Velocity-Distance Relation among Extra-Galactic Nebulae[END_REF].

Moreover, Hubble classified galaxies according to their morphology. This classification is still in use today and is known as Hubble classification scheme (Figure 3;[START_REF] Hubble | Extragalactic nebulae[END_REF]. He classified galaxies into two basic morphological types: elliptical and spiral galaxies. Elliptical galaxies are ellipsoidal systems mostly supported by random motions. They are divided according to their ellipticities into subtypes E0, E1, ... , E7. In general, they are devoid of cold gas and dust, with little or no star formation and thus with an older stellar population that gives them reddish color. Spiral galax-ies have a complex morphology, consisting of a disk with spiral arms, with or without a bar and often with a central bulge. They are divided in two branches: barred SB or normal spirals S, and both branches are divided further according to the relative significance of the central bulge with respect to the disk, into subtypes a, b and c. They are predominantly rotationally supported systems, and usually rich in cold gas and dust, star-forming and bluish. Furthermore, many galaxies are a combination of the two main types, smooth disk galaxies with a dominant bulge (e.g. S0 galaxies). Next, irregular galaxies are low-mass, gas and dust rich galaxies with no regular shape or motion. Finally, peculiar galaxies are interacting and merging galaxies with disturbed morphologies, with two or or more subcomponents, filamentary structure and tidal tails (see e.g. [START_REF] Mo | Galaxy Formation and Evolution[END_REF]. Galaxies are dynamically bound complex systems made of stars, dust, gas and dark matter. Galaxies span a wide range in mass, size, color, luminosity, star formation, Active Galactic Nuclei (AGN) activity, etc. and can be classified according to each of these properties.

Spatial distribution of galaxies in the Universe can either be in voids filaments and nods, i.e. in the field, small groups or massive clusters. Galaxies trace the overall distribution of matter in large-scale structures (e.g. [START_REF] Peacock | Studying Large-scale Structure with the 2dF Galaxy Redshift Survey[END_REF]. Galaxy properties such as star formation, gas and dust content, stellar population, morphology, etc. strongly depend on the local density (Section 3.1.2; e.g. Kauffmann et al., 2004;Baldry et al., 2006). Moreover, an isolated galaxy goes through a secular evolution, which includes aging of the stellar populations, metal enrichment through stellar and SNe feedback [START_REF] Lucia | Chemical enrichment of the intracluster and intergalactic medium in a hierarchical galaxy formation model[END_REF][START_REF] Wiersma | Chemical enrichment in cosmological, smoothed particle hydrodynamics simulations[END_REF][START_REF] Vogelsberger | A model for cosmological simulations of galaxy formation physics[END_REF], AGN feedback [START_REF] Mcnamara | Heating Hot Atmospheres with Active Galactic Nuclei[END_REF][START_REF] Cicone | Massive molecular outflows and evidence for AGN feedback from CO observations[END_REF], gas accretion [START_REF] Mushotzky | Cooling Flows in Clusters of Galaxies[END_REF][START_REF] Fabian | Cooling Flows in Clusters of Galaxies[END_REF], gas cooling and heating processes (e.g. [START_REF] Tielens | The Physics and Chemistry of the Interstellar Medium[END_REF], etc.

All these physical processes take part in shaping galaxies over billions of years into the galaxies we observe today. The timescales of these processes are too long, thus, it is impossible to follow the formation and evolution of a single galaxy directly. Instead, we can either study galaxies using simulations, or large galaxy surveys. Fundamental statistical tools for studying the properties of galaxy populations, star-formation history (SFH) and stellar mass assembly of galaxies, and setting constraints on the galaxy formation and evolution models are luminosity and stellar mass function (LF and SMF, respectively; Section 2.1).

Cosmological simulations

Simulations are necessary in order to make predictions of galaxy formation and evolution within the ΛCDM framework of the Universe. Moreover, simulations can be used to test alternative cosmological models (see e.g. Vogelsberger et al., 2020 for a review) and as a preparation for the upcoming observations (e.g. Carretero et al., 2017).

Numerical N-body simulations can reliably predict formation and evolution of the dominant mass component of galaxies i.e. the dark matter halos and their distribution in clumps, filaments and voids i.e. the cosmic web (e.g. [START_REF] Boylan-Kolchin | Resolving cosmic structure formation with the Millennium-II Simulation[END_REF][START_REF] Potter | PKDGRAV3: beyond trillion particle cosmological simulations for the next era of galaxy surveys[END_REF]. In simulations the dark matter is approximated by an ensemble of N collisionless particles of a given mass that interact only gravitationally. Therefore, objects and substructures that can be simulated are limited by the particle mass resolution. Moreover, N-body simulations do not include baryonic physical processes that are fundamental in galaxy formation and evolution, such as radiative cooling and heating of gas, star formation, stellar, SN and AGN feedback, metal enrichment, etc. In order to treat the sub-grid physics, it is necessary to include hydrodynamical simulations or Semi-Analytic Models (SAMs).

The first numerical simulation of gravitational clustering of cold dark matter was developed by [START_REF] Davis | The evolution of large-scale structure in a universe dominated by cold dark matter[END_REF]. In the following years, hydrodynamics and semi-analytic techniques were incorporated into N-body simulations within the CDM framework [START_REF] White | Galaxy distribution in a cold dark matter universe[END_REF][START_REF] White | Galaxy Formation through Hierarchical Clustering[END_REF][START_REF] Katz | Hierarchical Galaxy Formation: Overmerging and the Formation of an X-Ray Cluster[END_REF]Springel, 2005;[START_REF] Lucia | The hierarchical formation of the brightest cluster galaxies[END_REF]Klypin, Trujillo-Gomez, and Primack, 2011;Li et al., 2015;Carretero et al., 2017, etc). SAMs are based on painting the baryonic physics using approximate, analytic techniques, on top of the numerical simulations (e.g. [START_REF] White | Galaxy Formation through Hierarchical Clustering[END_REF][START_REF] Kauffmann | The formation and evolution of galaxies within merging dark matter haloes[END_REF][START_REF] Somerville | Semi-analytic modelling of galaxy formation: the local Universe[END_REF][START_REF] Benson | The nature of galaxy bias and clustering[END_REF]Springel et al., 2005;[START_REF] Lucia | The hierarchical formation of the brightest cluster galaxies[END_REF][START_REF] Guo | From dwarf spheroidals to cD galaxies: simulating the galaxy population in a ΛCDM cosmology[END_REF]. Hydrodynamical simulations are more self-consistent, since they treat the gas physics for a large number of particles [START_REF] Evrard | Beyond N-body: 3D cosmological gas dynamics[END_REF][START_REF] Katz | Hierarchical Galaxy Formation: Overmerging and the Formation of an X-Ray Cluster[END_REF][START_REF] Navarro | Accretion of satellite galaxies and the density of the universe[END_REF][START_REF] Weinberg | Galaxy Clustering and Galaxy Bias in a ΛCDM Universe[END_REF]) or cells [START_REF] Bryan | Simulating X-ray Clusters with Adaptive Mesh Refinement[END_REF][START_REF] Teyssier | Cosmological hydrodynamics with adaptive mesh refinement. A new high resolution code called RAMSES[END_REF]Li et al., 2015).

Simulations run on the most powerful supercomputers of today, but it is still not possible to have large enough volume to contain statistically representative populations of objects, and at the same time, resolve and follow small-scale processes within individual objects. Therefore, there are largevolume simulations sampling large galaxy populations and zoom simulations that resolve physical processes in a small number of galaxies (Figure 4;[START_REF] Vogelsberger | Cosmological simulations of galaxy formation[END_REF]. State-of-the-art dark matter simulations in large volumes include the Millennium (Springel et al., 2005), Millennium II [START_REF] Boylan-Kolchin | Resolving cosmic structure formation with the Millennium-II Simulation[END_REF] and Millennium XXL (Angulo et al., 2012), Bolshoi (Klypin, Trujillo-Gomez, and[START_REF] Klinkhamer | Dark Matter Halos in the Standard Cosmological Model: Results from the Bolshoi Simulation[END_REF], Dark Sky [START_REF] Skillman | Dark Sky Simulations: Early Data Release[END_REF], etc., whereas hydrodynamical simulations in large volumes are the Illustris [START_REF] Vogelsberger | Introducing the Illustris Project: simulating the coevolution of dark and visible matter in the Universe[END_REF], Eagle [START_REF] Schaye | The EAGLE project: simulating the evolution and assembly of galaxies and their environments[END_REF], Horizon-AGN (Dubois et al., 2016), etc. Moreover, one of the best zoom dark matter simulations include Aquarius [START_REF] Springel | The Aquarius Project: the subhaloes of galactic haloes[END_REF], GHALO [START_REF] Stadel | Quantifying the heart of darkness with GHALOa multibillion particle simulation of a galactic halo[END_REF], ELVIS [START_REF] Garrison-Kimmel | ELVIS: Exploring the Local Volume in Simulations[END_REF], etc., while the zoom hydrodynamical simulations are Latte/FIRE [START_REF] Wetzel | Reconciling Dwarf Galaxies with ΛCDM Cosmology: Simulating a Realistic Population of Satellites around a Milky Way-mass Galaxy[END_REF], APOSTLE [START_REF] Sawala | The APOSTLE simulations: solutions to the Local Group's cosmic puzzles[END_REF], Auriga [START_REF] Grand | The Auriga Project: the properties and formation mechanisms of disc galaxies across cosmic time[END_REF], etc.

Figure 4: Visual representations of the most important N-body (left panels) and hydrodynamical simulations (right panels), divided on zoom simulations (top panels) and simulations in large volume (bottom panels). Credit: [START_REF] Vogelsberger | Cosmological simulations of galaxy formation[END_REF].

A state-of-the art N-body dark matter simulation developed by [START_REF] Potter | PKDGRAV3: beyond trillion particle cosmological simulations for the next era of galaxy surveys[END_REF], with a Euclid Flagship mock galaxy catalog (Carretero et al., 2017) was produced for the upcoming Euclid Space Mission (Section 2.2.1, Section 2.2.2). I use this catalog for testing the Euclid pipeline for deriving the stellar mass function (SMF) of cluster galaxies (Chapter 2).

Simulations can reproduce large-scale distribution of dark matter and galaxies, i.e. the cosmic web, the formation and evolution of galaxies, the star formation rate density, galaxy luminosity and stellar mass function, color bimodality, morphology, metallicity etc. (e.g. [START_REF] White | Galaxy Formation through Hierarchical Clustering[END_REF][START_REF] Somerville | Semi-analytic modelling of galaxy formation: the local Universe[END_REF][START_REF] White | The Mass Function[END_REF][START_REF] Springel | Cosmological smoothed particle hydrodynamics simulations: a hybrid multiphase model for star formation[END_REF]. However, there are still some inconsistencies between the simulated and observed universe. For instance, the missing satellites problem, i.e. simulations overpredict the number of low-mass galaxies at low redshifts [START_REF] White | Galaxy Formation through Hierarchical Clustering[END_REF]Moore et al., 1999b;[START_REF] Boylan-Kolchin | The Milky Way's bright satellites as an apparent failure of ΛCDM[END_REF].

Galaxy redshift surveys

Galaxy redshift surveys are crucial in statistical studies of galaxies. We can study the evolution of galaxies by comparing their properties across cosmic time, up to the reionization epoch. We can investigate the distribution of galaxies and probe the large-scale structure. Moreover, galaxy surveys are essential in putting constraints on the galaxy formation and evolution models, testing the current cosmological models and shedding light on the nature of dark matter and dark energy.

There are two types of redshift surveys, depending on the way the redshift is obtained: spectroscopic and photometric. Spectroscopic surveys give physical properties such as galaxy star formation rate (SFR), age, metallicity, etc., while photometry gives color, morphology, size, etc. Furthermore, surveys can be divided according to the area and depth of observations into shallow and wide i.e. all-sky surveys, deep and narrow, and intermediate surveys. Obtaining the redshift survey data usually involves two phases: first the selected area of the sky is imaged with a low-precision photometric redshift estimates, then there is a follow-up of selected galaxies by highprecision spectroscopic redshift estimates ( see Johnston, 2011 for a review).

The first crucial spectroscopic redshift survey that mapped the large-scale structure of the nearby Universe was the Center for Astrophysics (CfA) survey [START_REF] Huchra | A survey of galaxy redshifts. IV -The data[END_REF][START_REF] Geller | Mapping the Universe[END_REF]. The next big breakthroughs were with space telescope surveys such as Infra-Red Astronomical Satellite (IRAS) survey [START_REF] Saunders | The PSCz catalogue[END_REF] and especially with the Hubble Deep Field (HDF) [START_REF] Williams | The Hubble Deep Field: Observations, Data Reduction, and Galaxy Photometry[END_REF][START_REF] Fernández-Soto | A New Catalog of Photometric Redshifts in the Hubble Deep Field[END_REF] and Hubble Ultra Deep Field (HUDF) survey [START_REF] Beckwith | The Hubble Ultra Deep Field[END_REF] allowing photometric redshift measurements of the faintest galaxies up to redshift z ∼ 6. Big step forward with ground-based telescopes was the Two Degree Field Galaxy Redshift Survey (2dF-GRS; [START_REF] Folkes | The 2dF Galaxy Redshift Survey: spectral types and luminosity functions[END_REF]) that used the multi-fiber spectrograph which could estimate 400 galaxy redshifts at the same time. One of the largest all-sky galaxy surveys is the Sloan Digital Sky Survey (SDSS) [START_REF] York | The Sloan Digital Sky Survey: Technical Summary[END_REF][START_REF] Blanton | Sloan Digital Sky Survey IV: Mapping the Milky Way, Nearby Galaxies, and the Distant Universe[END_REF], which mapped more than 200 million nearby galaxies with about a million spectroscopic redshifts and characterized their physical properties and clustering in largescale structures.

Galaxy surveys at intermediate redshift (z ∼ 1) began with the Canada-France Redshift Survey (CFRS; [START_REF] Lilly | The Canada-France Redshift Survey. VI. Evolution of the Galaxy Luminosity Function to Z approximately 1[END_REF] and Autofib-LDSS survey [START_REF] Ellis | Autofib Redshift Survey -I. Evolution of the galaxy luminosity function[END_REF][START_REF] Heyl | Autofib Redshift Survey -II. Evolution of the galaxy luminosity function by spectral type[END_REF], which provided evolution of the luminosity function (LF) of galaxies at 0 < z < 1. One of the largest intermediate-z surveys is the Deep Extragalactic Evolutionary Probe 2 (DEEP2; [START_REF] Davis | Science Objectives and Early Results of the DEEP2 Redshift Survey[END_REF], which showed that the color bimodality of galaxies is present at z ∼ 1 and provided the evolution of the LF of the blue and red galaxies.

The VLT/VIMOS Deep Survey (VVDS) [START_REF] Ilbert | The VIMOS-VLT deep survey. Evolution of the galaxy luminosity function up to z = 2 in first epoch data[END_REF] delivered the evolution of the global LF up to z ∼ 2. The VIMOS Public Extragalactic Redshift Survey (VIPERS) [START_REF] Guzzo | VIPERS: An Unprecedented View of Galaxies and Large-scale Structure Halfway Back in the Life of the Universe[END_REF] is the intermediate redshift (0.5 < z < 1.2) equivalent of the large surveys of the nearby Universe (SDSS and 2dF-GRS). VIPERS maps the distribution of galaxies in large scale structures and shows that the color-density relation is already present at intermediate redshifts (Figure 5). The COSMic evOlution Survey (COSMOS) [START_REF] Capak | The First Release COSMOS Optical and Near-IR Data and Catalog[END_REF] and the zCOSMOS follow-up [START_REF] Lilly | zCOSMOS: A Large VLT/VIMOS Redshift Survey Covering 0 < z < 3 in the COSMOS Field[END_REF] combined the photometric and spectroscopic redshifts of galaxies at 0 < z < 3. The CosmicAssembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS) (Grogin et al., 2011) is designed to observe the first third of galactic evolution at 1.5 < z < 8. The VIMOS Ultra-Deep Survey (VUDS; Le Fèvre et al., 2015) is a large spectroscopic survey of star-forming galaxies at 2 < z < 6 . I use the COSMOS2015 photometric redshift catalog (Section 2.2.3; [START_REF] Laigle | The COSMOS2015 Catalog: Exploring the 1 < z < 6 Universe with Half a Million Galaxies[END_REF]Davidzon et al., 2017) in order to test the pipeline for deriving the SMF of cluster galaxies for the upcoming Euclid Mission (Chapter 2).

Figure 5: Galaxies trace the large-scale structure of the Universe in the W1 field of the VIPERS survey. Galaxies are marked with different color (red, blue or green) depending on their rest-frame color. Credit: [START_REF] Guzzo | VIPERS: An Unprecedented View of Galaxies and Large-scale Structure Halfway Back in the Life of the Universe[END_REF].

The next generation telescopes such as the Large Synoptic Survey Telescope (LSST) (LSST Science Collaboration et al., 2009;[START_REF] Ivezić | LSST: From Science Drivers to Reference Design and Anticipated Data Products[END_REF], the James Web Space Telescope (JWST) [START_REF] Gardner | The James Webb Space Telescope[END_REF] and Euclid Space Mission (Section 2.2.1; [START_REF] Laureijs | Euclid Definition Study Report[END_REF] will provide the astronomers with survey data with greater wavelength and absolute magnitude coverage.

Galaxy properties

The galaxy redshifts are essential for deriving other galaxy parameters. Furthermore, with the information on redshifts and galaxy coordinates, we can obtain a 3D map of galaxy distribution within a field of the sky (Figure 5; [START_REF] Guzzo | VIPERS: An Unprecedented View of Galaxies and Large-scale Structure Halfway Back in the Life of the Universe[END_REF] and use galaxies as cosmological probes for the geometry and expansion of the Universe (e.g. [START_REF] Peacock | Studying Large-scale Structure with the 2dF Galaxy Redshift Survey[END_REF].

Redshifts can be derived using spectroscopy, photometry or a combination of the two. Spectroscopy is a more precise method, but more expensive in terms of the telescope time. Spectroscopic redshift z sp can be computed using the spectral lines that we identify in the spectra of galaxies, by using the following equation:

z sp = λ obs -λ em λ em (1)
where λ obs is the observed wavelength of a certain identified spectral line and λ em is the emitted wavelength of the same spectral line. The entire spectra of distant objects (e.g. galaxies) are shifted, the shift of the spectrum increases with the distance of the object, due to the expansion of Universe.

The relative shift of the spectra provides the spectroscopic redshift measurement of the galaxy.

A faster, more quantitative, but less accurate way to estimate the redshift of an object is to use photometry [START_REF] Baum | Photoelectric Magnitudes and Red-Shifts[END_REF][START_REF] Koo | Optical multicolors -A poor person's Z machine for galaxies[END_REF][START_REF] Loh | Photometric redshifts of galaxies[END_REF][START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Arnouts | Measuring and modelling the redshift evolution of clustering: the Hubble Deep Field North[END_REF]. Photometric redshift z ph is not related to positions of specific spectral lines, but to positions of spectral features and the overall shape of the galaxy spectra, such as the Lyman break, Balmer break, 4000Å break, etc. (e.g. [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF]. Distant (redshifted) galaxies are redder and fainter than their counterparts at z = 0. Due to this effect we can estimate galaxy's redshift by comparing the observed and expected brightness of the object in different wavebands.

At intermediate and high redshifts, the photometric redshift is an essential parameter in galaxy studies (see e.g. [START_REF] Koo | Overview -Photometric Redshifts: A Perspective from an Old-Timer[!] on their Past, Present, and Potential[END_REF], for deriving the evolution of the LF and SMF [START_REF] Subbarao | Luminosity Functions From Photometric Redshifts. I. Techniques[END_REF][START_REF] Wolf | The COMBO-17 survey: Evolution of the galaxy luminosity function from 25 000 galaxies with 0.2< z <1.2[END_REF][START_REF] Gabasch | The evolution of the luminosity functions in the FORS Deep Field from low to high redshift. I. The blue bands[END_REF][START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF]Ilbert et al., 2013;[START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF]Davidzon et al., 2017), and obtaining galaxy distribution in large-scale structures [START_REF] Mazure | Structure detection in the D1 CFHTLS deep field using accurate photometric redshifts: a benchmark[END_REF], etc.

Photometric redshift can be derived by Spectral Energy Distribution (SED) fitting, which is based on fitting the observed galaxy colors with those expected from the theoretical or empirical SEDs, using a χ 2 minimization procedure:

χ 2 (z, T , A) = N i i=1 F obs,i -A × F temp,i (z, T ) σ i 2 (2)
where F obs,i is the observed flux, F temp,i (z, T ) is the flux in a given filter i for a template T at a redshift z, σ i is the flux uncertainty in the filter i, N i is the total number of filters used and A is the normalization constant [START_REF] Lanzetta | Starforming galaxies at very high redshifts[END_REF][START_REF] Arnouts | Measuring and modelling the redshift evolution of clustering: the Hubble Deep Field North[END_REF][START_REF] Arnouts | Measuring the redshift evolution of clustering: the Hubble Deep Field South[END_REF][START_REF] Bolzonella | Photometric redshifts based on standard SED fitting procedures[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF]. The z ph is estimated by minimizing the χ 2 . Derived photometric redshifts are generally calibrated using spectroscopic redshifts [START_REF] Loh | Photometric redshifts of galaxies[END_REF][START_REF] Arnouts | Measuring and modelling the redshift evolution of clustering: the Hubble Deep Field North[END_REF][START_REF] Bolzonella | Photometric redshifts based on standard SED fitting procedures[END_REF][START_REF] Wolf | A catalogue of the Chandra Deep Field South with multi-colour classification and photometric redshifts from COMBO-17[END_REF]Ilbert et al., 2013;Davidzon et al., 2017).

Another way of deriving the photometric redshift is by empirical fitting, where an empirical relation is derived for the z ph (see e.g. [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Brunner | Toward More Precise Photometric Redshifts: Calibration Via CCD Photometry[END_REF]. For instance, [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF] derived an empirical equation to estimate the z ph as a linear function of U,B J , R F , I N magnitudes for four respective bandpasses:

z = -0.941 -0.147U + 0.412B J -0.138R F -0.084I N (3)
Moreover, they also derive empirical equations of quadratic and higher order with higher accuracy and lower dispersion σ z . Then, the empirically computed z ph values are compared to already existing spectroscopic redshifts of a subsample of galaxies [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Connolly | The Evolution of the Global Star Formation History as Mea-sured from the Hubble Deep Field[END_REF][START_REF] Brunner | Toward More Precise Photometric Redshifts: Calibration Via CCD Photometry[END_REF][START_REF] Firth | Estimating photometric redshifts with artificial neural networks[END_REF].

Both methods have been improved and extended with the use of the Bayesian statistics [START_REF] Kodama | A Bayesian classifier for photometric redshifts: identification of high-redshift clusters[END_REF][START_REF] Wolf | Bayesian photometric redshifts with empirical training sets[END_REF] and neural networks [START_REF] Firth | Estimating photometric redshifts with artificial neural networks[END_REF][START_REF] Collister | MegaZ-LRG: a photometric redshift catalogue of one million SDSS luminous red galaxies[END_REF][START_REF] Yèche | Artificial neural networks for quasar selection and photometric redshift determination[END_REF]. Furthermore, the two methods can be combined [START_REF] Budavári | Creating Spectral Templates from Multicolor Redshift Surveys[END_REF][START_REF] Benítez | Faint Galaxies in Deep Advanced Camera for Surveys Observations[END_REF].

The accuracy of the photometric redshift estimate has been improved by increasing the number of bandpasses and using more narrow bandpasses [START_REF] Wolf | The COMBO-17 survey: Evolution of the galaxy luminosity function from 25 000 galaxies with 0.2< z <1.2[END_REF][START_REF] Wolf | A catalogue of the Chandra Deep Field South with multi-colour classification and photometric redshifts from COMBO-17[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF], combining the photometric bandpasses and spectroscopic emission lines [START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF], etc. Photometric redshift z ph can be validated using the available z sp [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Dahlen | A Critical Assessment of Photometric Redshift Methods: A CANDELS Investigation[END_REF][START_REF] Skelton | 3D-HST WFC3-selected Photometric Catalogs in the Five CANDELS/3D-HST Fields: Photometry, Photometric Redshifts, and Stellar Masses[END_REF]Davidzon et al., 2017). Furthermore, if spectroscopic features are too faint, z sp estimate can be supported by the z ph estimation.

We can use the derived redshift and cosmological parameters to estimate the luminosity distance:

d L = (1 + z) c H 0 z 0 dz Ω λ + Ω m (1 + z) 3 (4)
where Ω m is the matter density constant, Ω λ is the dark energy density constant, c is the lightspeed and H 0 is the Hubble constant. With the luminosity distance and the measured apparent magnitude m of our objects we can compute their K-corrected absolute magnitude:

M = m -5 × log(d L /Mpc) -m 0 -K(z) (5) 
where K(z) is the flux correction in the observed waveband and a fixed restframe waveband and m 0 is the apparent magnitude normalization i.e. zero magnitude. Absolute magnitudes can be used for deriving the LF of the observed sample of galaxies. Stellar masses can be estimated by fitting the observed SED with the SED templates, from the Stellar Population Synthesis (SPS) models (e.g. [START_REF] Bruzual | Stellar population synthesis at the resolution of 2003[END_REF][START_REF] Conroy | Modeling the Panchromatic Spectral Energy Distributions of Galaxies[END_REF][START_REF] Conroy | The Propagation of Uncertainties in Stellar Population Synthesis Modeling. I. The Relevance of Uncertain Aspects of Stellar Evolution and the Initial Mass Function to the Derived Physical Properties of Galaxies[END_REF] with different assumptions on the star formation history (SFH), IMF, stellar age, dust extinction law, metallicity, etc. for each galaxy [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF](Ilbert et al., , 2013;;[START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF]Davidzon et al., 2017). Uncertainties in the stellar mass estimate, originate mainly from the uncertainties in photometry and photometric redshift, but also due to degeneracies of the SED parameters and systematics [START_REF] Caputi | The stellar mass function of the most-massive galaxies at 3 < z < 5 in the UKIDSS Ultra Deep Survey[END_REF]Ilbert et al., 2013;[START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF][START_REF] Mobasher | A Critical Assessment of Stellar Mass Measurement Methods[END_REF]Davidzon et al., 2017). Stellar masses can be used in order to derive the SMF of a galaxy population.

galaxy evolution

Interplay of physical processes such as galaxy merging, star formation, gas accretion, radiative gas cooling, gas heating, feedback mechanisms, environmental effects, etc. regulate the gas content and star formation in galaxies, drive the evolution of galaxies [START_REF] Kauffmann | Clustering of galaxies in a hierarchical universe -I. Methods and results at z=0[END_REF][START_REF] Birnboim | Virial shocks in galactic haloes?[END_REF][START_REF] Kereš | How do galaxies get their gas?[END_REF][START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF][START_REF] Cattaneo | Modelling the galaxy bimodality: shutdown above a critical halo mass[END_REF] and shape the galaxy LF and SMF [START_REF] Kauffmann | Clustering of galaxies in a hierarchical universe -I. Methods and results at z=0[END_REF][START_REF] Benson | What Shapes the Luminosity Function of Galaxies?[END_REF][START_REF] Binney | On the origin of the galaxy luminosity function[END_REF][START_REF] Kereš | How do galaxies get their gas?[END_REF].

Galaxies assemble their stellar mass through gravitational build-up, i.e. galaxy merging (e.g. Hopkins et al., 2008) and star formation (e.g. McKee and Ostriker, 2007). Galaxy merging is more important for the stellar mass build-up of massive galaxies (M * > 10 11 M ⊙ ) [START_REF] Oser | The Two Phases of Galaxy Formation[END_REF][START_REF] Cattaneo | How do galaxies acquire their mass?[END_REF][START_REF] Lee | On the Assembly History of Stellar Components in Massive Galaxies[END_REF], whereas in situ star formation contributes more for the mass build-up of low-mass galaxies [START_REF] Lee | On the Assembly History of Stellar Components in Massive Galaxies[END_REF][START_REF] Rodriguez-Gomez | The stellar mass assembly of galaxies in the Illustris simulation: growth by mergers and the spatial distribution of accreted stars[END_REF]. However, there are still many open questions such as What is the importance of each of these processes as a function of mass, environment and cosmic epoch? What is the timescale of these processes?, etc. In this section I give a description on the galaxy merging process (Section 1.4.1) and star formation in galaxies (Section 1.4.2) and I give an overview of the stellar mass assembly of star-forming and quiescent galaxies at different cosmic epochs (Section 1.4.3).

Galaxy merging

In the ΛCDM model, dark matter halos merge to form larger and larger halos (Section 1.2; e.g. [START_REF] White | Core condensation in heavy halos: a two-stage theory for galaxy formation and clustering[END_REF]. Galaxies sharing the same dark matter halo, e.g. in a cluster, can interact and eventually merge with their neighboring galaxies. Their gas, dust and stars are redistributed to form a more massive galaxy with often different properties of their progenitors [START_REF] Toomre | Galactic Bridges and Tails[END_REF]Hopkins et al., 2006aHopkins et al., ,b, 2008;;Dubois et al., 2016).

Observational evidence of merger events exists in the form of tidal tails, shells, ripples, close physical pairs, interacting and merging galaxies i.e. peculiar galaxies [START_REF] Schweizer | Correlation Between UBV Colors and Fine Structure in E and SO[END_REF][START_REF] Schweizer | Colliding and Merging Galaxies. III. The Dynamically Young Merger Remnant NGC 3921[END_REF][START_REF] Borne | Evidence for Multiple Mergers among Ultraluminous Infrared Galaxies: Remnants of Compact Groups?[END_REF][START_REF] Struve | Cold gas in massive early-type galaxies: the case of NGC 1167[END_REF][START_REF] López-Sanjuan | MASSIV: Mass Assembly Survey with SIN-FONI in VVDS. V. The major merger rate of star-forming galaxies at 0.9 < z < 1.8 from IFS-based close pairs[END_REF][START_REF] Tasca | Evidence for major mergers of galaxies at 2 z < 4 in the VVDS and VUDS surveys[END_REF]. These features can be modeled (e.g. [START_REF] Toomre | Galactic Bridges and Tails[END_REF][START_REF] Barnes | Fueling Starburst Galaxies with Gas-rich Mergers[END_REF][START_REF] Barnes | Transformations of Galaxies. II. Gasdynamics in Merging Disk Galaxies[END_REF][START_REF] Kazantzidis | Cold Dark Matter Substructure and Galactic Disks. I. Morphological Signatures of Hierarchical Satellite Accretion[END_REF] and are also predicted by the hierarchical clustering scenario (Section 1.2; e.g. [START_REF] White | Core condensation in heavy halos: a two-stage theory for galaxy formation and clustering[END_REF].

Major merger is typically defined as a merger event of two galaxies with stellar mass ratio between 1 : 4 < M * ,1 : M * ,2 < 1 : 1, where M * ,1 > M * ,2 (e.g. [START_REF] Rodriguez-Gomez | The stellar mass assembly of galaxies in the Illustris simulation: growth by mergers and the spatial distribution of accreted stars[END_REF]. It is generally believed that on average, a galaxy goes through at least one major merger event since z ∼ 1 -1.5, thus roughly doubling its stellar mass during this period [START_REF] Oser | The Two Phases of Galaxy Formation[END_REF][START_REF] López-Sanjuan | The dominant role of mergers in the size evolution of massive early-type galaxies since z ~1[END_REF], 2013). Besides having an impact on the galaxy stellar mass, a major merger has a substantial impact on other galaxy properties, such as metallicity, stellar age, morphology, size, star formation, velocity dispersion, etc. (e.g. [START_REF] López-Sanjuan | The dominant role of mergers in the size evolution of massive early-type galaxies since z ~1[END_REF]. For instance, in a major merger event of two disk, star-forming galaxies, the two galaxies transform into an elliptical galaxy [START_REF] Toomre | Galactic Bridges and Tails[END_REF]. Gas associated with the progenitors is shock-heated, settles back into the potential well of the newly formed galaxy where it cools, fragments and eventually forms stars [START_REF] Barnes | Fueling Starburst Galaxies with Gas-rich Mergers[END_REF][START_REF] Barnes | Transformations of Galaxies. II. Gasdynamics in Merging Disk Galaxies[END_REF]. In case the two progenitors are rich in molecular gas, i.e. in a wet major merger event, remnant galaxy often goes through a starburst phase [START_REF] Barnes | Fueling Starburst Galaxies with Gas-rich Mergers[END_REF]Mihos andHernquist, 1994, 1996) and strong AGN activity (Di Matteo, [START_REF] Springel | Black Holes in Galaxy Mergers: The Formation of Red Elliptical Galaxies[END_REF] fueled by the molecular gas inflow. Over a period of time, a combination of star formation and feedback mechanisms consume the available molecular gas and galaxy moves to a more quiescent, poststarburst phase (Snyder et al., 2011;Yesuf et al., 2014). Eventually, stellar and AGN feedback disperse the remaining gas and dust and suppress star formation [START_REF] Springel | Black Holes in Galaxy Mergers: The Formation of Red Elliptical Galaxies[END_REF]Yesuf et al., 2014;Dubois et al., 2016). The remnant galaxy becomes a visible quasar that reddens rapidly and reaches a final stage of a dead, quiescent, elliptical galaxy (Figure 6; Hopkins et al., 2006aHopkins et al., ,b, 2008)). Credit : Hopkins et al., (2008).

Wet major mergers naturally occur more often in dense regions where the probability for collisions is higher, and at higher redshifts (z > 1.5 -2) when most of the galaxies were gas-rich (Hopkins et al., 2008;[START_REF] López-Sanjuan | MASSIV: Mass Assembly Survey with SIN-FONI in VVDS. V. The major merger rate of star-forming galaxies at 0.9 < z < 1.8 from IFS-based close pairs[END_REF]. Therefore, at higher redshift, the wet major remnant galaxies i.e. radio galaxies and quasars hosting powerful AGNs, can be used for identifying high-redshift galaxy protoclusters (Wylezalek et al., 2013). Moreover, these High-z Radio Galaxies (HzRG) are believed to be the progenitors of the Brightest Cluster Galaxies (BCGs) at lower redshifts (see e.g. [START_REF] Miley | Distant radio galaxies and their environments[END_REF] for a review).

In case the two merging galaxies are gas-poor, we have a dry merger event.

Dry merging of two elliptical galaxies is important in producing massive, boxy, elliptical galaxies at z < 1 [START_REF] Naab | Properties of Early-Type, Dry Galaxy Mergers and the Origin of Massive Elliptical Galaxies[END_REF][START_REF] Faber | Galaxy Luminosity Functions to z ~1 from DEEP2 and COMBO-17: Implications for Red Galaxy Formation[END_REF]Peng et al., 2010;[START_REF] López-Sanjuan | MASSIV: Mass Assembly Survey with SIN-FONI in VVDS. V. The major merger rate of star-forming galaxies at 0.9 < z < 1.8 from IFS-based close pairs[END_REF][START_REF] Cattaneo | How do galaxies acquire their mass?[END_REF].

A minor merger event, with a typical mass ratio between 1 : 10 < M * ,1 :

M * ,2 < 1 : 4 (Rodriguez-Gomez et al., 2016
) is a less violent process, where the remnant usually keeps similar properties as its most massive progenitor, sometimes with perturbed morphology: disk thickening, bars, low-surface brightness features, etc., whereas the less massive progenitor is being completely accreted by the massive progenitor. [START_REF] Velazquez | Sinking satellites and the heating of galaxy discs[END_REF][START_REF] Kazantzidis | Cold Dark Matter Substructure and Galactic Disks. I. Morphological Signatures of Hierarchical Satellite Accretion[END_REF][START_REF] Struve | Cold gas in massive early-type galaxies: the case of NGC 1167[END_REF].

Molecular gas and star formation

Dominant baryonic matter of the Universe from which galaxies form is the hot InterGalactic Medium (IGM). Ability of the hot IGM gas to cool is one of the main mechanisms that regulates molecular gas available for star formation in galaxies and it is essential for the formation of stars inside the galaxies in the center of the dark matter halos (Section 1.2; see e.g. [START_REF] Mo | Galaxy Formation and Evolution[END_REF].

Molecular gas

Molecular gas in galaxies is assembled through cold gas accretion that is directed along the filaments (Figure 7), and (indirectly) through quasispherical hot gas accretion [START_REF] Birnboim | Virial shocks in galactic haloes?[END_REF][START_REF] Kereš | How do galaxies get their gas?[END_REF][START_REF] Kereš | Seeding the Formation of Cold Gaseous Clouds in Milky Way-Size Halos[END_REF]Kereš et al., 2009;[START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF][START_REF] Dekel | Cold streams in early massive hot haloes as the main mode of galaxy formation[END_REF][START_REF] Stewart | Observing the End of Cold Flow Accretion Using Halo Absorption Systems[END_REF][START_REF] Bouché | Signatures of Cool Gas Fueling a Star-Forming Galaxy at Redshift 2.3[END_REF]. The cold gas is directly accreted by the galaxies inside the dark matter halos with masses lower than the critical mass M shock ∼ 10 11.4-12 M ⊙ , whereas gas entering massive halos (M halo > M shock ) is shock-heated to virial temperatures of the halo, and part of it is eventually accreted by the galaxies within these halos [START_REF] Birnboim | Virial shocks in galactic haloes?[END_REF][START_REF] Kereš | How do galaxies get their gas?[END_REF]Kereš et al., 2009;[START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF][START_REF] Cattaneo | Modelling the galaxy bimodality: shutdown above a critical halo mass[END_REF][START_REF] Ocvirk | Bimodal gas accretion in the Horizon-MareNostrum galaxy formation simulation[END_REF][START_REF] Stewart | Observing the End of Cold Flow Accretion Using Halo Absorption Systems[END_REF][START_REF] Nelson | Moving mesh cosmology: tracing cosmological gas accretion[END_REF]. However, gas accretion in the massive (M halo > M shock ), high-redshift (z > 2 -3) halos is still predominantly in the cold mode [START_REF] Birnboim | Virial shocks in galactic haloes?[END_REF][START_REF] Kereš | How do galaxies get their gas?[END_REF]Kereš et al., 2009;[START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF][START_REF] Cattaneo | Modelling the galaxy bimodality: shutdown above a critical halo mass[END_REF]. Since gas accretion mode depends on the halo mass, it is consequently environment dependent, with the cold mode dominating low-density environments i.e. the low-mass halos, whereas the hot mode is the dominant mode in massive halos of rich galaxy groups and clusters [START_REF] Kereš | How do galaxies get their gas?[END_REF].

Fraction of the hot halo gas radiatively cools and falls towards the central galaxy in the form of a cooling flow (see e.g. [START_REF] Mushotzky | Cooling Flows in Clusters of Galaxies[END_REF][START_REF] Fabian | Cooling Flows in Clusters of Galaxies[END_REF] Figure 7: Radial inward flux of cold gas flowing towards the halo center. Halo virial radius is marked as a white circle. Credit: [START_REF] Dekel | Cold streams in early massive hot haloes as the main mode of galaxy formation[END_REF]. [START_REF] Mcnamara | Chandra X-Ray Observations of the Hydra A Cluster: An Interaction between the Radio Source and the X-Ray-emitting Gas[END_REF][START_REF] Peterson | X-ray spectroscopy of cooling clusters[END_REF][START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF]. The cooled gas either settles inside the galaxy, fueling its star formation, or it is being accreted by the Super Massive Black Hole (SMBH), and fuels the AGN activity (Gaspari, Ruszkowski, and Sharma, 2012;[START_REF] Tremblay | Cold, clumpy accretion onto an active supermassive black hole[END_REF].

There is plenty of observational evidence supporting the existence of cooling flows in clusters, groups and massive elliptical galaxies, indicating that cooling flows are quite common (see e.g. [START_REF] Fabian | Cooling Flows in Clusters of Galaxies[END_REF][START_REF] Peterson | X-ray spectroscopy of cooling clusters[END_REF] for reviews). For example, the infalling gas, shock-heated to virial temperatures (T ∼ 10 7-8 K) of the massive halo is observed to radiatively cool through bremsstrahlung emission in the X-ray wavebands [START_REF] Cowie | Radiative regulation of gas flow within clusters of galaxies: a model for cluster X-ray sources[END_REF][START_REF] Edge | Properties of cooling flows in a flux-limited sample of clusters of galaxies[END_REF][START_REF] Mcnamara | Chandra X-Ray Observations of the Hydra A Cluster: An Interaction between the Radio Source and the X-Ray-emitting Gas[END_REF][START_REF] Peterson | X-ray imaging-spectroscopy of Abell 1835[END_REF]. Moreover, there are observations of the Near InfraRed (NIR), rovibrational emission of the warm molecular hydrogen H 2 (T ∼ 10 3 K) probably related to cooling flows [START_REF] Jaffe | Molecular hydrogen emission in cooling flows[END_REF][START_REF] Edge | A survey of molecular hydrogen in the central galaxies of cooling flows[END_REF][START_REF] Jaffe | HII and H 2 in the envelopes of cooling flow central galaxies[END_REF][START_REF] Lim | A Molecular Hydrogen Nebula in the Central cD Galaxy of the Perseus Cluster[END_REF]. Furthermore, there are numerous optical observations of the Hα nebular emission in cooling flow clusters, that traces the warm ionized gas, that possibly cooled from the hot IntraCluster medium (ICM) [START_REF] Mcnamara | U-Band Polarimetry of the Radio-aligned Optical Continuum in the Abell 1795 Cluster Central Galaxy[END_REF][START_REF] Edwards | Line emission in the brightest cluster galaxies of the NOAO Fundamental Plane and Sloan Digital Sky Surveys[END_REF][START_REF] Mcdonald | On the Origin of the Extended Hα Filaments in Cooling Flow Clusters[END_REF]. Finally, extended molecular gas structures have been detected in the central regions of cooling flow clusters, traced by the carbon monoxide (CO) rotational lines in the (sub)mm wavebands [START_REF] Edge | The detection of molecular gas in the central galaxies of cooling flow clusters[END_REF][START_REF] Edge | Resolving Molecular gas in the Central Galaxies of Cooling Flow Clusters[END_REF]Salomé et al., 2006). The molecular gas emission is often correlated with the Hα nebular emission, radio lobes and/or X-ray emission (Salomé et al., 2006;Olivares et al., 2019).

The hot ICM can cool radiatively and fragment into molecular gas clouds if the gas cooling time is sufficiently short t ti 10 8 yr (e.g. [START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF] or if gas cooling time to free-fall time ratio is sufficiently low t ti /t ff < 10 (e.g. [START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]. The expected cooling rates in massive clusters, determined from the X-ray emission, are M cool ∼ 100 -1000 M ⊙ yr -1 [START_REF] Allen | ASCA and ROSAT observations of nearby cluster cooling flows[END_REF][START_REF] Hudson | What is a cool-core cluster? a detailed analysis of the cores of the X-ray flux-limited HIFLUGCS cluster sample[END_REF]. However, observations at lower frequencies fail to detect the expected molecular gas content and SFR. Therefore, there must be some (re)heating mechanisms that prevents the hot gas from cooling, the most popular candidate being the AGN feedback (see e.g. Mc-Namara and Nulsen, 2007;Fabian, 2012 for reviews).

Different types of feedback mechanisms can also have a positive impact on gas cooling by shortening the gas cooling time. For instance, stellar and SNe feedback enrich the halo gas with metals, which shorten the gas cooling time [START_REF] Wiersma | Chemical enrichment in cosmological, smoothed particle hydrodynamics simulations[END_REF][START_REF] Fraternali | Gas Accretion via Condensation and Fountains[END_REF]. Next, AGN feedback can perturb the hot gas by compressing or lifting it to large distances where it becomes unstable and forms molecular gas filaments around the AGN jets (Section 3.1.1; e.g. Salomé et al., 2006;[START_REF] Werner | Violent interaction between the active galactic nucleus and the hot gas in the core of the galaxy cluster Sérsic 159-03[END_REF].

In Chapter 3 we use the CO(2-1) rotational transition line to trace the molecular gas in two extended components around the radio loud AGN (RLAGN), possibly correlated with two radio lobes, in a galaxy cluster at z ∼ 1.44 (Markov et al., 2020a). We discuss on several hypotheses on the most probable origin of the molecular gas, including the gas cooling hypothesis.

Star formation

There are many physical processes that lead up to star formation in galaxies. It begins with gas condensation out of the hot and warm halo gas, gas accretion by the galaxy, further cooling and formation of a neutral gas, contraction to massive gravitationally bound structures, further cooling of gas and formation of molecular clouds, fragmentation of molecular clouds into dense clumps and cores within these clumps, and finally gravitational collapse of these cores into stars (see e.g. McKee and Ostriker, 2007;Kennicutt and Evans, 2012).

Star formation is fueled by cold and dense molecular gas (see e.g. [START_REF] Kennicutt | Star Formation in Galaxies Along the Hubble Sequence[END_REF]Kennicutt and Evans, 2012;Krumholz, 2014 for reviews). Galaxies rich in molecular gas are mostly star-forming, bluish, late-type spiral and irregular galaxies (e.g. [START_REF] Kauffmann | The dependence of star formation history and internal structure on stellar mass for 10 5 low-redshift galaxies[END_REF][START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF][START_REF] Cattaneo | Modelling the galaxy bimodality: shutdown above a critical halo mass[END_REF]. Once the galaxy is completely devoid of molecular gas through star formation, feedback or environmental mechanisms, it will stop forming new stars [START_REF] Springel | Black Holes in Galaxy Mergers: The Formation of Red Elliptical Galaxies[END_REF]. Most stars eventually end their life with a significant release of the metalenriched gas [START_REF] Lucia | Chemical enrichment of the intracluster and intergalactic medium in a hierarchical galaxy formation model[END_REF][START_REF] Wiersma | Chemical enrichment in cosmological, smoothed particle hydrodynamics simulations[END_REF]. Young, blue and massive stars end their life on relatively short timescales with respect to their red, low-mass counterparts. Therefore, the color of gas-depleted galaxies starts to be dominated by the color of long-lived red stars. These galaxies gradually become redder, move to the red sequence (e.g. [START_REF] Baldry | Quantifying the Bimodal Color-Magnitude Distribution of Galaxies[END_REF][START_REF] Springel | Black Holes in Galaxy Mergers: The Formation of Red Elliptical Galaxies[END_REF][START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF], and evolve into passive, quiescent galaxies (Binney and Tremaine, 1987;[START_REF] Kennicutt | Star Formation in Galaxies Along the Hubble Sequence[END_REF][START_REF] Faber | Galaxy Luminosity Functions to z ~1 from DEEP2 and COMBO-17: Implications for Red Galaxy Formation[END_REF].

SFR quantifies the ongoing star formation activity in a galaxy. The SFR surface density Σ SFR is tightly correlated to the molecular gas density Σ gas (the star formation law, i.e. the Schmidt-Kennicutt law;[START_REF] Schmidt | The Rate of Star Formation[END_REF]Kennicutt, 1998a;[START_REF] Robert | Star Formation in NGC 5194 (M51a). II. The Spatially Resolved Star Formation Law[END_REF][START_REF] Schruba | A Molecular Star Formation Law in the Atomic-gas-dominated Regime in Nearby Galaxies[END_REF]. Therefore, SFR is completely driven by the molecular gas content and density [START_REF] Lada | On the Star Formation Rates in Molecular Clouds[END_REF]. There are three distinct regimes of star formation, depending on the gas density (see e.g. Kennicutt and Evans, 2012). In the low-density regime the cold gas is predominantly neutral, the SFR is low and occurs in sparse molecular clouds. This regime is typical for early-type galaxies, dwarf galaxies, etc. In the intermediate-density regime, molecular hydrogen is the dominant component of the cold gas, the SFR is higher and SFR surface density and molecular gas density are strongly correlated (the Schmidt-Kennicutt law; [START_REF] Robert | Star Formation in NGC 5194 (M51a). II. The Spatially Resolved Star Formation Law[END_REF]. This regime is characteristic of star-forming, disk galaxies [START_REF] Rodighiero | The Lesser Role of Starbursts in Star Formation at z = 2[END_REF]. Finally, in the high-density or starburst regime, the molecular gas is dense and compact, the SFR is intense and it occurs on relatively short timescales. The Schmidt-Kennicutt law can be extended for starburst galaxies (e.g. [START_REF] Genzel | A study of the gas-star formation relation over cosmic time[END_REF]. The starburst regime is thought to be triggered by cold gas accretion [START_REF] Dekel | Galaxy bimodality due to cold flows and shock heating[END_REF], or wet major mergers followed by the AGN activity (Figure 6; Hopkins et al., 2008;[START_REF] Rodighiero | The Lesser Role of Starbursts in Star Formation at z = 2[END_REF], thus, it naturally occurs at earlier times (z > 2).

Most star-forming galaxies follow a tight, almost linear relation between their SFRs and stellar masses (e.g. [START_REF] Brinchmann | The physical properties of starforming galaxies in the low-redshift Universe[END_REF]Elbaz et al., 2007;Peng et al., 2010;[START_REF] Rodighiero | The Lesser Role of Starbursts in Star Formation at z = 2[END_REF][START_REF] Tasca | The evolving star formation rate: M * relation and sSFR since z = 5 from the VUDS spectroscopic survey[END_REF][START_REF] Schreiber | The Herschel view of the dominant mode of galaxy growth from z = 4 to the present day[END_REF]. However, a small population of starburst galaxies lie above this main sequence (MS) [START_REF] Rodighiero | The Lesser Role of Starbursts in Star Formation at z = 2[END_REF]. Moreover, below the MS is a growing population of mostly massive galaxies going through star formation quenching (Elbaz et al., 2007;Tanaka et al., 2013;[START_REF] Tasca | The evolving star formation rate: M * relation and sSFR since z = 5 from the VUDS spectroscopic survey[END_REF]. The SFR -M * relation evolves with redshift, and the MS galaxies at high-z, have on average higher SFR than their local counterparts [START_REF] Tasca | The evolving star formation rate: M * relation and sSFR since z = 5 from the VUDS spectroscopic survey[END_REF][START_REF] Schreiber | The Herschel view of the dominant mode of galaxy growth from z = 4 to the present day[END_REF]Tomczak et al., 2016). The specific star formation rate sSFR = SFR/M * of star-forming galaxies is increasing with redshift (Peng et al., 2010;[START_REF] Karim | The Star Formation History of Mass-selected Galaxies in the COSMOS Field[END_REF][START_REF] Sargent | The Contribution of Starbursts and Normal Galaxies to Infrared Luminosity Functions at z < 2[END_REF]Sargent et al., , 2014;;[START_REF] Behroozi | The Average Star Formation Histories of Galaxies in Dark Matter Halos from z = 0-8[END_REF]Scoville et al., 2013;Ilbert et al., 2013;[START_REF] Tasca | The evolving star formation rate: M * relation and sSFR since z = 5 from the VUDS spectroscopic survey[END_REF][START_REF] Schreiber | The Herschel view of the dominant mode of galaxy growth from z = 4 to the present day[END_REF]Darvish et al., 2016). Moreover, the sSFR is on average lower for more massive galaxies than their low-mass counterparts [START_REF] Brinchmann | The physical properties of starforming galaxies in the low-redshift Universe[END_REF]Elbaz et al., 2007;[START_REF] Karim | The Star Formation History of Mass-selected Galaxies in the COSMOS Field[END_REF]Muzzin et al., 2012;Hatch et al., 2017).

The most common location of active star formation and rapid stellar mass assembly shifts from more massive galaxies at early epochs, to intermediate and low-mass galaxies at later epochs (the so called downsizing scenario; [START_REF] Cowie | New Insight on Galaxy Formation and Evolution From Keck Spectroscopy of the Hawaii Deep Fields[END_REF][START_REF] Brinchmann | The Mass Assembly and Star Formation Characteristics of Field Galaxies of Known Morphology[END_REF][START_REF] Heavens | The star-formation history of the Universe from the stellar populations of nearby galaxies[END_REF][START_REF] Juneau | Cosmic Star Formation History and Its Dependence on Galaxy Stellar Mass[END_REF][START_REF] Bundy | The Mass Assembly History of Field Galaxies: Detection of an Evolving Mass Limit for Star-Forming Galaxies[END_REF][START_REF] Panter | The star formation histories of galaxies in the Sloan Digital Sky Survey[END_REF][START_REF] Vergani | The VIMOS VLT Deep Survey. Tracing the galaxy stellar mass assembly history over the last 8 Gyr[END_REF][START_REF] Pérez-González | The Stellar Mass Assembly of Galaxies from z = 0 to z = 4: Analysis of a Sample Selected in the Rest-Frame Near-Infrared with Spitzer[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Muzzin et al., 2012;Pacifici et al., 2016).

Star Formation Rate Density (SFRD) is defined as SFR per unit volume. The SFRD can be derived from the luminosity density (Equation 6), measured in the UV rest-frame [START_REF] Madau | The Star Formation History of Field Galaxies[END_REF]. The SFRD characterizes the star formation activity across cosmic time, i.e. the cosmic star formation history [START_REF] Madau | High-redshift galaxies 528[END_REF][START_REF] Cucciati | The star formation rate density and dust attenuation evolution over 12 Gyr with the VVDS surveys[END_REF]Guglielmo et al., 2015; see e.g. [START_REF] Madau | Cosmic Star-Formation History[END_REF] for a review). The SFRD increased by more than an order of magnitude since the end of the reionization epoch (z ∼ 6 -8), to the so-called galaxy mass assembly epoch or the cosmic noon epoch at 1 < z < 3, with a peak around z ∼ 2 [START_REF] Cucciati | The star formation rate density and dust attenuation evolution over 12 Gyr with the VVDS surveys[END_REF]Guglielmo et al., 2015;[START_REF] Bouwens | UV Luminosity Functions at Redshifts z 4 to z 10: 10,000 Galaxies from HST Legacy Fields[END_REF]. Since then, the SFRD has been progressively declining, with the present day SFRD on average an order of magnitude lower than at its peak (Figure 8, top panel; see Madau and Dickinson, 2014 and references therein). The rise and fall of the cosmic SFRD corresponds to the evolution of the cosmic molecular gas density ρ(H 2 ) [START_REF] Walter | A Molecular Line Scan in the Hubble Deep Field North: Constraints on the CO Luminosity Function and the Cosmic H 2 Density[END_REF][START_REF] Walter | The evolution of the cosmic molecular gas density[END_REF][START_REF] Decarli | The ALMA Spectroscopic Survey in the HUDF: CO Luminosity Functions and the Molecular Gas Content of Galaxies through Cosmic History[END_REF], although the uncertainties are significant at higher redshifts (Figure 8, bottom panel; [START_REF] Walter | The evolution of the cosmic molecular gas density[END_REF]. Moreover, the decrease in SFRD matches the decrease in molecular gas fraction (M gas /M * ) since z ∼ 2 (Tacconi et al., 2013(Tacconi et al., , 2018)).

Star formation quenching

There are several physical processes responsible for shutting down (quenching) of star-formation in galaxies. Each of them plays a different role in cold molecular gas depletion, at different epochs and with different time scales (see e.g. Boselli and Gavazzi, 2006 for a review). These quenching mechanisms can be internal i.e. mass-driven or external i.e. environmentdriven (Peng et al., 2010(Peng et al., , 2012(Peng et al., , 2014;;Muzzin et al., 2012;Darvish et al., 2016;Darvish et al., 2018b;[START_REF] Cora | Semi-Analytic Galaxies -II. Revealing the role of environmental and mass quenching in galaxy formation[END_REF], with the two effects being independent up to z < 1 (Peng et al., 2010(Peng et al., , 2012)). Mass quenching dominates massive central galaxies, while both mass quenching and environmental quenching affect low-mass, satellite galaxies (Peng et al., 2010(Peng et al., , 2012)). Environmental quenching becomes more relevant at lower redshift (z < 1), when large-scale structures become denser and better differentiated (Peng et al., 2010, Scoville et al., 2013, Darvish et al., 2016), whereas mass quenching is more important at higher redshifts (Muzzin et al., 2012;Darvish et al., 2016). However, some works found that the mass and environmental quenching are simply two different manifestations of the same process related to the galaxy halo mass [START_REF] Knobel | Quenching of Star Formation in Sloan Digital Sky Survey Groups: Centrals, Satellites, and Galactic Conformity[END_REF][START_REF] Carollo | ZENS. IV. Similar Morphological Changes Associated with Mass Quenching and Environment Quenching and the Relative Importance of Bulge Growth versus the Fading of Disks*[END_REF].

Massive galaxies assemble their mass and quench earlier than their lowmass counterparts (Thomas et al., 2005;[START_REF] Bundy | The Mass Assembly History of Field Galaxies: Detection of an Evolving Mass Limit for Star-Forming Galaxies[END_REF][START_REF] Vergani | The VIMOS VLT Deep Survey. Tracing the galaxy stellar mass assembly history over the last 8 Gyr[END_REF]Peng et al., 2010Peng et al., , 2012;;[START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;Guglielmo et al., 2015;Pacifici et al., 2016;Tomczak et al., 2016;Sklias et al., 2017). For instance, AGN feedback is an internal feedback mechanism that unleashes vast amounts of energy that can disrupt star formation in massive galaxies [START_REF] Begelman | Outflows Driven by Cosmic-Ray Pressure in Broad Absorption Line QSOs[END_REF][START_REF] Mcnamara | Chandra X-Ray Observations of the Hydra A Cluster: An Interaction between the Radio Source and the X-Ray-emitting Gas[END_REF][START_REF] Springel | Black Holes in Galaxy Mergers: The Formation of Red Elliptical Galaxies[END_REF][START_REF] Croton | The many lives of active galactic nuclei: cooling flows, black holes and the luminosities and colours of galaxies[END_REF]; see e.g. [START_REF] Mcnamara | Heating Hot Atmospheres with Active Galactic Nuclei[END_REF]Fabian, 2012 for reviews). Moreover, blasts and radiation from SNe explosion can release energy sufficient for quenching the low-mass galax- ies [START_REF] Heckman | On the nature and implications of starburst-driven galactic superwinds[END_REF][START_REF] Martin | Properties of Galactic Outflows: Measurements of the Feedback from Star Formation[END_REF][START_REF] Benson | What Shapes the Luminosity Function of Galaxies?[END_REF][START_REF] Strickland | Supernova Feedback Efficiency and Mass Loading in the Starburst and Galactic Superwind Exemplar M82[END_REF][START_REF] Hopkins | Galaxies on FIRE (Feedback In Realistic Environments): stellar feedback explains cosmologically inefficient star formation[END_REF]. Finally, star formation of the intermediate-mass galaxies seem to be least affected by different types of feedback, and possibly other quenching mechanisms (Figure 9; [START_REF] Silk | Feedback in Galaxy Formation[END_REF][START_REF] Silk | The current status of galaxy formation[END_REF][START_REF] Mutch | The simplest model of galaxy formation -I. A formation history model of galaxy stellar mass growth[END_REF][START_REF] Davidzon | The COSMOS2015 galaxy stellar mass function . Thirteen billion years of stellar mass assembly in ten snapshots[END_REF]. Therefore, the shape and evolution of the LF and SMF are determined by quenching mechanisms [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF]Peng et al., 2010Peng et al., , 2012)). Observations of galaxies of the same stellar mass show that the evolution from star-forming to quiescent phase is more rapid for cluster galaxies than for their field counterparts (Kauffmann et al., 2004;[START_REF] Bundy | The Mass Assembly History of Field Galaxies: Detection of an Evolving Mass Limit for Star-Forming Galaxies[END_REF]Strazzullo et al., 2013;Scoville et al., 2013;Delaye et al., 2014;Guglielmo et al., 2015;Hatch et al., 2017;Foltz et al., 2018), due to the additional environmental mechanisms. For instance, tidal stripping is a gravitational effect and affects both dark and baryonic matter. Galaxies in groups and clusters interact with their neighbors and their outer regions can be stripped off its dark matter, gas, dust and stars by tidal forces. (Farouki and Shapiro, 1981;Moore et al., 1999a;[START_REF] Cooper | Galactic stellar haloes in the CDM model[END_REF][START_REF] Carleton | The Formation of Ultra Diffuse Galaxies in Cored Dark Matter Halos Through Tidal Stripping and Heating[END_REF]. Moreover, satellite galaxies entering groups and clusters, experience ram-pressure stripping by the hot halo gas (Abadi, Moore, andBower, 1999: McCarthy et al., 2008;Merluzzi et al., 2013;Jaffé et al., 2018), and strangulation (Larson, Tinsley, and Caldwell, 1980;Balogh and Morris, 2000;[START_REF] Van Den Bosch | The importance of satellite quenching for the build-up of the red sequence of present-day galaxies[END_REF]Peng, Maiolino, and Cochrane, 2015;Maier et al., 2016). Finally, galaxy mergers can be violent processes that play an important role in star formation quenching (Section 1.4.1;Hopkins et al., 2006bHopkins et al., , 2008;;[START_REF] Struve | Cold gas in massive early-type galaxies: the case of NGC 1167[END_REF][START_REF] Rodriguez-Gomez | The stellar mass assembly of galaxies in the Illustris simulation: growth by mergers and the spatial distribution of accreted stars[END_REF]Dubois et al., 2016).

Stellar mass assembly

Besides the SFRD and molecular gas density ρ(H 2 ) which quantify the star formation activity and molecular gas content of galaxies, respectively, another key parameter is the stellar mass density ρ * , that quantifies the stellar mass assembly of galaxies. We can investigate the stellar mass assembly of different galaxy samples, by deriving the evolution of ρ * over cosmic time. Moreover, evolution of the ρ * corresponds with the evolution of the SFRD and ρ(H 2 ) with redshift and provides complementary information on the overall galaxy evolution (see [START_REF] Madau | Cosmic Star-Formation History[END_REF], for a review). For instance, at z < 1, the ρ * shows relatively modest evolution (Figure 10; [START_REF] Brinchmann | The Mass Assembly and Star Formation Characteristics of Field Galaxies of Known Morphology[END_REF][START_REF] Fontana | The K20 survey. VI. The distribution of the stellar masses in galaxies up to z = 2[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;[START_REF] Moustakas | PRIMUS: Constraints on Star Formation Quenching and Galaxy Merging, and the Evolution of the Stellar Mass Function from z = 0-1[END_REF], corresponding to a sharp decline of the SFRD and ρ(H 2 ) over the same redshift range (Figure 8). Moreover, at the cosmic noon epoch 1 < z < 4, the strong evolution of the ρ * implies a very active phase in the mass build-up of galaxies (Figure 10; Ilbert et al., 2013), corresponding to the peak of the SFRD and ρ(H 2 ) (Figure 8) see Madau and Dickinson, 2014 for a review). Finally, at high redshift z > 4, the ρ * shows consistent growth since z ∼ 8 -9, although uncertainties are still large (e.g. [START_REF] Stark | Keck Spectroscopy of 3 < z < 7 Faint Lyman Break Galaxies: The Importance of Nebular Emission in Understanding the Specific Star Formation Rate and Stellar Mass Density[END_REF][START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF]; see Madau and Dickinson, 2014 for a review).

Figure 10: The evolution of the stellar mass density over cosmic time, from the work of [START_REF] Madau | Cosmic Star-Formation History[END_REF].

The ρ * can be derived from the integral of the SMF (Equation 7 e.g. [START_REF] Wilkins | The evolution of stellar mass and the implied star formation history[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;Davidzon et al., 2017), from the integral of the SFRD (e.g. [START_REF] Wilkins | The evolution of stellar mass and the implied star formation history[END_REF][START_REF] Behroozi | The Average Star Formation Histories of Galaxies in Dark Matter Halos from z = 0-8[END_REF], or from the luminosity density and mass to light ratio [START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF], (see [START_REF] Madau | Cosmic Star-Formation History[END_REF] for a review).

Studies on the stellar mass assembly of galaxies at high redshift z > 4 are still inconclusive, due to biased sample selection and large uncertainties [START_REF] Caputi | The stellar mass function of the most-massive galaxies at 3 < z < 5 in the UKIDSS Ultra Deep Survey[END_REF][START_REF] Caputi | Spitzer Bright, UltraVISTA Faint Sources in COSMOS: The Contribution to the Overall Population of Massive Galaxies at z = 3-7[END_REF][START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF]Davidzon et al., 2017; see Madau and Dickinson, 2014 for a review). A consistent picture of the stellar mass assembly of galaxies exists out to z ∼ 4 (e.g. [START_REF] Marchesini | The Evolution of the Stellar Mass Function of Galaxies from z = 4.0 and the First Comprehensive Analysis of its Uncertainties: Evidence for Mass-Dependent Evolution[END_REF][START_REF] Fontana | The fraction of quiescent massive galaxies in the early Universe[END_REF][START_REF] Muzzin | The Evolution of the Stellar Mass Functions of Star-forming and Quiescent Galaxies to z = 4 from the COSMOS/UltraV-ISTA Survey[END_REF]Ilbert et al., 2013;Tomczak et al., 2016;Davidzon et al., 2017). At 3 < z < 4 there is already evidence of quenching of the most massive star-forming galaxies, and consequently an emergence of a population of early-type, quiescent galaxies [START_REF] Pérez-González | The Stellar Mass Assembly of Galaxies from z = 0 to z = 4: Analysis of a Sample Selected in the Rest-Frame Near-Infrared with Spitzer[END_REF][START_REF] Fontana | The fraction of quiescent massive galaxies in the early Universe[END_REF][START_REF] Muzzin | The Evolution of the Stellar Mass Functions of Star-forming and Quiescent Galaxies to z = 4 from the COSMOS/UltraV-ISTA Survey[END_REF][START_REF] Buitrago | Early-type galaxies have been the predominant morphological class for massive galaxies since only z ∼ 1[END_REF][START_REF] Straatman | A Substantial Population of Massive Quiescent Galaxies at z ~4 from ZFOURGE[END_REF][START_REF] Spitler | Exploring the z = 3-4 Massive Galaxy Population with ZFOURGE: The Prevalence of Dusty and Quiescent Galaxies[END_REF]Davidzon et al., 2017).

Quiescent galaxies assembled most of their stellar mass during the peak of the mass assembly epoch (the so-called cosmic noon epoch), at 1 < z < 3, with a substantial increase in a population of quiescent galaxies of all masses, which indicates that star formation quenching is very efficient at this epoch [START_REF] Muzzin | The Evolution of the Stellar Mass Functions of Star-forming and Quiescent Galaxies to z = 4 from the COSMOS/UltraV-ISTA Survey[END_REF]Ilbert et al., 2013;Davidzon et al., 2017). This is in agreement with the previous works in the literature at lower redshifts (out to z ∼ 2), who found that the key epoch in the stellar mass assembly of quiescent galaxies is at 1 < z < 2, when a large fraction of massive, star-forming galaxies turn quiescent [START_REF] Mccarthy | Evolved Galaxies at z>1.5 from the Gemini Deep Deep Survey: The Formation Epoch of Massive Stellar Systems[END_REF][START_REF] Juneau | Cosmic Star Formation History and Its Dependence on Galaxy Stellar Mass[END_REF][START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF][START_REF] Williams | Detection of Quiescent Galaxies in a Bicolor Sequence from Z = 0-2[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF].

Galaxy bimodality, i.e. a population of star-forming, blue, mostly spiral and irregular galaxies (blue cloud) and quiescent, red, mostly elliptical galaxies (red sequence) is already present as early as z ∼ 2 [START_REF] Cattaneo | Modelling the galaxy bimodality: shutdown above a critical halo mass[END_REF][START_REF] Williams | Detection of Quiescent Galaxies in a Bicolor Sequence from Z = 0-2[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Tanaka et al., 2013;[START_REF] Strazzullo | Galaxy Evolution in Overdense Environments at High Redshift: Passive Early-type Galaxies in a Cluster at z ˜2[END_REF][START_REF] Tomczak | Galaxy Stellar Mass Functions from ZFOURGE/-CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid Buildup of Quiescent Galaxies[END_REF]. At z ∼ 1 a significant fraction of both starforming (mostly late-type) and quiescent (mostly early-type) galaxies is already assembled [START_REF] Brinchmann | The Mass Assembly and Star Formation Characteristics of Field Galaxies of Known Morphology[END_REF][START_REF] Pozzetti | The K20 survey. V. The evolution of the near-IR Luminosity Function[END_REF][START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF][START_REF] Bell | Nearly 5000 Distant Early-Type Galaxies in COMBO-17: A Red Sequence and Its Evolution since z ~1[END_REF][START_REF] Fontana | The K20 survey. VI. The distribution of the stellar masses in galaxies up to z = 2[END_REF][START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF][START_REF] Pérez-González | The Stellar Mass Assembly of Galaxies from z = 0 to z = 4: Analysis of a Sample Selected in the Rest-Frame Near-Infrared with Spitzer[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF].

During the last cosmic epoch (0 < z < 1), both star-forming and quiescent galaxies continue to evolve, but at a slower pace [START_REF] Fontana | The K20 survey. VI. The distribution of the stellar masses in galaxies up to z = 2[END_REF][START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013)), which is consistent with a decrease of the cosmic molecular gas density and SFR at lower redshifts (Figure 8). Star-forming galaxies show modest evolution [START_REF] Bundy | The Mass Assembly History of Field Galaxies: Detection of an Evolving Mass Limit for Star-Forming Galaxies[END_REF][START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF][START_REF] Faber | Galaxy Luminosity Functions to z ~1 from DEEP2 and COMBO-17: Implications for Red Galaxy Formation[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF][START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF], while the evolution of quiescent galaxies is mass dependent [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;Davidzon et al., 2017). Massive quiescent elliptical galaxies do not experience significant evolution [START_REF] Pozzetti | The K20 survey. V. The evolution of the near-IR Luminosity Function[END_REF][START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF][START_REF] Vergani | The VIMOS VLT Deep Survey. Tracing the galaxy stellar mass assembly history over the last 8 Gyr[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013)). On the other hand, there is a mass-build up of low and intermediate-mass quiescent galaxies and a flattening of a SMF, probably due to a fact that low-mass star-forming galaxies experience star formation quenching and a morphological transformation, and migrate to the red sequence [START_REF] Juneau | Cosmic Star Formation History and Its Dependence on Galaxy Stellar Mass[END_REF][START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF]Peng et al., 2010Peng et al., , 2012;;[START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;Davidzon et al., 2017). Therefore, at this epoch, quiescent, mostly early-type galaxies start to dominate the high-mass end of the SMF [START_REF] Pozzetti | The K20 survey. V. The evolution of the near-IR Luminosity Function[END_REF][START_REF] Fontana | The K20 survey. VI. The distribution of the stellar masses in galaxies up to z = 2[END_REF][START_REF] Fontana | The fraction of quiescent massive galaxies in the early Universe[END_REF][START_REF] Williams | Detection of Quiescent Galaxies in a Bicolor Sequence from Z = 0-2[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF][START_REF] Buitrago | Early-type galaxies have been the predominant morphological class for massive galaxies since only z ∼ 1[END_REF]. Galaxy mass assembly still continues today. In the local Universe, the Magellanic Clouds are being accreted by the Milky Way galaxy and the Milky Way and Andromeda galaxy are approaching and will eventually collide and merge in approximately four billion years.

In Chapter 2 we derive the SMF of Flagship mock galaxies (the full sample and star-forming and quiescent subsamples). Next, we derive the SMF and ρ * of the COSMOS2015 full sample, star-forming (including the high activity and intermediate activity subsamples) and quiescent galaxies, over the redshift range 0.2 z < 2.5. We discuss the evolution of the SMF, and ρ * over cosmic time and investigate the stellar mass assembly of these galaxies over cosmic time.

Goal of the Thesis

General framework for building the theory of galaxy formation and evolution is already present. However, this theory is still far from complete, and there are many open questions, such as: How and when did different galaxy populations assemble most of their mass? What are the molecular gas content and star formation rate of galaxies at intermediate redshift? How are galaxy properties affected by feedback mechanisms and environment? I address some of these questions in the following chapters. The main focus of my research is on developing Python code written to compute the SMF of cluster galaxies, study on the stellar mass assembly of galaxies at 0 < z < 2.5 (Chapter 2) and the molecular gas content and star formation of cluster galaxies at the cosmic noon epoch z ∼ 1.5 (Chapter 3). In Chapter 2 I describe the work on developing and testing a Python pipeline for computing the SMF of cluster galaxies for the future Euclid Mission. I test the pipeline and derive the SMF of Flagship mock galaxies and COSMOS2015 galaxies over the redshift range 0.2 z < 2.5. In Chapter 3 I present the work on detecting the molecular gas in the cluster center and estimating the molecular gas, star formation and other properties of the CARLA J1103+3449 cluster member galaxies at z ∼ 1.44 with NOEMA interferometer (Markov et al., 2020a). Moreover, in Appendix A, I present the preliminary results of the CO(2-1) emission in two other CARLA clusters at z ∼ 1.5 with ALMA. Finally, the Thesis summary, concluding remarks and future prospects are in Chapter 4.

In this Thesis I use the term dex for the antilogarithm, e.g. 1dex = 10 1 .

E U C L I D P I P E L I N E F O R D E R I V I N G T H E S T E L L A R M A S S F U N C T I O N luminosity and stellar mass function

The luminosity function (LF) and stellar mass function (SMF) represent a distribution of objects (e.g. stars, galaxies, etc.) by their luminosity and stellar mass, respectively. Specifically, LF and SMF represent a comoving number density binned in luminosity or stellar mass, in a chosen redshift range.

The LF and SMF are essential statistical tools for studying galaxy evolution and probing galaxy populations. For instance, evolution of the galaxy SMF gives an indication on stellar mass assembly of galaxies. [START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF]Ilbert et al., 2013; see also a review of [START_REF] Johnston | Shedding light on the galaxy luminosity function[END_REF].

We can investigate the stellar mass assembly of different subsamples of galaxies by splitting the full galaxy sample according to a galaxy property. For instance, we can split galaxies according to their morphological type [START_REF] Marzke | The Galaxy Luminosity Function at Z <= 0.05: Dependence on Morphology[END_REF][START_REF] Bell | The Optical and Near-Infrared Properties of Galaxies. I. Luminosity and Stellar Mass Functions[END_REF][START_REF] Mortlock | Deconstructing the galaxy stellar mass function with UKIDSS and CANDELS: the impact of colour, structure and environment[END_REF], environment [START_REF] Croton | The 2dF Galaxy Redshift Survey: luminosity functions by density environment and galaxy type[END_REF][START_REF] Bolzonella | Tracking the impact of environment on the galaxy stellar mass function up to z 1 in the 10 k zCOSMOS sample[END_REF][START_REF] Mcnaught-Roberts | Galaxy And Mass Assembly (GAMA): the dependence of the galaxy luminosity function on environment, redshift and colour[END_REF][START_REF] Mortlock | Deconstructing the galaxy stellar mass function with UKIDSS and CANDELS: the impact of colour, structure and environment[END_REF][START_REF] Davidzon | The VIMOS Public Extragalactic Redshift Survey (VIPERS). Environmental effects shaping the galaxy stellar mass function[END_REF], color [START_REF] Lilly | The Canada-France Redshift Survey. VI. Evolution of the Galaxy Luminosity Function to Z approximately 1[END_REF][START_REF] Lin | The CNOC2 Field Galaxy Luminosity Function. I. A Description of Luminosity Function Evolution[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;[START_REF] Mcnaught-Roberts | Galaxy And Mass Assembly (GAMA): the dependence of the galaxy luminosity function on environment, redshift and colour[END_REF][START_REF] Mortlock | Deconstructing the galaxy stellar mass function with UKIDSS and CANDELS: the impact of colour, structure and environment[END_REF], sSFR [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF][START_REF] Domínguez Sánchez | The evolution of quiescent galaxies at high redshifts (z 1.4)[END_REF][START_REF] Weigel | Stellar mass functions: methods, systematics and results for the local Universe[END_REF]; see also Section 2.6) and other galaxy properties, such as halo mass, central/satellite, etc. [START_REF] Weigel | Stellar mass functions: methods, systematics and results for the local Universe[END_REF].

The most used classification in the literature is the one that divides galaxies in two main classes, active, i.e. star-forming and passive, i.e. quiescent galaxies. There are different procedures used for splitting the galaxy sample, such as the SED fitting procedure [START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF], color-magnitude diagram [START_REF] Lilly | The Canada-France Redshift Survey. VI. Evolution of the Galaxy Luminosity Function to Z approximately 1[END_REF][START_REF] Bell | Nearly 5000 Distant Early-Type Galaxies in COMBO-17: A Red Sequence and Its Evolution since z ~1[END_REF][START_REF] Faber | Galaxy Luminosity Functions to z ~1 from DEEP2 and COMBO-17: Implications for Red Galaxy Formation[END_REF] and colorcolor diagrams [START_REF] Williams | Detection of Quiescent Galaxies in a Bicolor Sequence from Z = 0-2[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;[START_REF] Davidzon | The COSMOS2015 galaxy stellar mass function . Thirteen billion years of stellar mass assembly in ten snapshots[END_REF]. Unlike the color-magnitude diagram, the color-color diagram is able to differentiate between the dust-obscured star-forming and quiescent galaxies. Moreover, a direct way to separate the two galaxy populations is to use the specific star formation rate (sSFR), i.e. the SFR to stellar mass ratio (see Section 2.6; [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF][START_REF] Domínguez Sánchez | The evolution of quiescent galaxies at high redshifts (z 1.4)[END_REF]. According to Ilbert et al., (2013), both of their color-color and the sSFR techniques provide similar results for the UltraVISTA data. However, at higher redshift, the sSFR technique is more restrictive in selecting quiescent galaxies with respect to the color-color method in selecting red galaxies.
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By integrating the LF we obtain the luminosity density function, which is related to the SFRD and star formation history of a given galaxy sample [START_REF] Schiminovich | The GALEX-VVDS Measurement of the Evolution of the Far-Ultraviolet Luminosity Density and the Cosmic Star Formation Rate[END_REF][START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF][START_REF] Faber | Galaxy Luminosity Functions to z ~1 from DEEP2 and COMBO-17: Implications for Red Galaxy Formation[END_REF]:

ρ L = ∞ 0 LΦ(L)dL (6)
Furthermore, integral of the SMF gives the stellar mass density ρ * (e.g. [START_REF] Wilkins | The evolution of stellar mass and the implied star formation history[END_REF][START_REF] Mortlock | Deconstructing the galaxy stellar mass function with UKIDSS and CANDELS: the impact of colour, structure and environment[END_REF]:

ρ * = ∞ 0 MΦ(M)dM (7) 
which can be used to infer the stellar mass assembly of a certain galaxy population (see [START_REF] Madau | Cosmic Star-Formation History[END_REF] for a review).

Schechter function

The number of galaxies per unit mass approximately declines as a power law up to a cut-off point, beyond which it declines almost exponentially.

One of the best-known models that captures the power law behavior and the exponential decline at the bright i.e. high-mass end of the LF i.e. SMF is the Schechter function [START_REF] Schechter | An analytic expression for the luminosity function for galaxies[END_REF]:

Φ(L)dL = Φ * e -L/L * L L * α dL L * (8)
where Φ(L) is the galaxy luminosity number density, L is the luminosity, Φ * is the normalization factor in units of h 3 Mpc -3 , L * is the characteristic luminosity and α is the faint-end slope of the function. The Schechter function can be expressed as a function of absolute magnitude M:

Φ(M)dM = 0.4 ln(10)Φ * 10 -0.4(M-M * )(α+1) exp(-10 -0.4(M-M * ) )d(M) (9) 
where M * is the characteristic absolute magnitude. Finally, the Schechter function can be used for modeling the stellar mass distribution:

Φ(M)dM = Φ * e -M/M * M M * α dM M * (10)
where Φ(M) is the stellar mass number density, M is the stellar mass, the normalization function Φ * and the characteristic stellar mass M * , determine a change in the slope α of the SMF (the so-called knee of the function). The SMF can also be fitted by a double Schechter function [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF]:

Φ(M)dM = e -M/M * Φ * 1 M M * α 1 + Φ * 2 M M * α 2 dM M * (11)
where α 1 and α 2 are the slopes of the Schechter function and Φ * 1 and Φ * 2 are normalization functions.

Schechter models have been widely used and are robust in representing the LF and SMF for many types of survey data. However, shape of the SMF depends on the redshift, galaxy type, color, environment, etc. (Peng et al., 2010;[START_REF] Bolzonella | Tracking the impact of environment on the galaxy stellar mass function up to z 1 in the 10 k zCOSMOS sample[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;Davidzon et al., 2017). For instance, when fitting the SMF with a model, it is possible to assume a power law model at the reionization epoch (at z ∼ 10 Peng et al., 2010; at z > 5 Davidzon et al., 2017). At high redshifts, galaxies start to accumulate at the high-mass end around the specific stellar mass M * , with a exponential cutoff at M > M * , due to the mass quenching (Peng et al., 2010). Thus, a single Schechter model is a better fit to the SMF over this redshift range (at 3 < z < 5 Davidzon et al., 2017). Finally, at intermediate and low redshifts, a population of low-mass quiescent galaxies starts to appear, due to the environmental quenching (Peng et al., 2010). Therefore, a double Schechter model is a better fit to the SMF over this redshift range (at z < 2 -3 Ilbert et al., 2013;[START_REF] Tomczak | Galaxy Stellar Mass Functions from ZFOURGE/-CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid Buildup of Quiescent Galaxies[END_REF]Davidzon et al., 2017).

There are other models used for fitting the SMF of specific objects or data. For instance, the log-Gaussian form derived for IRAS data by [START_REF] Saunders | The 60-micron and far-infrared luminosity functions of IRAS galaxies[END_REF], the broken power-law for IRAS by [START_REF] Sanders | The IRAS Revised Bright Galaxy Sample[END_REF], and for Spitzer observations by Magnelli et al., (2009Magnelli et al., ( , 2011)), the Gaussian function for early-type galaxies by [START_REF] Bernardi | Early-type Galaxies in the Sloan Digital Sky Survey. II. Correlations between Observables[END_REF], and many more.

Estimators

Deriving an accurate LF or SMF is a tricky and complex task, due to the observational limits on any survey data. In a flux-limited survey, a galaxy i is observable inside a redshift (z min z i < z max ) and absolute magnitude (M bright M i < M faint ) range (Figure 11; [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF].

If we want to observe distant, high-redshift galaxies, we will be able to detect only the brightest objects and a substantial number of faint objects is going to be missed in our sample. The incompleteness of our sample due to observational constraints can lead to an incorrect estimation of the LF and SMF. This is the so-called Malmquist bias [START_REF] Malmquist | A study of the stars of spectral type A[END_REF].

When deriving the LF and SMF, we use different statistical estimators in order to correct for observational bias. There are numerous statistical estimators (or methods) developed over the years for deriving the correct LF and SMF (see a review of Johnston, 2011 or a book of [START_REF] Wall | Practical Statistics for Astronomers[END_REF]. For instance, the LF and SMF can be derived by binning the data according to their luminosity (or absolute magnitude) and stellar mass, respectively. These are non-parametric methods, which do not require an assumption of a shape of the LF and SMF. In addition, there are parametric methods where we need to model the luminosity and stellar mass distribution. In this section I give short introduction of the most important and the most frequently used statistical estimators, including the 1/Vmax method that is used in this Thesis project. The procedure for deriving the LF and SMF is the same, except for the obvious difference in the function arguments, i.e. the absolute magnitudes and stellar masses, respectively. [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF].

1/Vmax method

The 1/Vmax method [START_REF] Schmidt | Space Distribution and Luminosity Functions of Quasi-Stellar Radio Sources[END_REF]) is one of the classical non-parametric estimators. It remains one of the most widely used estimators due to its simplicity. The 1/Vmax method implements the correction for the Malmquist bias. According to [START_REF] Schmidt | Space Distribution and Luminosity Functions of Quasi-Stellar Radio Sources[END_REF][START_REF] Felten | On Schmidt's Vm estimator and other estimators of luminosity functions[END_REF], the SMF can be derived as a number of objects N g in each stellar mass bin k, normalized by the maximum comoving volume V max , in which we are still able to observe an object of a given stellar mass M in a given stellar mass and redshift range:

φ k (M) = N g i=1 1 V max,i (12) 
If we suppose Poissonian fluctuations and a uniform galaxy distribution, statistical uncertainty can be computed using the following equation [START_REF] Condon | The 1.4 gigahertz luminosity function and its evolution[END_REF][START_REF] Croom | The 2dF-SDSS LRG and QSO survey: the QSO luminosity function at 0.4 < z < 2.6[END_REF]:

σ i =   N g i=1 1 V max,i 2   1/2 (13)
The first step is to compute the maximum comoving volume in which a galaxy i can still be detected, and it can be computed with the following equation (e.g. [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF]:

V max,i = ω z max,i z min,i d 2 V dωdz dzdω ( 14 
)
where ω is the effective solid angle of the survey and z min,i and z max,i are the minimum and maximum redshifts in which a galaxy i can still be detected.

The 1/Vmax method is non-parametric method, which means the SMF is discretized in stellar mass bins:

φ(M) = N bin k=1 φ k W(M k -M) (15) 
where φ k is the number density of objects in the k bin, M k is the mean or median stellar mass of a given bin k and W is the window function defined as:

W(M k -M) =    1 if -dM/2 M k -M < dM/2 0 otherwise (16)
φ k is derived for each bin k as:

φ k dM = 1 V total N g i=1 V total V max,i W(M k -M i ) (17) 
where V total is the total comoving volume in a given redshift range z min z < z max , M i is the stellar mass of an individual galaxy i and dM is the bin width. The V total /V max,i term is a weight applied for each galaxy i in order to take into account the sample (in)completeness and is essential for deriving the correct SMF. The LF is derived in a similar way, by binning the galaxies according to their absolute magnitude bins.

Advantage of the 1/Vmax estimator is that it gives the normalization of the SMF from the assumption of a uniform spatial distribution of the galaxies. However, this is also a downside of the 1/Vmax estimator, since it can create a bias when taking into account survey data with a varying distribution of objects, such as galaxies in clusters and voids [START_REF] Takeuchi | Tests of Statistical Methods for Estimating Galaxy Luminosity Function and Applications to the Hubble Deep Field[END_REF]. Nevertheless, the 1/Vmax estimator has been generalized over the years to handle the survey data of different density distribution [START_REF] Eales | Direct construction of the galaxy luminosity function as a function of redshift[END_REF]Qin andXie, 1997, 1999;[START_REF] Cole | Maximum likelihood random galaxy catalogues and luminosity function estimation[END_REF]. [START_REF] Lynden-Bell | A method of allowing for known observational selection in small samples applied to 3CR quasars[END_REF]) developed by [START_REF] Zucca | The ESO Slice Project (ESP) galaxy redshift survey. II. The luminosity function and mean galaxy density[END_REF] and implemented in the Algorithm for Luminosity Function (ALF) tool of [START_REF] Ilbert | The VIMOS-VLT deep survey. Evolution of the galaxy luminosity function up to z = 2 in first epoch data[END_REF].

C + method C + is a modification of the non-parametric, maximum likelihood method C -(Lynden-
Here I give a brief introduction to the C + method for estimating the SMF. According to the C + method, the contribution of each galaxy i to the total cumulative function is:

ψ(M i ) = 1 -i-1 j=1 ψ(M j ) C + (M i ) (18) 
where galaxies are sorted according to their stellar masses, from the lowest (j = 1) to the highest stellar mass (j = i -1), and C + is the number of galaxies in the stellar mass M < M i and redshift range z min,i z z max,i . Φ k is derived as the sum of the contributions ψ(M i ) of all galaxies inside the stellar mass bin k:

Φ k (M)dM = A N g i=1 ψ(M i )W(M k -M i ) ( 19 
)
where A is the absolute normalization, that can be obtained following the procedure from [START_REF] Efstathiou | Analysis of a complete galaxy redshift survey. II -The field-galaxy luminosity function[END_REF]. The statistical uncertainties of the C + method can be estimated by assuming Poissonian errors [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF].

STY method

The STY estimator [START_REF] Sandage | The velocity field of bright nearby galaxies. I -The variation of mean absolute magnitude with redshift for galaxies in a magnitude-limited sample[END_REF]) is a parametric maximum likelihood method. The principle is to maximize the likelihood L of obtaining a galaxy sample within the observational limits. The probability density of detecting a galaxy i at redshift z i with the stellar mass M i is:

p(M i , z i ) = Φ(M i ) M min (z i ) M max (z i ) Φ(M ′ )dM ′ (20) 
where M max and M min are the stellar mass limits at redshift z i . The total likelihood is then given as the product of probabilities of observing each galaxy i of a stellar mass M i :

L = N g i=1 p(M i , z i ) = N g i=1 Φ(M i ) M min (z i ) M max (z i ) Φ(M)dM (21) 
Relevant improvements of the STY method include the works of [START_REF] Davis | A survey of galaxy redshifts. III -The density field and the induced gravity field[END_REF] who implemented the normalization and [START_REF] Efstathiou | Analysis of a complete galaxy redshift survey. II -The field-galaxy luminosity function[END_REF] who provided the error estimates.

STY estimator assumes a parametric shape of the LF or SMF. In this way, the STY avoids issues on binning galaxies. In general, the Schechter function (Section 2.1.1) is used as the LF (SMF) model due to its robustness to different survey data.

SWML method

The Step-Wise Maximum Likelihood (SWML) method [START_REF] Efstathiou | Analysis of a complete galaxy redshift survey. II -The field-galaxy luminosity function[END_REF]) is an extension of the STY method. Along with the 1/Vmax, the SWML estimator is one of the most widely used methods. Unlike the STY, the SWML method is a non-parametric method, and stellar masses are sorted into bins (as in Equation 15). The total likelihood is given as:

L(Φ k , M i ) = N g i=1 N bin j=1 W(M j -M i )φ j N bin j=1 φ j H(M max(z i ) -M k )H(M k -M min(z i ) )dM (22)
where φ k is a number density of objects in the bin k (Equation 15), W is the window function (Equation 16), M k is the stellar mass of a given bin k, and H(x) is defined as:

H(x) =          1, if x -∆M/2 (1/2 -x/∆M), if -∆M/2 x ∆M/2 0, if x ∆M/2 (23) 
Finally, the φ k values are derived iteratively, with the following equation:

φ k ∆M = N g i=1 W(M i -M k ) N g i=1 H(M max(z i ) -M k )H(M k -M min(z i ) ) N bin j=1 φ j dMH(M max(z i ) -M k )H(M k -M min(z i ) ) (24) 
The errors of the φ k can be estimated using the covariance matrix (Efstathiou, [START_REF] Efstathiou | Analysis of a complete galaxy redshift survey. II -The field-galaxy luminosity function[END_REF].

Unlike the 1/Vmax, other three maximum likelihood methods (the C + , STY and SWML) do not require any assumption on the uniform distribution of galaxies, and therefore, are not subject to the bias associated to it. Furthermore, the normalization is not derived for the three methods, so it has to be calculated independently.

Besides the classical methods, there are a couple of recent methods that try to avoid the pitfalls of the classical methods. For example, the semiparametric method developed by Schafer, (2007), a Bayesian approach for constraining the LF, which is parametrized by a combination of Gaussian functions by [START_REF] Kelly | A Flexible Method of Estimating Luminosity Functions[END_REF], and a Gaussian copula function to derive a bivariate LF by Takeuchi, (2010) and many more.

All the estimators have both advantages and drawbacks. Therefore, it is preferable to use more than one estimator in deriving the LF and SMF in order to check for consistency between the different estimators and to estimate the bias. Advantage of using more than one estimator when estimating the LF or SMF lies in the fact that different estimators are often not affected in the same way by the bias. Therefore, if at a certain point the estimated LF or SMF start to diverge, it is an indication of a bias presence in the measurements [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF].

Comparison of different estimators on different observational and simulated data have been performed by Willmer, (1997), Takeuchi, Yoshikawa, and[START_REF] Takeuchi | Tests of Statistical Methods for Estimating Galaxy Luminosity Function and Applications to the Hubble Deep Field[END_REF], [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF] and [START_REF] Weigel | Stellar mass functions: methods, systematics and results for the local Universe[END_REF], with sometimes different conclusions. For example [START_REF] Willmer | Estimating galaxy luminosity functions[END_REF] found that the most robust estimator is the C -, followed by the slightly biased STY estimator. [START_REF] Takeuchi | Tests of Statistical Methods for Estimating Galaxy Luminosity Function and Applications to the Hubble Deep Field[END_REF] recommended the Chołoniewski estimator [START_REF] Choloniewski | New method for the determination of the luminosity function of galaxies[END_REF] since it is the fastest due to its simplicity and it determines the shape of the LF and normalization. [START_REF] Weigel | Stellar mass functions: methods, systematics and results for the local Universe[END_REF] derived the SMF using the 1/Vmax, SWML and STY estimator, and found that the STY and SWML methods are more successful in retrieving the SMF than the 1/Vmax method. [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF] investigate a specific intrinsic bias that appears at the faint-end slope of the LF for high redshift galaxies and is related to K corrections. They tested the 1/Vmax, C + , SWML and STY estimator, on both simulated (multicolor mock catalogs derived in [START_REF] Arnouts | Measuring and modelling the redshift evolution of clustering: the Hubble Deep Field North[END_REF] and observed (HDF-North and HDF-South survey from [START_REF] Arnouts | Measuring and modelling the redshift evolution of clustering: the Hubble Deep Field North[END_REF][START_REF] Arnouts | Measuring the redshift evolution of clustering: the Hubble Deep Field South[END_REF] data. They found that galaxies of different morphological types (elliptical, spiral and irregular) at a given redshift range and absolute magnitude range can have different absolute magnitude limits within which they are observable. Therefore, all galaxy types would not be observable at the same absolute magnitude and this will lead to an overestimate or underestimate of the global LF, depending on the statistical estimator (Figure 12, top panels). Redshift intervals and number of galaxies are given at the top left of each panel.

Uncertainties

When deriving the SMF there are uncertainties that need to be taken into account, depending on the type of the statistical estimator. In general, there are two categories of uncertainties: statistical (random) and systematic uncertainties (see e.g. [START_REF] Barlow | Statistics: A Guide to the Use of Statistical Methods in the Physical Sciences (Manchester Physics Series)[END_REF][START_REF] Lupton | Statistics in theory and practice[END_REF][START_REF] Taylor | An introduction to error analysis : the study of uncertainties in physical measurements[END_REF][START_REF] Squires | Practical Physics[END_REF].

Statistical uncertainties

Statistical uncertainties are random scatter of measurements of an otherwise constant quantity. Origins of statistical uncertainties are coming from random small variations of a measured quantity, variations inside the instruments (e.g. telescope), fluctuations of conditions during measurements, in case of observations, and they can be estimated using multiple simulation runs in case of simulated data (see [START_REF] Barlow | Statistics: A Guide to the Use of Statistical Methods in the Physical Sciences (Manchester Physics Series)[END_REF][START_REF] Taylor | An introduction to error analysis : the study of uncertainties in physical measurements[END_REF][START_REF] Squires | Practical Physics[END_REF]. Probability distribution of N measurements is normal (Gaussian) if it is symmetrical and if the distribution mean and maximum values are equal. Normal distribution is important since any distribution of N independent random measurements can be approximated by a normal (Gaussian) distribution if N -→ ∞ (the central limit theorem; e.g. [START_REF] Barlow | Statistics: A Guide to the Use of Statistical Methods in the Physical Sciences (Manchester Physics Series)[END_REF].

On the other hand, if nature of the measurement is such that it generates discreet measured values or if measurements are sorted into bins (e.g. when we count galaxies and sort them in stellar mass bins) they follow a Poissonian distribution (e.g. [START_REF] Bevington | Data reduction and error analysis for the physical sciences[END_REF]. Poissonian distribution is equal to the probability of obtaining N events in a given interval (e.g. number of galaxies in a stellar mass bin) if the average value of events is λ (see e.g. Beyer and Company, 1968;[START_REF] Barlow | Statistics: A Guide to the Use of Statistical Methods in the Physical Sciences (Manchester Physics Series)[END_REF][START_REF] Taylor | An introduction to error analysis : the study of uncertainties in physical measurements[END_REF]:

P λ (N) = e -λ λ N N! (25) 
poissonian uncertainty (i.e. or number counts uncertainty) is characterized by the standard deviation σ p of the Poissonian distribution and it is equal to the square root of the mean (average) number of the events (λ).

σ p = √ λ (26) 
In astronomy, the number of measurements is often quite small, measured event can be rare or unpredictable, measurements are often too expensive in terms of telescope time, computer memory, etc. In case there is only one measurement of the number of events N, the mean is simply λ = N. Then, the Poissonian error is simply given as (see e.g. [START_REF] Taylor | An introduction to error analysis : the study of uncertainties in physical measurements[END_REF][START_REF] Bevington | Data reduction and error analysis for the physical sciences[END_REF]:

σ p = √ N ( 27 
)
Poissonian error is the dominant source of uncertainty for a low number counts, i.e. when the number of objects per bin approaches zero [START_REF] Trenti | Cosmic Variance and Its Effect on the Luminosity Function Determination in Deep High-z Surveys[END_REF]. Poissonian uncertainties arise from statistical variations when dealing with a limited number of counts in a limited unit interval (see e.g. [START_REF] Bevington | Data reduction and error analysis for the physical sciences[END_REF]. For instance, when deriving the SMF using a non-parametric estimator such as the 1/Vmax, which is based on counting galaxies and sorting them into stellar mass bins, Poissonian errors need be taken into account for estimating the statistical uncertainty (Section 2.1.2; [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF][START_REF] Ilbert | The VIMOS-VLT deep survey. Evolution of the galaxy luminosity function up to z = 2 in first epoch data[END_REF].

Spatial distribution of galaxies is not uniform and there are different types of cosmic environments such as galaxy clusters, groups and voids. Therefore, the distribution of galaxies does not follow simple Poissonian statistics and there is an additional uncertainty called cosmic variance that needs to be taken into account.

cosmic variance arises from large-scale density fluctuations in the universe. There are several ways of calculating cosmic variance (see e.g. Peebles, 1980, Trenti and[START_REF] Trenti | Cosmic Variance and Its Effect on the Luminosity Function Determination in Deep High-z Surveys[END_REF][START_REF] Moster | A Cosmic Variance Cookbook[END_REF]. [START_REF] Moster | A Cosmic Variance Cookbook[END_REF] derived the cosmic variance with the following equation:

σ cv (z, M * ) = b(z, M * )σ dm (z) (28) 
where b(z, M * ) is the galaxy bias, which depends on the redshift and stellar mass, and σ dm (z) is the dark matter cosmic variance that can be computed with the following equation:

σ 2 dm (z) = 1 V 2 R 0 ξ dm (| r 1 -r 2 |, z)dV 1 dV 2 ( 29 
)
where V is the sample volume, ξ dm is the dark matter two-point correlation function, Galaxy bias is defined as:

b(z, M * ) = b 0 (z + 1) b 1 + b 2 (30)
where z is the mean redshift of the sample, and b 0 , b 1 , b 2 are parameters given in [START_REF] Moster | A Cosmic Variance Cookbook[END_REF].

Cosmic variance depends on the luminosity, i.e. the stellar mass [START_REF] Moster | A Cosmic Variance Cookbook[END_REF]Grogin et al., 2011;[START_REF] Bowler | The bright end of the galaxy luminosity function at z 7: before the onset of mass quenching?[END_REF]Ilbert et al., 2013;Davidzon et al., 2017), environment [START_REF] Hoyle | The Luminosity Function of Void Galaxies in the Sloan Digital Sky Survey[END_REF], survey area size and geometry [START_REF] Newman | Measuring the Cosmic Equation of State with Counts of Galaxies. II. Error Budget for the DEEP2 Redshift Survey[END_REF][START_REF] Somerville | Cosmic Variance in the Great Observatories Origins Deep Survey[END_REF][START_REF] Driver | Quantifying cosmic variance[END_REF]. For small-area fields, cosmic variance has the largest contribution to the total uncertainty, whereas for shallow and large area surveys its contribution is smaller [START_REF] Somerville | Cosmic Variance in the Great Observatories Origins Deep Survey[END_REF][START_REF] Trenti | Cosmic Variance and Its Effect on the Luminosity Function Determination in Deep High-z Surveys[END_REF][START_REF] Moster | A Cosmic Variance Cookbook[END_REF]. Thus, for the Euclid all-sky survey, the expected contribution of the cosmic variance to the total uncertainty should be negligible.

uncertainty in the photometric redshift estimate σ z arises from the photometric uncertainties, i.e. uncertainties in magnitude measurements [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Subbarao | Luminosity Functions From Photometric Redshifts. I. Techniques[END_REF][START_REF] Bolzonella | Photometric redshifts based on standard SED fitting procedures[END_REF][START_REF] Wolf | A catalogue of the Chandra Deep Field South with multi-colour classification and photometric redshifts from COMBO-17[END_REF].

The photometric redshift uncertainty σ z depends on the method used for deriving the photometric redshift z ph , i.e. the SED or empirical fitting (Section 1.3.3; e.g. [START_REF] Loh | Photometric redshifts of galaxies[END_REF][START_REF] Loh | Photometric redshifts of galaxies[END_REF][START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF]. For instance, the uncertainty in the SED fitting leads to a redshift probability distribution function [START_REF] Loh | Photometric redshifts of galaxies[END_REF][START_REF] Arnouts | Measuring the redshift evolution of clustering: the Hubble Deep Field South[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF]:

P(z) = A × exp - χ 2 (z) 2 (31) 
σ z uncertainty can be estimated by:

χ 2 (z) = χ 2 min + ∆χ 2 (32)
where χ 2 min (z) is the best value obtained at redshift z and ∆χ 2 = 1 for 1σ error [START_REF] Bolzonella | Photometric redshifts based on standard SED fitting procedures[END_REF][START_REF] Arnouts | Measuring the redshift evolution of clustering: the Hubble Deep Field South[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF]. The σ z uncertainty depends on the spectral coverage of the Balmer and Lyman breaks, spectral resolution [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Bolzonella | Photometric redshifts based on standard SED fitting procedures[END_REF][START_REF] Wolf | The COMBO-17 survey: Evolution of the galaxy luminosity function from 25 000 galaxies with 0.2< z <1.2[END_REF][START_REF] Wolf | A catalogue of the Chandra Deep Field South with multi-colour classification and photometric redshifts from COMBO-17[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF], galaxy magnitude [START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Bolzonella | Photometric redshifts based on standard SED fitting procedures[END_REF][START_REF] Wolf | A catalogue of the Chandra Deep Field South with multi-colour classification and photometric redshifts from COMBO-17[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF][START_REF] George | Galaxies in X-Ray Groups. I. Robust Membership Assignment and the Impact of Group Environments on Quenching[END_REF][START_REF] Bezanson | Leveraging 3D-HST Grism Redshifts to Quantify Photometric Redshift Performance[END_REF] (stellar mass), galaxy color i.e. spectral type [START_REF] Koo | Optical multicolors -A poor person's Z machine for galaxies[END_REF][START_REF] Connolly | Slicing Through Multicolor Space: Galaxy Redshifts from Broadband Photometry[END_REF][START_REF] Wolf | Object classification in astronomical multi-color surveys[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Dahlen | A Critical Assessment of Photometric Redshift Methods: A CANDELS Investigation[END_REF] and redshift [START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF](Ilbert et al., , 2013;;[START_REF] Caputi | The stellar mass function of the most-massive galaxies at 3 < z < 5 in the UKIDSS Ultra Deep Survey[END_REF][START_REF] Dahlen | A Critical Assessment of Photometric Redshift Methods: A CANDELS Investigation[END_REF][START_REF] Ascaso | Apples to apples A 2 -I. Realistic galaxy simulated catalogues and photometric redshift predictions for next-generation surveys[END_REF][START_REF] Bezanson | Leveraging 3D-HST Grism Redshifts to Quantify Photometric Redshift Performance[END_REF].

uncertainty due to the probability of a galaxy being a cluster member. [START_REF] Castignani | A new method to assign galaxy cluster membership using photometric redshifts[END_REF] derived an expression for a probability of a galaxy g of a magnitude m ′ g , at a spectroscopic redshift z ′ sp,g to be a member of a group or cluster c at a redshift z ′ c :

P mem (g ∈ c|Π) = 1 - N loc bkg,c (m ′ g , z ′ c ) N tot,c (m ′ g , z ′ c , r c,g ) × φ(z ′ c , z ′ sp,g )dP(z ′ c , z ′ s,g , m ′ g |Π) (33) 
where Π consists of all the information on assigning a galaxy to a cluster or group, N loc bkg,c is the local background density, N tot,c is the local number density, φ(z

′ c , z ′ sp,g
) is a general positive function 1 and r c,g is the distance between the galaxy and cluster center. It can be seen that the membership probability is equal to the number excess β and the probabilities of galaxy and cluster being at the same redshift z i :

P mem (g ∈ c|Π) ≃ (1 -β) i P g (z i )P c (z i ) (34) 
In order to take into account the membership probability P mem when deriving the SMF of cluster galaxies, we can weight each galaxy by P mem (as suggested by [START_REF] George | Galaxies in X-Ray Groups. I. Robust Membership Assignment and the Impact of Group Environments on Quenching[END_REF][START_REF] Castignani | Molecular gas in two companion cluster galaxies at z=1.2[END_REF][START_REF] Castignani | A new method to assign galaxy cluster membership using photometric redshifts[END_REF]. Accuracy in assigning a galaxy membership to a certain cluster or a group depends mostly on the accuracy in determining galaxy position and distance compared to the cluster center, i.e. determining galaxy and cluster redshifts [START_REF] Brunner | A Probabilistic Quantification of Galaxy Cluster Membership[END_REF][START_REF] George | Galaxies in X-Ray Groups. I. Robust Membership Assignment and the Impact of Group Environments on Quenching[END_REF][START_REF] Castignani | A new method to assign galaxy cluster membership using photometric redshifts[END_REF]. Besides, uncertainties in photometric colors [START_REF] Rozo | redMaPPer -IV. Photometric membership identification of red cluster galaxies with 1 per cent precision[END_REF], galaxy magnitude [START_REF] Castignani | A new method to assign galaxy cluster membership using photometric redshifts[END_REF], distance from the halo center [START_REF] George | Galaxies in X-Ray Groups. I. Robust Membership Assignment and the Impact of Group Environments on Quenching[END_REF][START_REF] Castignani | A new method to assign galaxy cluster membership using photometric redshifts[END_REF] and halo properties [START_REF] Castignani | A new method to assign galaxy cluster membership using photometric redshifts[END_REF]) also affect the galaxy membership uncertainties.

Finally, the total statistical uncertainty in deriving the LF and SMF of cluster galaxies can be calculated by combining all the above mentioned uncertainties:

σ tot = σ 2 p + σ 2 cv + σ 2 z + σ 2 cm ( 35 
)
where σ p is the Poissonian uncertainty, σ cv is the cosmic variance, σ z is the photometric redshift uncertainty and σ cm is the cluster membership uncertainty.

Systematic uncertainties

Systematic uncertainties (i.e. biases or offsets) appear as consistent divergence from the true value and are therefore, harder to detect. Sources of systematic uncertainties come from unknown factors such as defects and inaccuracies in measurements, instruments (e.g. incorrect calibration), or observational methods (see e.g. [START_REF] Barlow | Statistics: A Guide to the Use of Statistical Methods in the Physical Sciences (Manchester Physics Series)[END_REF][START_REF] Taylor | An introduction to error analysis : the study of uncertainties in physical measurements[END_REF][START_REF] Squires | Practical Physics[END_REF][START_REF] Bevington | Data reduction and error analysis for the physical sciences[END_REF]. There are many systematic uncertainties involved in the SMF estimate. Main systematic uncertainties that need to be taken into account are:

z ph systematic uncertainties. Systematic errors that contribute to the z ph estimate are zero point offset, i.e. uncertainties in calibration of the photometric zero-points [START_REF] Wolf | A catalogue of the Chandra Deep Field South with multi-colour classification and photometric redshifts from COMBO-17[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF][START_REF] Dahlen | A Critical Assessment of Photometric Redshift Methods: A CANDELS Investigation[END_REF][START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF], color offset, i.e. a mismatch in fitting the observations with the SED templates, due to an incomplete set of templates, an incorrect dust extinction law, etc. [START_REF] Wolf | A catalogue of the Chandra Deep Field South with multi-colour classification and photometric redshifts from COMBO-17[END_REF][START_REF] Ilbert | Accurate photometric redshifts for the CFHT legacy survey calibrated using the VIMOS VLT deep survey[END_REF][START_REF] Ilbert | Cosmos Photometric Redshifts with 30-Bands for 2deg 2[END_REF][START_REF] Dahlen | A Critical Assessment of Photometric Redshift Methods: A CANDELS Investigation[END_REF][START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF], color uncertainties, due to an atmospheric emission or contamination from a close neighbor [START_REF] Loh | Photometric redshifts of galaxies[END_REF].

eddington bias The Eddington bias [START_REF] Eddington | On a formula for correcting statistics for the effects of a known error of observation[END_REF]) is a systematic uncertainty that causes an asymmetric scatter in galaxy stellar masses, when deriving the SMF. Galaxies scatter to different stellar mass bin, due to stellar mass uncertainties. At the high-mass end of the SMF, where the galaxy number density exponentially decreases, galaxies scatter more to higher bins, and we overestimate the number density of the most massive galaxies [START_REF] Caputi | The stellar mass function of the most-massive galaxies at 3 < z < 5 in the UKIDSS Ultra Deep Survey[END_REF].

In order to take into account the Eddington bias, we convolve the SMF model Φ (e.g. a Schechter function), with the stellar mass uncertainties σ m :

Φ conv (z, M) = Φ(m) * σ m (z, M)dm (36)
The Eddington bias has the strongest effect at high-z and at high-mass end of the SMF where the number of galaxies is low and stellar mass uncertainties are higher [START_REF] Caputi | The stellar mass function of the most-massive galaxies at 3 < z < 5 in the UKIDSS Ultra Deep Survey[END_REF]Ilbert et al., 2013;[START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF]Davidzon et al., 2017), but also at the low-mass end of the SMF, where galaxies are fainter and photometric uncertainties are larger [START_REF] Grazian | The galaxy stellar mass function at 3.5 z 7.5 in the CANDELS/UDS, GOODS-South, and HUDF fields[END_REF].

The goal of the project

While working on this Thesis project, I was a member of an international collaboration, including S. Mei, M. Bolzonella, E. Zucca, O. Ilbert, I. Davidzon, G. Zamorani, L.Tresse, L. Pozzetti, G. Girelli and myself. General idea behind this project is to develop a pipeline that will produce the LF and SMF of different galaxy samples (passive, star-forming, Hα emitters, cluster galaxies etc.), and fit the LF and SMF using different models (e.g. a single Schechter model [START_REF] Schechter | An analytic expression for the luminosity function for galaxies[END_REF], a double Schechter model [START_REF] Baldry | On the galaxy stellar mass function, the mass-metallicity relation and the implied baryonic mass function[END_REF][START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF], etc.), for the upcoming Euclid Space Mission (Section 2.2.1; [START_REF] Laureijs | Euclid Definition Study Report[END_REF] and possibly to generalize the pipeline for other survey data. Basic information on the input/output of the pipeline is contained in the Euclid internal documents and summarized in Figure 13. Basic necessary inputs are the object type, redshifts, statistical weights, absolute magnitudes, stellar masses, cluster membership (for the SMF of cluster galaxies) and the outputs are the luminosity and stellar mass function. The goal of this Thesis project is to develop a pipeline that will derive the SMF of cluster galaxies and fit the SMF with a chosen model, for the upcoming Euclid Mission. The pipeline algorithm outline is to:

• Derive the stellar mass function using standard statistical estimators (Section 2.1.2). For instance, the 1/Vmax estimator is one of the simplest methods. 1979, etc.) are maximum likelihood methods often used in combination with the 1/Vmax method [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF].

• Take into account the statistical uncertainties in the SMF estimate (Section 2.1.3.1). The Poissonian errors are fundamental statistical uncertainties that should be derived when deriving the SMF using the 1/Vmax method. The Poissonian errors are given by the square root of the number of objects per stellar mass bin normalized by the bin width and the maximum comoving volume (Equation 27; see e.g. [START_REF] Bevington | Data reduction and error analysis for the physical sciences[END_REF]. Next, the cosmic variance can be derived following the work of [START_REF] Moster | A Cosmic Variance Cookbook[END_REF] (Equation 28). Finally, the uncertainty of assigning a galaxy membership to a cluster is essential when deriving the SMF of cluster galaxies [START_REF] Castignani | A new method to assign galaxy cluster membership using photometric redshifts[END_REF].

• Fit the SMF using a chosen model: a single Schechter function [START_REF] Schechter | An analytic expression for the luminosity function for galaxies[END_REF], or a double Schechter function [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF], deconvolved by the stellar mass uncertainties in order to take into account the Eddington bias (Ilbert et al., 2013) (Section 2.3.2.1). In order to obtain the best-fit parameters of the Schechter function, we use the maximum likelihood method and the scipy minimization function (Section 2.3.2) and the Bayesian analysis with the Markov Chain Monte Carlo (MCMC) (Section 2.4).

. We test the pipeline using the Euclid Flagship mock galaxy catalog (Section 2.2.2; Carretero et al., 2017) and COSMOS2015 photometric redshift catalog (Section 2.2.3; [START_REF] Laigle | The COSMOS2015 Catalog: Exploring the 1 < z < 6 Universe with Half a Million Galaxies[END_REF]Davidzon et al., 2017). This chapter is organized as follows. First the Euclid Space Mission, the Flagship mock galaxy catalog and COSMOS2015 photometric catalog are briefly presented in Section 2.2. The methodology for deriving the SMF and fitting the SMF using the Euclid pipeline and the MCMC Python code are given in Section 3.3.5 and Section 2.4. The results of the derived SMF and SMF fit of the Flagship mock galaxies and COSMOS2015 galaxies are presented in Section 2.5. The discussion on the evolution of the SMF, best-fit Schechter parameters and stellar mass density are in Section 2.6. Finally, a short summary and following work of this chapter is in Section 2.7. data

Euclid Space Mission

European Space Agency (ESA) Euclid Space Mission [START_REF] Laureijs | Euclid Definition Study Report[END_REF][START_REF] Racca | The Euclid mission design[END_REF] is the next ESA cosmology mission after Planck [START_REF] Adam | Planck 2015 results. I. Overview of products and scientific results[END_REF]. It is to be launched in 2022, with an expected duration of six years. During this time it will survey 15000 deg 2 of the extragalactic sky to map the distribution of billions of galaxies in the optical, and provide photometry for these galaxies and spectra for millions of galaxies in the near infrared (NIR) range. The Euclid deep survey with two 20 deg 2 deep fields is two magnitudes deeper and will observe thousands of galaxy and quasar candidate objects at high redshifts (z > 6). The goals of the Euclid Mission are to:

• Map the cosmic history of structure formation and evolution of largescale structures covering the last 10 billion years. Euclid will test the General Relativity theory by estimating the structure growth over cosmic times.

• Measure the baryonic and dark matter distribution in the Universe with high precision, by using cosmological probes such as weak lensing and galaxy clustering.

• Estimate the accelerated expansion of the Universe at different redshifts using galaxy clustering. This will shed light on the nature and characteristics of dark energy.

• Produce a legacy dataset with an unmatched spatial resolution (0.2 arcsec) and depth, covering a large area of the celestial sky. It will provide morphologies, redshifts, masses, SFR, etc. for nearby and distant galaxies out to z ∼ 2.

The Euclid satellite consists of a three-mirror Korsch type telescope with a diameter of 1.2 m and a focal length of F = 24.5 m. Observations will be carried out with two different instruments: the Visible Imager (VIS) and the Near-Infrared Spectrometer Photometer (NISP). The VIS instrument is an optical camera made of 36 charge-coupled devices (CCDs) with a field of view of 0.57 deg 2 , in a broad r + i + z band, in the optical range (550 nm -900 nm). VIS will be used for imaging 1.5 × 10 9 galaxies down to a magnitude of 24.5 with a SNR > 10 at 0 < z < 2.3 (Figure 15, top panel; [START_REF] Cropper | VIS: the visible imager for Euclid[END_REF]. It will image the sky with quality approaching that of the Hubble Ultra Deep Field (UDF) image (Figure 14). Furthermore, the VIS will derive accurate galaxy shapes and estimate gravitational lensing effects from the distortion of galaxy shapes, that will be used for mapping the dark matter distribution in the Universe and evolution of the dark matter distribution over cosmological times. The NISP instrument consists of detectors covering a 0.53 deg 2 field of view, in the NIR range (900 nm -2000 nm) [START_REF] Maciaszek | Euclid Near Infrared Spectrometer and Photometer instrument concept and first test results obtained for different breadboards models at the end of phase C[END_REF]. The NISP will provide photometric observations in the Y (900 nm -1192 nm), J (1192 nm -1544 nm) and H (1544 nm -2000 nm) broad bands that will be used for estimating the photometric redshifts and approximate distances for billions of galaxies observed with the VIS instrument, down to a magnitude of 24 with a SNR > 5σ. Moreover, the NISP will provide low resolution spectra (R = 380 for a 0.5 arcsec source) with three red (1250 nm -1850 nm) and one blue grism (920 nm -1850 nm) that will be used for deriving the precise spectroscopic redshifts and galaxy positions for millions of galaxies in the same NIR range and at 0.8 < z < 1.9 (Figure 15, middle panel). The NISP spectroscopic data will mainly be utilized for estimating galaxy clustering and large scale structures and the evolution of these structures over cosmic time due to the effects of gravity, the dark matter and dark energy.

These instruments are developed by the Euclid Consortium (EC), an international team of more than 1000 scientists from 14 European countries, Canada and United States, with the goal to produce big and complex datasets, and to perform data reduction, imaging, and data analysis. In order to prepare for the scientific exploitation of the Euclid observations, the EC is developing the software needed for the data processing and science analysis. The specific role of the science working group of LERMA (Laboratoire d'Etudes du Rayonnement et de la Matière en Astrophysique et Atmosphères) and an international collaboration gathered around this Euclid project is to develop a pipeline that will produce the SMF of cluster galaxies. For a full overview on the Euclid Mission, see the Euclid Red Book [START_REF] Laureijs | Euclid Definition Study Report[END_REF].

Euclid Flagship mock galaxy catalog

The key role in the preparation for the upcoming Euclid data is development of simulated observations that mimic the expected complexity and size of the real future Euclid survey data. The EC developed the largest simulated galaxy catalog up to date, the Euclid Flagship mock galaxy catalog (Carretero et al., 2017), based on a N-body cosmological simulation [START_REF] Potter | PKDGRAV3: beyond trillion particle cosmological simulations for the next era of galaxy surveys[END_REF]. The simulation is based on the ΛCDM cosmological model, with the following cosmological parameters: the total matter density Ω m = 0.319, baryonic mass density Ω b = 0.049, dark matter density Ω Λ = 0.681, root-mean-square matter fluctuation σ 8 = 0.83, scalar spectral index n s = 0.96 and Hubble constant h = 0.67.

The dark matter catalog consists of more than 2 × 10 12 dark matter particles (with a possibility to reach 8 × 10 12 ), with a mass of m p ∼ 10 9 M ⊙ h -1 , evolving in the redshift range 0 z < 49 and forming the cosmic web [START_REF] Potter | PKDGRAV3: beyond trillion particle cosmological simulations for the next era of galaxy surveys[END_REF]. Moreover, the dark matter halo catalog contains 4 × 10 10 halos covering the full sky in the redshift range 0 z < 2.4, inside a box of 3.78 Gpc h -1 .

Carretero et al., (2017) use the dark matter halo population as input in order to generate a mock galaxy catalog with 2.6 × 10 9 galaxies over 1/8th of the sky, covering an area of 5000 deg 2 in the redshift range 0 z < 2.3 (Figure 15). This catalog is constructed using the halo occupation distribution (HOD) and halo abundance matching (HAM) in order to relate the dark matter and baryonic matter particles. It is the largest mock galaxy catalog today and it successfully reproduces galaxies of different morphologies, colors and luminosities. Furthermore, it reproduces global galaxy properties observed in galaxy surveys, such as galaxy clustering, weak lensing, etc. 

COSMOS2015 photometric redshift catalog

The COSMOS2015 [START_REF] Laigle | The COSMOS2015 Catalog: Exploring the 1 < z < 6 Universe with Half a Million Galaxies[END_REF]Davidzon et al., 2017) is a catalog of photometric redshifts and stellar masses in the redshift range 0 z < 6 and magnitude limits K s = 24.7 and [3.6µm] = 25.5 in a 3 arcsec aperture, inside the COSMOS field [START_REF] Scoville | The Cosmic Evolution Survey (COSMOS): Overview[END_REF], covering a total area of 2 deg 2 (dark blue contours in Figure 16 top panel). The catalog contains ∼ 6 × 10 5 objects within 1.5 deg 2 reaching 3σ magnitude limit of Mag_K s = 24.0 in the Deep area (orange contours in Figure 16, top panel). Moreover, it contains ∼ 1.5 × 10 5 objects in the Ultra-Deep area of 0.62 deg 2 reaching a 3σ magnitude limits of Mag_K s = 24.7 (light green contours in Figure 16, top panel).

The catalog consists of the UltraVISTA-DR2 survey [START_REF] Mccracken | UltraVISTA: a new ultra-deep near-infrared survey in COSMOS[END_REF] in the near infrared (NIR) (Y, J, H, K s bands), the Spitzer Large Area Survey with Hyper-Suprime-Cam (SPLASH, [START_REF] Capak | SPLASH: Spitzer Large Area Survey with Hyper-Suprime-Cam[END_REF] in the medium IR (MIR) (4 channels at 3.6µm, 4.5µm, 5.8µm and 8.0 µm), and the z ++ band of the Subaru/Hyper-Suprime-Cam (HSC) survey [START_REF] Miyazaki | Hyper Suprime-Cam[END_REF]. Moreover, in the NIR, the UltraVISTA bands are supplemented by the H and K s bands of the Canada-France-Hawaii Telescope (CFHT)/WIRCAM [START_REF] Mccracken | The COSMOS-WIRCam Near-Infrared Imaging Survey. I. BzK-Selected Passive and Star-Forming Galaxy Candidates at z gsim 1.4[END_REF] and Y band observations of the Subaru/Hyper-Suprime-Cam (HSC) [START_REF] Miyazaki | Hyper Suprime-Cam[END_REF]. Furthermore, the catalog includes the near-UV and optical data (GALEX, [START_REF] Zamojski | Deep GALEX Imaging of the COSMOS HST Field: A First Look at the Morphology of z ˜0.7 Star-forming Galaxies[END_REF], u * band from the CFHT/MegaCam and the COSMOS-20 survey [START_REF] Taniguchi | The Cosmic Evolution Survey (COSMOS): Subaru Observations of the HST Cosmos Field[END_REF][START_REF] Taniguchi | The Subaru COSMOS 20: Subaru optical imaging of the HST COSMOS field with 20 filters*[END_REF], while X-ray bands were excluded due to the possible contamination from the AGN. Total number of bands used for the catalog is 30. The areas of the optical and NIR observations from the surveys and transmission curves are shown in Figure 16. More details on the COSMOS2015 catalog can be found in [START_REF] Laigle | The COSMOS2015 Catalog: Exploring the 1 < z < 6 Universe with Half a Million Galaxies[END_REF] and Davidzon et al., (2017). Davidzon et al., (2017) estimate the SMF and stellar mass density of galaxies in the COSMOS field, covering the last ∼ 13 Gyrs of galaxy evolution (0 z < 6). They use the combined UltraVISTA, SPLASH and Subaru/Hyper-Suprime-Cam survey data (orange and light green contours less the area outside of dark blue square of the COSMOS field in Figure 16, respectively), in the 0 z < 6 redshift and 15.0 < Mag_K s < 24.7 magnitude range. They split their galaxy sample into active and passive subsamples, using the color-color selection method [START_REF] Arnouts | Encoding of the infrared excess in the NUVrK color diagram for star-forming galaxies[END_REF]. They produce the SMF of galaxies using the 1/Vmax, STY and SWML methods with the ALF code [START_REF] Ilbert | The VIMOS-VLT deep survey. Evolution of the galaxy luminosity function up to z = 2 in first epoch data[END_REF], and they fit the SMF with different Schechter functions deconvolved by the stellar mass uncertainties. They present an evolution of the SMF of the full sample of galaxies in the 0.2 z < 5.5 range, and active and passive galaxies in the 0.2 z < 4.0 range (Figure 17, top, middle and bottom panels, respectively). 

euclid pipeline

Stellar mass function with 1/Vmax method

We develop and test the Python pipeline using the Euclid Flagship mock galaxy catalog (Section 2.2.2; Carretero et al., 2017) and COSMOS2015 photometric redshift catalog (Section 2.2.3; [START_REF] Laigle | The COSMOS2015 Catalog: Exploring the 1 < z < 6 Universe with Half a Million Galaxies[END_REF]Davidzon et al., 2017). The work on obtaining the SMF of galaxies, using a subsample of galaxies inside a 1 deg 2 area from the Flagship simulation (Section 2.2.2; Carretero et al., 2017) was started by the LERMA IT team and completed as part of this PhD Thesis. In order to improve the code efficiency, we replace some functions by simpler or already existing functions from the standard Python packages. For instance, we compute the minimum and maximum of stellar mass in a more efficient way, by using simple functions (min (log(M * )) and (max (log(M * )) and avoiding loops over each galaxy.

In order to adapt the existing Euclid pipeline to be able to read the different data format and derive the SMF and SMF fit of the COSMOS2015 galaxies, I implement some modifications in the main program and in some modules and I develop additional modules, functions and class objects. Furthermore, there are several differences in working with the Flagship mock and COSMOS2015 catalogs: galaxy parameter names in the data fits files, the selection criteria for galaxies, the binning of galaxies, computing the maximum comoving volume, the weights, etc. First, when using the COSMOS2015 catalog, we read the necessary galaxy parameters (photometric redshift, stellar mass, K s magnitude, object type, etc.) from the COS-MOS2015 data file according to the same selection criteria as in Davidzon et al., (2017), in order to select the same sample of galaxies and reproduce their work: 15.0 < Mag_K s < 24.7, type 0, 0.2 < z < 2.5 and deep = 1 (in order to use the COSMOS2015 deep field data). Since there are galaxies with negative stellar mass values log(M * ) = -99, I set an additional condition: log(M * ) > 0, in order to exclude them from the SMF. Number of these galaxies is very low (∼ 0.01%) and it does not affect the results.

Stellar mass bins

In order to derive the SMF using the 1/Vmax method, we sort galaxies into stellar mass bins. First, we need to define the bin structure: the number of bins, the bin width, and their limits.

First, we replace the complicated system of modules, classes and functions that were used for defining the stellar mass bin structure and counting the galaxies with a simple numpy function. Next, for the Flagship data, we set the bin number and bin width as constant for all the galaxy samples and redshift bins (Figure 18).

For the COSMOS2015 data, as a first step, we simply use the values from Davidzon et al., (2017), in order to reproduce their work. In the final pipeline version, we set the bin_width as optional parameter set by the user, and

Stellar mass completeness limit

When deriving the SMF using the 1/Vmax estimator, the 1/Vmax underestimates the low-mass end of the SMF below a certain stellar mass, called the stellar mass completeness limit log(M complete *

) [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF]. Estimating this parameter is important in order to have an idea on the range of the stellar masses within which we can trust the 1/Vmax method when deriving the SMF.

As a starting point, we simply take the stellar mass completeness limits from Davidzon et al., (2017). Next, we follow the works of [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF], Ilbert et al., (2013), and Davidzon et al., (2017) in order to compute the limiting stellar mass log(M lim * ) and finally stellar mass completeness limit log(M complete *

). The limiting stellar mass log(M lim * ) is a stellar mass of a galaxy with a magnitude equal to a limiting magnitude of a given survey at the redshift z. We compute the limiting stellar mass using the following equation:

log(M lim * ) = log(M * ) + 0.4(mag_Ks -mag_Ks faint ) (40) 
where mag_Ks faint = 24.7 is the apparent magnitude limit of the COS-MOS2015 deep survey. First, in a given redshift bin, we select 20% of the faintest galaxies inside a given redshift range. Next, we select 15% of these faintest galaxies with the lowest redshifts for each redshift bin (Figure 19, red points). In this way we obtain a representative sample of ∼ 250 -550 galaxies per redshift bin, for which we compute the log(M lim * ). Next, we define the stellar mass completeness limit log(M complete *

) as the 90 th percentile of the log(M lim * ) distribution, i.e. it is the stellar mass below which 90% of stellar mass limits (log(M lim * )) lie. Note that these percentile values are set as optional parameters and can be modified in case there is a redshift bin with not enough galaxies to compute the log(M complete *

) parameter. In Table 1 I compare values of the log(M complete *

) with those from Davidzon et al., (2017). Our values are slightly higher at high-z. These differences might originate from a slightly different galaxy sample and/or a different percentiles used in the two works. In order to obtain the galaxy SMF using the 1/Vmax estimator, we need to normalize the number of galaxies by the stellar mass bin width and the maximum comoving volume V max,i in which we are still able to observe a galaxy i of a given brightness (Equation 14; Section 2.1.2).

Maximum comoving volume of a galaxy i, in the z min,i z < z max,i range, is defined with Equation 14and can be estimated with the astropy comoving _ volume function (Astropy Collaboration et al., 2013). The redshift limits are:

z min,i = max(z min , z min,Ks ) (41) 
z max,i = min(z max , z max,Ks ) (42) 
where z min and z max are the redshift bin limits of a given subsample of galaxies, i.e. z min ∈ (0.2, 0.5, 0.8, 1.1, 1.5, 2.0) and z max ∈ (0.5, 0.8, 1.1, 1.5, 2.0, 2.5), and z min,Ks and z max,Ks are the redshift limits of a galaxy of an apparent magnitude Ks. However, since the z min,Ks and z max,Ks parameters are missing in the Flagship mock galaxy catalog, we implement the 1/Vmax estimator by normalizing the number of galaxies by the bin width and the total maximum comoving volume V tot inside a given redshift bin (z min z < z max ). Therefore, current limitations in the Flagship mock galaxy catalog do not allow the estimation of the maximum comoving volume for each galaxy, and deriving the correct SMF. Moreover, we add statistical weights w i for each galaxy i in the SMF estimate, for which we set arbitrary values of w i = 1. These weights will be required when taking into account sample incompleteness and sources with uncertain or failed redshift measurements.

On the other hand, the COSMOS2015 catalog contains the z min,Ks and z max,Ks parameters which allows us to compute the maximum comoving volume (V max,i ) for each galaxy i inside the redshift range: max(z min , z min,Ks ) and min(z max , z min,Ks ). Since some values of z min,Ks and z max,Ks are negative (e.g. z min,Ks = -99), we set the values of these parameters as z max,Ks = z max + 0.1, and z min,Ks = z min -0.1. The number of these objects is < 2% and it does not affect the end results. Computing the V max,i for each galaxy i significantly increases the computational time of the pipeline.

For the COSMOS2015 data, we implement the 1/Vmax estimator (Section 2.1.2) by normalizing the number of galaxies per stellar mass bin by the bin width and multiplying it with the ratio of the total comoving volume V total in a given redshift range and the maximum comoving volume of the galaxy i, which is the equivalent of normalizing the histogram values by the sum of all individual maximum comoving volumes V max,i in a given stellar mass and redshift bin [START_REF] Ilbert | Bias in the estimation of global luminosity functions[END_REF]. We set this ratio as a weight in the numpy histogram function:

w i = V total V max,i (43) 
and we compute both volumes with the astropy comoving _ volume function (Astropy Collaboration et al., 2013). Finally, we implement the Poissonian uncertainties (Equation 27), normalized by the bin width and the total maximum comoving volume, in order to have the SMF values and their uncertainties in the same units.

SMF fit with Schechter models using the maximum likelihood method

We extend the pipeline for deriving the SMF with a new algorithm that fits the derived SMF with a chosen model.

First, we define the models to be used for fitting the SMF: a single Schechter function (Equation 10, [START_REF] Schechter | An analytic expression for the luminosity function for galaxies[END_REF], a double Schechter function (Equation 11, [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF], and a double Schechter function with the α 2 parameter fixed, following Ilbert et al., (2013). However, it is more convenient to define the Schechter functions in the logM space. Therefore, a single Schechter function is:

Φ(logM) = ln10 × Φ * * 10 (logM-logM * ) (α+1) × e -10 (logM-logM * ) (44)
and a double Schechter function is: Davidzon et al., (2017) use different Schechter models depending on the galaxy type and redshift range. For instance, for the full sample and starforming galaxies they use a double Schechter function at 0.2 z < 3.0, whereas they use a single Schechter function at the z > 3.0. Moreover, for quiescent galaxies they use a double Schechter function in the 0.2 z < 0.8 and a single Schechter function for higher redshifts. We follow their work in order to reproduce their results over the redshift range 0.2 z < 2.5.

Φ(logM) = ln10 × e (-10 logM-logM * ) × (Φ * 1 * 10 (logM-logM * ) (α 1 +1) +Φ * 2 * 10 (logM-logM * ) (α 2 +1) ) (45) 
Next, we use the scipy.optimize.minimize function and the maximum likelihood method in order to fit the SMF of galaxies with the chosen Schechter function and obtain the best-fit parameters of the model. The scipy.optimize.minimize function takes the given observations and its uncertainties (x, y, dy), the model (e.g. a single Schechter function) and its unknown parameters (e.g. log(M * ), Φ * and α) as arguments, and returns the values of the best-fit parameters of the model without the uncertainty estimates.

The scipy.optimize.minimize function is based on maximizing the likelihood of L of obtaining certain values of the data y obs i with a given set of parameters of the model. The maximum likelihood function L and its logarithm are given as L:

L ∝ e -χ 2 /2 (46)

ln(L) ∝ - χ 2 2 (47)
where χ 2 is the total squared offset between the observed values y obs i and the values obtained by the model y model (x i ), scaled by the uncertainties σ 2 :

χ 2 = i (y obs i -y model (x i )) 2 σ 2 i (48)
Thus, maximizing the (negative) likelihood is equivalent to minimizing the χ 2 function (e.g. [START_REF] Hogg | Data analysis recipes: Fitting a model to data[END_REF].

Eddington bias

In order to take into account the Eddington bias, we fit the SMF with the Schechter function convolved by stellar mass uncertainties and obtain the best-fit parameters of the model deconvolved by the stellar mass uncertainties (Ilbert et al., 2013). The stellar mass uncertainties can be modeled by a Gaussian function (as in e.g. [START_REF] Kitzbichler | The high-redshift galaxy population in hierarchical galaxy formation models[END_REF][START_REF] Caputi | The stellar mass function of the most-massive galaxies at 3 < z < 5 in the UKIDSS Ultra Deep Survey[END_REF][START_REF] Caputi | Spitzer Bright, UltraVISTA Faint Sources in COSMOS: The Contribution to the Overall Population of Massive Galaxies at z = 3-7[END_REF][START_REF] Bower | What shapes the galaxy mass function? Exploring the roles of supernova-driven winds and active galactic nuclei[END_REF]Davidzon et al., 2017):

G(x) = 1 √ 2πσ 2 e - (log(M * )-log(M mean * ) 2 2σ 2 (49)
a Lorentzian function:

L(x) = τ 2π 1 ( τ 2 ) 2 + (log(M * ) -log(M mean * ) 2 (50) 
or the product of a Gaussian and Lorentzian functions (Ilbert et al., 2013;Davidzon et al., 2017):

L(x) × G(x) = τ 2π √ 2πσ 2 1 ( τ 2 ) 2 + (log(M * ) -log(M mean * ) 2 ×e - (log(M * )-log(M mean * ) 2 2σ 2 (51)
where σ is the standard deviation, τ is a parameter of the Lorentzian function defining the width of the distribution. In general, both σ and τ are functions of redshift z and stellar mass M * .

Inside the pipeline, I define the three kernel functions (the Gaussian (Equation 49), the Lorentzian (Equation 50) and their product (Equation 51) to be used for the convolution. Next, I define the σ and τ parameters of the Gaussian and Lorentzian function, respectively, as redshift dependent:

σ = sig_par × (1 + z mean ) (52) τ = tau_par × (1 + z mean ) (53) 
where z mean is the mean redshift within a given redshift bin, and sig_par and tau_par are constants. For comparison, in Davidzon et al., (2017) and Ilbert et al., (2013) σ is set as a constant (0.35, and 05 dex, respectively) and τ as a function of redshift. Therefore, I set the same value of σ = 0.35 when working with the COSMOS2015 catalog and reproducing the work of Davidzon et al., (2017).

Finally, I define a Schechter function convolved by a kernel function, (e.g. the product of a Gaussian and Lorentzian functions; Ilbert et al., 2013) as a model, i.e. a likelihood function:

Φ conv (logM) = (Φ * (L × G))(logM) = ∞ -∞ Φ(x) * L(logM -x, τ) × G(logM -x, σ)dx (54) 
Several Python convolution functions from different libraries are available (numpy, astropy). I decide to use astropy.convolve (Astropy Collaboration et al., 2013), since it provides a better fit for all the different values of σ and τ taken into account.

mcmc python code

This part of the script was developed outside of the Euclid environment and it is not included in the Euclid pipeline.

MCMC algorithm

First, I introduce some statistical terms that will be used with the maximum likelihood method and the MCMC. If we have a model (e.g. a Schechter function) with some unknown parameters θ (Φ * , α and M * ) that depend on a given data D (e.g. the SMF values and the Poissonian uncertainties), we can introduce likelihood, prior and probability functions [START_REF] Gilks | Introducing Markov Chain Monte Carlo[END_REF]:

• prior P(θ) is a probability distribution over parameters of a model θ before we have any information on data (D). In practice we assume a range of values for parameters we want to determine, for example, using values computed from an independent study, experiments, simulations, or a range of values that are physical, etc. For instance, the parameters we want to compute are the Schechter function parameters Φ * , α and M * .

• posterior P(θ|D) is a probability distribution over parameters of the model that best fit the given data. In practice, it is a set of unknown parameters of a function we want to compute (in this case it is the Schechter function parameters).

• likelihood P(D|θ) is a probability distribution over datasets with a given model. In practice it is the probability of obtaining certain values of the data with a given set of parameters of the model.

• marginal likelihood P(D), is a probability over data D for any given model. In practice it is a normalization constant. It is unknown and usually very hard to compute [START_REF] Hou | The Probabilities of Orbital-Companion Models for Stellar Radial Velocity Data[END_REF].

The goal of the MCMC is to draw a sample from posterior function P(θ|D), which is proportional to the likelihood function and the prior:

P(θ|D) = 1 P(D) P(D|θ)P(θ) (55) 
We can reconstruct the posterior P(θ|D) distribution function (PDF) f(θ) up to a constant P(D). Therefore, we sample a non-normalized posterior function f(θ) ∼ P(θ|D). However, instead of using f(θ), it is advisable [START_REF] Hogg | Data Analysis Recipes: Using Markov Chain Monte Carlo[END_REF] to use the natural logarithm of the probability function which will be a sum of the likelihood and prior functions:

lnf(θ) = ln(P(D|θ)) + ln(P(θ)) (56) 
In practice, if we have a set of data D and we want to fit a model P(D|θ) (likelihood function) to this data, and we do not know the exact values of the parameters θ, but we have some vague idea about the range of values of these parameters P(θ)(prior), we run the MCMC and obtain a posterior distribution in parameter space that is consistent with data (f(θ) ∼ P(θ|D)).

The MCMC generates a random walk in a N-dimensional small ball in N-dimensional parameter space, around the initial position defined by the maximum likelihood probability value. The walkers or chains start in small distributions around the maximum likelihood values and then they quickly branch-out and start exploring the full posterior distribution. In order to confine the walkers to a finite volume of the parameter space we set the parameter limits in the prior function. We draw samples (X 0 , X 1 , X 2 , ..., X n ) from the Markov chain so that X i+1 step depends only on the X i step and not on the previous ones. If the proposed step X i+1 is accepted it becomes a part of the samples, and if not, the previous step X i is repeated. This algorithm is called the Metropolis-Hastings MCMC method (Metropolis et al., 1953). After a certain number of steps (m), the chain will converge, so we can discard all the first m values, which usually make about 10% of the total chain length n, and are called burning.

Ideally, the MCMC chains converge and we obtain the best-fit parameters of the model and their uncertainties. We can either use the mean or median of the posterior PDF or the maximum likelihood value as the best-fit parameters of the model. Moreover, by taking the quantiles of the posterior distribution we take into account the whole shape of the posterior distribution, and we have access to uncertainties. For instance, if we take the 16 th , the 50 th (the median) and the 84 th quantiles of the posterior distribution (q 16 , q 50 and q 84 , respectively), we exclude the first and the last 16% of samples and we have 1σ error bars that contain 68% of samples: q low = q 50q 16 q up = q 84q 50 (57)

where q low and q up are lower and upper 1σ error. Furthermore, if we take the 2.5 th , the 50 th and the 97.5 th , we have 95% of all samples and 2σ error bars.

emcee package

We use the emcee software package [START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF], a MIT licensed pure-Python implementation of affine invariant MCMC ensemble sampler [START_REF] Goodman | Ensemble samplers with affine invariance[END_REF]. It is based on ensemble methods that use many independent walkers to determine the best sizes and directions of the following steps. As a result, we get a properly tuned posterior distribution in the parameter space. However, this tuning improvement comes with a price of a relatively large burning phase in the beginning of each run of the MCMC, of at least a few autocorrelation times. We make use of the functions from this package and modify them to fit our project. We use the maximum-likelihood method (Section 2.3.2) and the MCMC Metropolis-Hastings method [START_REF] Mackay | Information Theory, Inference and Learning Algorithms[END_REF][START_REF] Hogg | Data analysis recipes: Fitting a model to data[END_REF][START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF][START_REF] Hogg | Data Analysis Recipes: Using Markov Chain Monte Carlo[END_REF], in order to fit the COSMOS2015 galaxy SMF (Davidzon et al., 2017) with different Schechter functions as models and obtain the best-fit parameters of the Schechter model and their uncertainties.

Testing the MCMC code

In order to develop and test the MCMC algorithm and the Python code we start with a simple example of a linear function model (Section 2.4.2.1). Next we use the COSMOS2015 generated data, produced by fitting the SMF with Schechter functions deconvolved by the stellar mass uncertainties (Section 2.4.2.2; Davidzon et al., 2017). Finally, I run the MCMC code on the SMF of COSMOS2015 galaxies, obtained with the 1/Vmax method from the work of Davidzon et al., (2017) in order to reproduce their work.

We also test the MCMC code in a similar way on the UltraVISTA generated data and the SMF of UltraVISTA galaxies [START_REF] Mccracken | UltraVISTA: a new ultra-deep near-infrared survey in COSMOS[END_REF] and reproduce the work of Ilbert et al., (2013) (Appendix B).

Fitting the linear function model

We start with the simple example of a linear model in order to test the MCMC algorithm. We use a linear function: 

y = ax + b ( 
χ 2 = i (y i -(ax i + b)) 2 δy 2 i ( 59 
)
In order to minimize χ 2 and to maximize the likelihood I use the 

Fitting the SMF fit of COSMOS2015 generated data

This is another simple test on the MCMC code, since we are using a Schechter model and the MCMC algorithm to fit the data produced by that same model. COSMOS2015 generated data are produced by fitting the SMF (derived with the 1/Vmax method) with a deconvolved single and double Schechter functions (depending on the galaxy type and redshift), with parameter values from Table 1 of Davidzon et al., 2017, for a full sample, active and passive galaxies at 0.2 z < 4.0. I run the MCMC in order to fit these data and obtain the best-fit parameters of the Schechter models and their uncertainties.

These generated data contain values of the logM * , logΦ, logΦ min and logΦ max in the mass range 7.0 < logM * < 13.0. First, I compute mean uncertainty that is used for the minimization function:

logΦ err = 1 2 (logΦ max -logΦ min ) (60) 
I discard the stellar mass bins with logΦ < -6 and those below the stellar mass completeness limits derived by Davidzon et al., (2017), in order to reproduce their results.

I set the single and double Schechter functions as the models, i.e. likelihood functions. For the prior function, I set limits for parameters of the model in the range of physical values known in astrophysics and close to the values obtained in Davidzon et al., (2017).

Next, in order to minimize the χ 2 function and maximize the likelihood, we use the optimize.minimize function (Section 2.3.2). This function requires some initial values of the parameters, so I set the best-fit parameter values from Table 1 of Davidzon et al., (2017) as initial values and obtain the preliminary best-fit parameters of the model.

I scatter the preliminary minimization function results to get random starting values for each walker, in order to initialize the walkers at different positions around the maximum likelihood result. I set the number of parallel walkers i.e. chains n chain = 50, with the number of steps (i.e. chain length) l chain = 25000 and the burning phase n burn = 2500. In general, it is recommended to use hundreds of steps, but since the Schechter models are relatively complicated with three to five unknown parameters, I set a higher number of steps, in order to allow enough steps for the walkers to converge.

Finally, I set up a sampler and run the MCMC. Graphical representation of the progression of each chain at first 2500 steps for the logM * parameter is shown on Figure 21.

I discard the first 10% of the steps (i.e. the burning phase) and obtain the posterior distribution and the best-fit parameters of the Schechter models and their uncertainties. We use the recommended values of the quantiles of the posterior distribution [START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF] and have access to 1σ uncertainties with Equation 57 and have access to the best-fit parameter values and their 1σ uncertainties (Figure 22, top panels). I show an example of a corner plot (Foreman-Mackey, 2016), i.e. a graphical representation of the posterior probability distribution of parameters of a double Schechter function fit, the parameters' relations (Figure 22, bottom panels).

Fitting the SMF of COSMOS2015 data

We test the MCMC algorithm by fitting the SMF of COSMOS2015 galaxies derived with the 1/Vmax method by Davidzon et al., (2017), in order to reproduce their work. These data contain logM, logΦ, logΦ + err and logΦ - err for a full sample, active and passive galaxies at 0.2 z < 4.0. I compute the errors by using the following equation:

logΦ err = 1 2 (logΦ + err + logΦ - err ) (61) 
We take into account the Eddington bias by convolving the Schechter function with the stellar mass uncertainties, modeled by the product of a Lorentzian and Gaussian function with σ = 0.35 (Section 2.3.2.1), in order to reproduce the work of Davidzon et al., (2017).

I define the Schechter and deconvolved Schechter models as the likelihood functions. The rest of the algorithm is exactly the same as in Section 2.4.2.2. I run the MCMC and obtain the posterior distribution of parameters of a deconvolved double (Figure 24, top panel) and single Schechter models (Figure 25, top panel). Furthermore, we have access to the best-fit parameters deconvolved by the stellar mass uncertainties, and their 1σ uncertainties.

I show an example of a SMF of COSMOS2015 full sample of galaxies at 2.0 z < 2.5, and the double Schechter fit from this work and the deconvolved double Schechter fit from this work and from [START_REF] Davidzon | The COSMOS2015 galaxy stellar mass function . Thirteen billion years of stellar mass assembly in ten snapshots[END_REF] (Figure 24, (bottom panel). Next, I show a SMF of COSMOS2015 quiescent galaxies at 2.0 z < 2.5, and the single Schechter fit from this work and the deconvolved single Schechter fit from this work and from Davidzon et al., (2017) (Figure 25,(bottom panel) In most of the cases there is an overlap between non-convolved and deconvolved fits. The difference between the two fits starts to be obvious at higher redshifts and at high-mass end of the SMF since the uncertainties increase with redshift and stellar mass.

In some cases, mostly for galaxies at high-z (3.0 < z < 4.0) the scipy.optimize.minimize function with the Nelder-Mead method [START_REF] Nelder | A Simplex Method for Function Minimization Comput[END_REF] fails to find the correct values of the preliminary best-fit parameters within the constraints given in the prior function, and MCMC run does not converge. For those cases, I use methods that allow constraints on parameters, such as the TNC [START_REF] Nocedal | Numerical Optimization. second[END_REF], and set parameter bounds with the same values as in a prior.

Convergence tests for the MCMC

How do we know if the MCMC sampled the entire parameter space and converged to best-fit values and we have reliable results? In practice we can never be completely sure if we have sampled the entire parameter space, and there is always a possibility that there are two or more high-probability regions which are separated and we sampled only one of them.

There is a number of standard performance and convergence tests for the MCMC.

Visualization of samples

A simple way to check the MCMC performance is visualization. For instance, I use trace plots (Figure 21) to visually represent the progression of each walker for an unknown parameter of the Schechter model, in order to make sure that the walkers sample the entire parameter space many times during the MCMC run. Next, I use corner plots (Foreman-Mackey, 2016) to visually represent the posterior distribution of all the unknown parameters, with best-fit values and their 1σ uncertainties (e.g. Figure 22), in order to check the shape of the posterior distribution. In general, the shape of the posterior distribution of each parameter should be oval, not too elongated, and without multiple peaks. I check the shape of the posterior distribution in corner plots for all galaxy samples at all redshift ranges, and I conclude that the MCMC did a good job in finding values of the posterior distribution. However, there are a few cases at higher redshift z > 3.0 where the posterior distribution is sometimes elongated, but this is expected since statistical uncertainties are larger.

Testing the consistency of the posterior PDF

A standard way to check for the MCMC convergence is simply to increase the number of steps of each walker and check if there are substantial variations in the shape of the posterior PDF and the final results. However, increasing the number of steps is limited by the available time and computer memory.

Moreover, the posterior distribution should be independent on the initialization of the walkers. If it is not the case, it indicates a problem with the MCMC. Therefore, I change the initial positions of the walkers and I obtain quite similar posterior PDF and the best-fit parameters and their uncertainties.

Autocorrelation time

Autocorrelation time is a measurement of the number of steps required in each chain in order to draw a representative independent samples. The shorter it is, the fewer steps the chains need for the MCMC to converge. Therefore, τ is can be used to estimate the MCMC performance.

I use sampler.get _ autocorr _ time() and sampler.acor modules for computing the autocorrelation time, and emcee.autocorr.integrated _ time() for computing the integrated autocorrelation time [START_REF] Goodman | Ensemble samplers with affine invariance[END_REF][START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF]. The integrated autocorrelation time is estimated using more than one sample. The idea is that the samples are not always independent and we need to use more than one in order to estimate the correct value of τ.

In order to make sure that the chains converge, it is recommended that the chain length should be at least several autocorrelation times e.g. l chain ∼ c × τ (Foreman- [START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF], where c is the minimum number of autocorrelation times needed to trust the drawn samples. c is a parameter in the emcee.autocorr.integrated _ time() function and is set by default to c = 10. Therefore, I increase the number of steps in order to run the sampler for at least 10 × τ.

Acceptance fraction

Since estimating the autocorrelation time can be time consuming and difficult, the simplest autocorrelation time proxy is acceptance fraction. It is a fraction of steps that are accepted in a chain. Although there is no absolute agreement about the values, in general it should be in the 0.2 -0.5 range [START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF] and the ideal value for a model with multiple parameters is 0.234 [START_REF] Hogg | Data analysis recipes: Fitting a model to data[END_REF].

In order to compute the acceptance fraction I use a Python module sampler.acceptance _ fraction. I find that the acceptance fraction is within the recommended values when running the MCMC on different galaxy samples at certain redshifts. But, sometimes the acceptance fraction is higher than recommended (> 0.5). In those cases, I improve the acceptance fraction by increasing the number of steps, but the acceptance fraction does not change significantly (∼ 0.05).

Next, I change the value of the a argument of the emcee.EnsembleSampler function. The a parameter is the proposal scale factor, which controls the step size of the walkers. It is by default set as a = 2.0.

Increasing the a parameter results in a decrease of the acceptance fraction, and vice-versa. However, if step size is too large, the chain jumps from one low-probability region to another, and all of the steps are rejected. On the other hand, if step size is too small all of them are accepted, but the chain gets stuck in a small region and will not probe the entire parameters space. In both cases, the chain will not produce representative samples.

results

SMF of Flagship mock galaxies

We test the Euclid pipeline first by producing the SMF of galaxies and the SMF fit of Flagship mock galaxies (Section 2.2.2; Carretero et al., 2017), at 0.2 z < 2.5. There are 479864 mock galaxies inside an area of 1 deg 2 .

I plot the SMF obtained with the 1/Vmax estimator and the SMF fit by the double Schechter model and the double Schechter model deconvolved by the stellar mass uncertainties (which is modeled by the product of a Gaussian and Lorentzian functions), over the entire redshift range (0.2 z < 2.5) (Figure 26 and Figure 27). Difference between the SMF fits by the non-convolved and deconvolved models becomes apparent only at highmass end of the SMF, when the stellar uncertainties become significant.

SMF of COSMOS2015 galaxies

We test the Euclid pipeline by reproducing the SMF of galaxies and the SMF fit using the COSMOS2015 data (Section 2.2.3; Davidzon et al., 2017), over the redshift range 0.2 z < 2.5, in order to cover the redshift range of the Euclid Mission. There are 536 077 objects inside an area of 1.38 deg 2 and 190 650 objects inside the Deep area of 0.46 deg 2 of which 85453 are galaxies.

I plot the SMF values from this work and from Davidzon et al., (2017), the double Schechter fit, the double Schechter fit deconvolved by the stellar mass uncertainties (Figure 28, Figure 29). Stellar mass uncertainties are modeled by the product of a Lorentzian and Gaussian with a σ = 0.35 in order to reproduce the work of Davidzon et al., (2017). In order to have smoother kernel function and more accurate estimate of the convolved Schechter model, I define these functions on an array with many points (∼ 1000), instead of using only the SMF points which are sparse, especially at the high mass end (cyan lines in Figure 26 Figure 27, Figure 28, Figure 29). As with the SMF fit on the Flagship mock galaxy catalog, the difference between the nonconvolved and deconvolved model starts to be obvious only at high-mass end of the SMF fit.

There are differences in the SMF values of this work and those of Davidzon et al., (2017), possibly coming from using slightly different selection criteria and therefore, a slightly different galaxy sample. For example, there are approximately twice as much galaxies in some redshift bins compared to Davidzon et al., (2017), so there might be some additional selection criteria that are missing.

We report the best-fit parameters of a double Schechter function deconvolved by the stellar mass uncertainties for the COSMOS2015 full sample and star-forming galaxies in the 0.2 z < 2.5 range and quiescent galaxies in the 0.2 z < 0.8 range, whereas for quiescent galaxies in the 0.8 z < 2.5 range we use a deconvolved single Schechter function, following the work of Davidzon et al., (2017) (Table 2). At 0.2 z < 2.5, the values obtained in Davidzon et al., (2017) are fiducial values obtained without constraining the parameter space i.e. with flat priors, while we set bounds for each parameter in the optimize.minimize function. Thus, the best-fit parameters change depending on these values. Fitting the SMF of COSMOS2015 galaxies with the MCMC

* [M ⊙ ] Φ * 1 [10 -3 Mpc -3 ] α 1 Φ * 2 [10 -3 Mpc -3 ] α 2 Full sample 0.2 -0.
We test the MCMC code by fitting the SMF of COSMOS2015 galaxies derived with the 1/Vmax method. Advantage of using the MCMC algorithm compared to the minimization function is that we have access to 1σ uncertainties.

We report the best-fit parameters and their uncertainties of a deconvolved double Schechter model for a full sample and star-forming galaxies at 0.2 z < 2.5, and quiescent galaxies at 0.2 z < 0.8 range, and a deconvolved single Schechter function for quiescent galaxies at 0.8 z < 2.5, following the work of Davidzon et al., (2017) (Table 3). Unlike Davidzon et al., (2017), I constrain the parameter space by setting bounds for each parameter in the prior function.

Table 3: Best-fit parameters and their uncertainties of a deconvolved Schechter model for a full galaxy sample, star-forming and quiescent galaxies. The parameters are derived using the MCMC.

z-bin logM * [M ⊙ ] Φ * 1 [10 -3 Mpc -3 ] α 1 Φ * 2 [10 -3 Mpc -3 ] α 2
Full sample 0.2 -0.5 10.67 I overplot the SMF and SMF fit with a deconvolved double Schechter function, over the entire redshift range (0.2 z < 2.5), in order to show the evolution of the SMF for the full sample of galaxies (Figure 31, top panel). Next, I split the Flagship mock galaxies into star-forming and quiescent galaxies, in order to quantify the evolution of the SMF of different subsamples of galaxies. I define star-forming galaxies as those with a log(sSFR) -11, and those with log(sSFR) < -11 as quiescent. The population of quies-cent galaxies is roughly constant at the high-mass end, while it increases at the low mass end over the entire redshift range (Figure 31, bottom panel). Moreover, the population of a full and star-forming samples of galaxies increase from 2.0 < z 2.5 to 1.1 < z 1.5, while they decrease between 1.1 < z 1.5 and 0.2 < z 0.5 (Figure 31, top and middle panels). There might be some problems, but there was not enough time to go deeper in this issue. Thus, it is not possible to draw any conclusions on the stellar mass assembly of Flagship mock galaxy sample.

Stellar mass assembly of COSMOS2015 galaxies

I overplot the SMF and SMF fit with a double Schechter function deconvolved by the stellar mass uncertainties over the entire redshift range (0.2 z < 2.5) for a full sample, star-forming (log(sSFR)

-11) and quiescent (log(sSFR) < -11) galaxies (Figure 32, top, middle and bottom panels, respectively). Unlike the SMF evolution for the Flagship data (Figure 31), there is a consistent SMF evolution for the COSMOS2015 data, with galaxy populations increasing steadily from 2.0 < z < 2.5 to 0.2 < z < 0.5, i.e. in the redshift range covered by the future Euclid Mission (0.2 < z < 2.5). For the full sample, there is a number density increase over the entire stellar mass range. However, the evolution is slightly faster at the high-mass end of the SMF (Figure 32, top panel; Davidzon et al., 2017). For instance, the stellar mass number density of the full sample of M * ∼ 10 9.5 M ⊙ galaxies increases by ∼ 0.52 ± 0.16 dex between 2.0 < z < 2.5 and 0.2 < z < 0.5 (of which ∼ 0.39 ± 0.15 dex between 2.0 < z < 2.5 and 0.8 < z < 1.1), while for M * ∼ 10 10.5 M ⊙ galaxies it grows by ∼ 0.75 ± 0.11 dex (∼ 0.66 ± 0.09 dex), and for M * ∼ 10 11.5 M ⊙ galaxies it increases by ∼ 1.47 ± 0.78 dex (∼ 1.26 ± 0.66 dex), over the same redshift ranges. Thus, the evolution of the full sample of galaxies is mass-dependent, with intermediate and highmass galaxies evolving faster than the low-mass end of the SMF over the redshift range taken into account, in agreement with the result of Davidzon et al., (2017), that observed flattening of the SMF and sharpening of the knee of the function over a wider redshift range (0.2 z < 5.5 and 0.2 z < 4.0 for the full and star-forming samples, respectively). However, this is not consistent with some results from the literature, with some works showing no significant evolution of the shape of the SMF [START_REF] Tomczak | Galaxy Stellar Mass Functions from ZFOURGE/-CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid Buildup of Quiescent Galaxies[END_REF], or a faster mass build-up of the low-mass end of the global SMF at lower z (downsizing; e.g. [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF]Ilbert et al., 2013).

Next, the stellar mass number density of a subsample of M * ∼ 10 9.5 M ⊙ star-forming galaxies grows by ∼ 0.47 ± 0.18 dex between 2.0 < z < 2.5 and 0.2 < z < 0.5 (∼ 0.38 ± 0.14 dex between 2.0 < z < 2.5 and 0.8 < z < 1.1), for log(M * ) ∼ 10 10.5 M ⊙ galaxies it increases by ∼ 0.46 ± 0.23 dex (∼ 0.51 ± 0.11 dex) and for (M * ) ∼ 10 11.1 M ⊙ galaxies it does not show statistically significant evolution ∼ 0.53 ± 0.53 (∼ 0.38 ± 0.35) over the same redshift range. A population of massive (M * ) ∼ 10 11.5 star-forming galaxies is not detected at lower redshift z < 1.1, probably since they are already in the process of quenching. Therefore, the mass build-up of the star-forming subsample is in general mass independent, the shape of the SMF is roughly the same, and the overall evolution is weak over the redshift range taken into account (e.g. [START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF][START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF][START_REF] Tomczak | Galaxy Stellar Mass Functions from ZFOURGE/-CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid Buildup of Quiescent Galaxies[END_REF].

A population of low-mass M * ∼ 10 9.5 M ⊙ quiescent galaxies is not observed at the highest redshift range 2.5 < z < 2.0, and it first appears at z ∼ 1.5. The stellar mass number density of low-mass quiescent galaxies M * ∼ 10 9.5 M ⊙ grows by ∼ 2.04 ± 0.24 dex between 1.1 < z < 1.5 and 0.2 < z < 0.5 (of which ∼ 1.06 ± 0.15 dex between 1.1 < z < 1.5 and 0.8 < z < 1.1). Next, the stellar mass number density of the log(M * ) ∼ 10 10.5 M ⊙ quiescent galaxies increases by ∼ 2.13 ± 0.48 dex between 2.5 < z < 2.0 and 0.2 < z < 0.5 (of which ∼ 1.90 ± 0.47 dex between 2.5 < z < 2.0 and 0.8 < z < 1.1), and finally, for log(M * ) ∼ 10 11.4 M ⊙ quiescent galaxies it increases by ∼ 1.88 ± 1.28 dex (∼ 1.60 ± 1.53 dex) over the same redshift ranges. Therefore, the evolution of the quiescent sample is mass dependent. A clear flattening of the low-mass end of the SMF of quiescent subsample at lower redshifts suggests that populations of low and intermediate-mass quiescent galaxies have assembled their stellar mass at a later epoch z < 1, compared to their high-mass counterparts which emerged at earlier epoch 32, bottom panel) [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;Davidzon et al., 2017). This confirms the so called downsizing effect [START_REF] Cowie | New Insight on Galaxy Formation and Evolution From Keck Spectroscopy of the Hawaii Deep Fields[END_REF][START_REF] Brinchmann | The Mass Assembly and Star Formation Characteristics of Field Galaxies of Known Morphology[END_REF][START_REF] Heavens | The star-formation history of the Universe from the stellar populations of nearby galaxies[END_REF][START_REF] Juneau | Cosmic Star Formation History and Its Dependence on Galaxy Stellar Mass[END_REF][START_REF] Bundy | The Mass Assembly History of Field Galaxies: Detection of an Evolving Mass Limit for Star-Forming Galaxies[END_REF][START_REF] Panter | The star formation histories of galaxies in the Sloan Digital Sky Survey[END_REF][START_REF] Vergani | The VIMOS VLT Deep Survey. Tracing the galaxy stellar mass assembly history over the last 8 Gyr[END_REF][START_REF] Pérez-González | The Stellar Mass Assembly of Galaxies from z = 0 to z = 4: Analysis of a Sample Selected in the Rest-Frame Near-Infrared with Spitzer[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Muzzin et al., 2012;Pacifici et al., 2016).

1 < z < 2 (Figure
There is a build-up of all galaxies around the M * , over the entire redshift range taken into account (0.2 < z < 2.5), and beyond (z > 3; e.g. Davidzon et al., 2017), indicating that, when galaxies reach a certain stellar mass M * (i.e. the mass that defines the change in the slope of the SMF), they start quenching, mass growth of galaxies through star formation slows down, and galaxies start to accumulate at ∼ M * (i.e. mass quenching; Thomas et al., 2005;[START_REF] Bundy | The Mass Assembly History of Field Galaxies: Detection of an Evolving Mass Limit for Star-Forming Galaxies[END_REF][START_REF] Vergani | The VIMOS VLT Deep Survey. Tracing the galaxy stellar mass assembly history over the last 8 Gyr[END_REF]Peng et al., 2010Peng et al., , 2012;;[START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013;;Guglielmo et al., 2015;Tomczak et al., 2016;Sklias et al., 2017). Next, low and intermediate-mass quiescent galaxies quench at a later epoch, possibly through environmental quenching of satellite galaxies and galaxy merging (Kauffmann et al., 2004;Peng et al., 2010Peng et al., , 2012;;Strazzullo et al., 2013;Delaye et al., 2014;Guglielmo et al., 2015;Foltz et al., 2018).

Following the work of [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF], I split the star-forming sample of galaxies into high activity (log(sSFR) -9.5) and intermediate activity galaxies (-9.5 > log(sSFR)

-11), and I overplot the SMF and SMF fit of the two subsamples for all the redshift bins (Figure 33, top and bottom panels, respectively). The evolution of the SMF of both subsamples is mass dependent. The M * ∼ 10 9.5 M ⊙ high activity star-forming galaxies do not show significant evolution ∼ 0.1 ± 0.2 dex between 2.5 < z < 2.0 and 0.2 < z < 0.5. Next, there is an increase in the number density of the M * ∼ 10 10.5 M ⊙ intermediate-mass high activity galaxies by ∼ 0.3 ± 0.1 dex, between 2.5 < z < 2.0 and 0.8 < z < 1.1, followed by a significant drop of ∼ 1.25 ± 0.65 dex, between 0.8 < z < 1.1 and 0.2 < z < 0.5. Moreover, the M * ∼ 10 11 M ⊙ high activity star-forming galaxies shows a hint of a decrease in the number density by 0.52 ± 0.43, between 2.5 < z < 2.0 and 0.8 < z < 1.1, whereas the most massive galaxies are not observed (M > 10 11 M ⊙ ) at lower redshift z < 1. These galaxies have probably already evolved to intermediate activity or quiescent galaxies at earlier epoch z > 1 [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]. Besides, there is a gradual shift of the high activity star-forming population to lower masses with cosmic time (Figure 33, top panel), indicating a relocation of the high starformation activity from high-mass galaxies to intermediate and low-mass galaxies over cosmic time (i.e. downsizing effect; [START_REF] Bundy | The Mass Assembly History of Field Galaxies: Detection of an Evolving Mass Limit for Star-Forming Galaxies[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF].

Furthermore, the evolution of the intermediate activity star-forming galaxies is strongly mass dependent, with a population of low-mass galaxies growing much faster than their high-mass counterparts (Figure 33, bottom panel), in a similar way as for the quiescent sample. The stellar mass number density of the low-mass M ∼ 10 9.5 M ⊙ galaxies grows by ∼ 3.4 ± 0.7 dex, between 2.5 < z < 2.0 and 0.2 < z < 0.5, whereas for intermediate-mass M ∼ 10 10.5 M ⊙ galaxies it increases by ∼ 2.2 ± 0.3 dex over the same redshift range. Finally, the number density of massive M ∼ 10 11.3 M ⊙ galaxies increases by ∼ 0.9 ± 0.7 between 2.5 < z < 2.0 and 0.8 < z < 1.1. At lower redshifts, their number density remains roughly constant, probably since the rate of which these massive galaxies migrate to the red sequence is similar to the rate of which the high activity galaxies move to the intermediate activity subsample.

Evolution of Schechter parameters

I plot the best-fit parameters of the Schechter models deconvolved by the stellar mass uncertainties as a function of redshift, derived using the maximum likelihood method with the Euclid pipeline (Table 2), the MCMC algorithm (Table 3) and from the work of Davidzon et al., (2017) The best-fit parameters for the full sample of galaxies (derived using the MCMC) from this work are mostly within 1σ of the best-fit parameters from the work of Davidzon et al., (2017) (Figure 34), gray area). However, the difference between the best-fit parameters of star-forming and quiescent galaxies from this work and from Davidzon et al., (2017) Davidzon et al., 2017). However, the log(M * ) parameter increases by ∆log(M * ) ∼ 0.4 ± 0.1 dex for quiescent galaxies (Figure 36, top panel; see [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF], which is a consequence of the mass build-up of quiescent galaxies, probably due to post-quenching dry merging at the high-mass end, where quiescent galaxies dominate the galaxy population (Peng et al., 2010).

The normalization factor Φ * 1 parameter increases by ∆Φ 1 ∼ 2.0 ± 0.2 × 10 -3 Mpc -3 for the full (Figure 34 middle left panel), by ∆Φ 1 ∼ 0.9 ± 0.2 × 10 -3 Mpc -3 for star-forming (Figure 35, middle left panel), and by ∆Φ 1 ∼ 1.5 ± 0.05 × 10 -3 Mpc -3 for quiescent sample (Figure 36, middle left panel) over the redshift range 1.0 < z < 2.5. After reaching a peak at z ∼ 1, it does not show statistically significant evolution (see [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., 2013;Davidzon et al., 2017). The Φ * 2 parameter shows a similar evolution, increasing by ∆Φ 2 ∼ 1.3 ± 0.3 × 10 -3 Mpc -3 for the full sample (Figure 34, middle panels) and by ∆Φ 2 ∼ 1.3 ± 0.5 × 10 -3 Mpc -3 for star-forming sample over the redshift range 0.2 < z < 2.5 (Figure 35, middle panels).

Finally, there is a significant decrease of the α 1 parameter ∆α 1 ∼ 2.5 ± 0.9 for quiescent galaxies (Figure 36, bottom left panel), which is a consequence of the stellar mass build-up of low-mass quiescent galaxies [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., 2013), possibly driven by the environmental quenching (Peng et al., 2010). On the other hand, the α 1 parameter does not show statistically significant evolution ∆α 1 ∼ 0.33 ± 0.45 for the full sample Figure 34 bottom left panel) and ∆α 1 ∼ 0.41 ± 0.57 for star-forming galaxies (Figure 35 bottom left panels) (Peng et al., 2010;Ilbert et al., 2013;Davidzon et al., 2017). Next, there is a slight decrease of the slope parameter α 2 with redshift, ∆α 2 ∼ 0.14 ± 0.06 and ∆α 2 ∼ 0.12 ± 0.07, for the full (Figure 34; bottom right panel) and star-forming sample (Figure 35; bottom right panel), respectively. there are less quiescent galaxies compared to the passive galaxies (see e.g. Ilbert et al., 2013 for more details).

The global stellar mass density increases by ∼ 0.76 ± 0.14 dex between 2.0 < z < 2.5 and 0.2 < z < 0.5, of which ∼ 0.66 ± 0.12 dex between 2.0 < z < 2.5 and 0.8 < z < 1.1. The stellar mass density of the star-forming sample shows an increase of ∼ 0.48 ± 0.19 dex, i.e. ∼ 0.44 ± 0.14 dex, over the same redshift ranges. Finally, the stellar mass density of quiescent galaxies increases by ∼ 1.71 ± 0.74 dex between 2.0 < z < 2.5 and 0.2 < z < 0.5, of which ∼ 1.50 ± 0.74 dex between 2.0 < z < 2.5 and 0.8 < z < 1.1. This is in agreement with previous works that show a modest evolution of the ρ * at low redshift z < 1 (e.g. [START_REF] Brinchmann | The Mass Assembly and Star Formation Characteristics of Field Galaxies of Known Morphology[END_REF][START_REF] Fontana | The K20 survey. VI. The distribution of the stellar masses in galaxies up to z = 2[END_REF][START_REF] Moustakas | PRIMUS: Constraints on Star Formation Quenching and Galaxy Merging, and the Evolution of the Stellar Mass Function from z = 0-1[END_REF], preceded by a stronger evolution during the cosmic noon epoch (e.g. [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]Ilbert et al., , 2013)). Furthermore, there is a moderate evolution of the ρ * of star-forming galaxies compared to the ρ * of quiescent galaxies over the redshift range 0 < z < 2 -3, consistent with similar works from the literature (e.g. [START_REF] Arnouts | The SWIRE-VVDS-CFHTLS surveys: stellar mass assembly over the last 10 Gyr. Evidence for a major build up of the red sequence between z = 2 and z = 1[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF][START_REF] Muzzin | The Evolution of the Stellar Mass Functions of Star-forming and Quiescent Galaxies to z = 4 from the COSMOS/UltraV-ISTA Survey[END_REF][START_REF] Tomczak | Galaxy Stellar Mass Functions from ZFOURGE/-CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid Buildup of Quiescent Galaxies[END_REF][START_REF] Mortlock | Deconstructing the galaxy stellar mass function with UKIDSS and CANDELS: the impact of colour, structure and environment[END_REF]. Moreover, the stellar mass density ρ * of quiescent galaxies significantly grows during the epoch of 1 < z < 2.5 [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF](Ilbert et al., , 2013)), and surpasses the ρ * of star-forming galaxies at z ∼ 0.75 -1 [START_REF] Pozzetti | The K20 survey. V. The evolution of the near-IR Luminosity Function[END_REF][START_REF] Fontana | The K20 survey. VI. The distribution of the stellar masses in galaxies up to z = 2[END_REF][START_REF] Fontana | The fraction of quiescent massive galaxies in the early Universe[END_REF][START_REF] Williams | Detection of Quiescent Galaxies in a Bicolor Sequence from Z = 0-2[END_REF][START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF][START_REF] Buitrago | Early-type galaxies have been the predominant morphological class for massive galaxies since only z ∼ 1[END_REF][START_REF] Muzzin | The Evolution of the Stellar Mass Functions of Star-forming and Quiescent Galaxies to z = 4 from the COSMOS/UltraV-ISTA Survey[END_REF][START_REF] Tomczak | Galaxy Stellar Mass Functions from ZFOURGE/-CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid Buildup of Quiescent Galaxies[END_REF]Davidzon et al., 2017). This reproduces similar published results from Ilbert et al., (2013) and Davidzon et al., (2017).

I split the star-forming sample into high activity and intermediate activity star-forming galaxies following [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF], and derive the stellar mass densities of each subsample (Figure 33, blue, navy blue and green, respectively). The stellar mass density of the high activity star-forming sample is slightly increasing ∼ 0.23 ± 0.13 ± dex between 2.0 < z < 2.5 and 0.8 < z < 1.1, while it decreases by ∼ 0.52 ± 0.22 dex between 0.8 < z < 1.1 and 0.2 < z < 0.5. On the other hand, the stellar mass density of the intermediate activity star-forming sample grows by ∼ 1.27 ± 0.36 dex between 2.0 < z < 2.5 and 0.8 < z < 1.1, while it grows by ∼ 0.38 ± 0.19 dex between 0.8 < z < 1.1 and 0.2 < z < 0.5. Therefore, at lower redshift z < 1, there is a drop in the stellar mass density ρ * of the high activity star-forming galaxies, which roughly balances the ρ * increase of the intermediate activity subsample, and the stellar mass density of the entire star-forming sample shows virtually no evolution over the given redshift range [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]. Furthermore, at z ∼ 1 the intermediate activity subsample starts to dominate over the star-forming galaxies. This can be interpreted as a gradual evolution of the mean star formation in galaxies, from high activity star formation at higher redshift, to intermediate activity star formation at lower redshift.

summary

The goal of the project of my Thesis is to develop a pipeline that derives the SMF of cluster galaxies and fits the SMF with a chosen model, for the upcoming Euclid Mission [START_REF] Laureijs | Euclid Definition Study Report[END_REF].

Main results of this Thesis project are:

• I develop a Python pipeline for deriving the SMF of cluster galaxies, using the 1/Vmax estimator (Figure 28 and Figure 29, left panels).

Since the 1/Vmax is a non-parametric estimator, I define the stellar mass bin structure and sort galaxies in these bins. Moreover, I estimate the limiting stellar masses M * < M lim * and stellar mass completeness limits M * < M complete * [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF] for each galaxy type and redshift epoch. Next, I normalize the number of galaxies by the stellar mass bin width and the total maximum comoving volume (for the Flagship mock galaxies) and the sum of the maximum comoving volume V max,i of all galaxies in a given bin (for the COSMOS2015 galaxies). Next, I take into account the Poissonian uncertainties, normalized by the bin width and the maximum comoving volume, in order to estimate the statistical uncertainties.

• I fit the SMF using different Schechter models, such as a single Schechter model [START_REF] Schechter | An analytic expression for the luminosity function for galaxies[END_REF] 2). Moreover, I use the MCMC algorithm in order to fit the SMF and obtain the best-fit parameters of the fitting model and their uncertainties (Table 3).

• I test the Euclid pipeline using the Flagship mock galaxy sample (Carretero et al., 2017) and the COSMOS2015 photometric redshift catalog (Davidzon et al., 2017), over the redshift range 0.2 z < 2.5, i.e. the redshift range expected to be covered by the future Euclid Mission.

• I plot the SMF of Flagship mock galaxies and COSMOS2015 galaxies, for the full sample, star-forming and quiescent galaxies, over the redshift range taken into account 0.2 < z < 2.5 (Figure 31 and Figure 32, respectively). The evolution of the SMF of the Flagship mock galaxies is not consistent since the population of the full sample of Flagship mock galaxies starts to decrease at z < 1.1 -1.5 (Figure 31, top panel).However, there was not enough time to go deeper in this issue, and it is not possible to draw any conclusions on the stellar mass assembly of Flagship mock galaxy sample.

On the other hand, there is a consistent, mass-dependent evolution of the SMF of COSMOS2015 full sample, flattening of the SMF and sharpening of the knee of the SMF at the high-mass end. The mass build-up around the characteristic stellar mass M * is probably a consequence of mass quenching (Figure 32, top panel). Moreover, the SMF of COSMOS2015 star-forming subsample does not show any significant evolution (Figure 32, middle panel). Finally, the SMF of COSMOS2015 quiescent subsample is strongly mass-dependent, with a clear flattening of the low-mass end of the SMF at z < 1 (Figure 32, bottom panel).

The stellar mass assembly of low and intermediate-mass quiescent galaxies occurs at z < 1, possibly through environmental quenching (Peng et al., 2010(Peng et al., , 2012)). The evolution of low-mass quiescent galaxies at a later epoch is consistent with the downsizing effect [START_REF] Cowie | New Insight on Galaxy Formation and Evolution From Keck Spectroscopy of the Hawaii Deep Fields[END_REF]. Moreover, I split the COSMOS2015 star-forming galaxies according to their sSFR, into high activity (log(sSFR) -9.5) and intermediate activity galaxies (-9.5 > log(sSFR)

-11), following the work of [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]. The sites of high activity star-formation progressively transfers to low and intermediate-mass galaxies (Figure 33, top panel), which is again in agreement with the downsizing effect [START_REF] Cowie | New Insight on Galaxy Formation and Evolution From Keck Spectroscopy of the Hawaii Deep Fields[END_REF]. Finally, the intermediate activity star-forming galaxies show a similar mass-dependent evolution as the quiescent galaxies, and the stellar mass build-up of low and intermediate mass galaxies at a later epoch (Figure 33, bottom panel).

• I show the evolution of the best-fit parameters of the Schechter models deconvolved by the stellar mass uncertainties, for the COSMOS2015 full sample, star-forming and quiescent galaxies (Figure 34, Figure 35 and Figure 36, respectively). The characteristic stellar mass log(M * ) and the slope parameters α 1 and α 2 are roughly constant for the full sample (Figure 34, top and bottom panels) and star-forming galaxies (Figure 35, top and bottom panels). Next, the normalization parameters Φ 1 and Φ 2 of all three galaxy samples show an increase at higher redshift 1.0 < z < 2.5, that slows down at lower redshift z < 1. For the quiescent sample, the log(M * ) parameter increases by ∆log(M * ) ∼ 0.4 ± 0.1 dex for quiescent galaxies, probably due to dry merging of massive quiescent galaxies (Figure 36, top panel; see Peng et al., 2010). Finally, the slope parameter α 1 decreases for quiescent galaxies (Figure 36, bottom left panel), possibly due to the environmental quenching.

• I integrate the Schechter fit to the SMF in order to derive the stellar mass density ρ * , for the COSMOS2015 full, star-forming and quiescent galaxies (Figure 37, black, blue and red solid lines, respectively). The ρ * values from this work are within 1σ of the values from Davidzon et al., (2017) for the full sample, while ρ * estimates are up to ∼ 0.1 dex higher for the star-forming, and up to ∼ 0.2 dex lower for the quiescent sample. This is probably due to the fact that the we use the sSFR to split the galaxy sample, while Davidzon et al., (2017) use a color-color selection. The two methods are consistent at lower redshifts, but at higher z, the sSFR method is more restrictive in selecting the quiescent galaxies (Ilbert et al., 2013).

The redshift evolution of the ρ * of the COSMOS2015 star-forming galaxies is modest [START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF], compared to the ρ * of the COSMOS2015 quiescent galaxies. Furthermore, the stellar mass density ρ * of quiescent galaxies grows substantially during the epoch of 1 < z < 2.5 [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF](Ilbert et al., , 2013)), and surpasses the ρ * of starforming galaxies at z ∼ 1 [START_REF] Pozzetti | The K20 survey. V. The evolution of the near-IR Luminosity Function[END_REF].

I derive the stellar mass densities of the high activity and intermediate activity COSMOS2015 star-forming galaxies (Figure 33, blue, navy blue and green, respectively). There is a decrease in the stellar mass density ρ * of the high activity star-forming galaxies, roughly balances the ρ * increase of the intermediate activity subsample, and the stellar mass density of the entire star-forming sample shows almost no evolution over the entire redshift range [START_REF] Ilbert | Galaxy Stellar Mass Assembly Between 0.2 < z < 2 from the S-COSMOS Survey[END_REF]. Furthermore, at z ∼ 1 the intermediate activity subsample starts to dominate the starforming galaxies. This can be interpreted as suppression of the high activity star-formation at lower redshifts, which progressively evolves to intermediate activity star-formation.

This part of the thesis reproduces published results from Ilbert et al., (2013) and Davidzon et al., (2017).

introduction

In the previous chapter, I presented my work on developing a Python tool for deriving the SMF and fitting the SMF with a chosen model. Next, I derive the SMF and stellar mass density of galaxies over a broad redshift range, extending from the nearby Universe out to the cosmic noon epoch (i.e. 0.2 z < 2.5), in order to reproduce the statistical study of Davidzon et al., 2017 on the stellar mass assembly of different galaxy subsamples. In this chapter, the focus of my work was on other two important galaxy parameters, i.e. on estimating the molecular gas mass and SFR of individual cluster galaxies at the cosmic noon epoch. I present the work on detecting the molecular gas reservoir in the CARLA J1103+3449 cluster center and the molecular gas mass upper limits, star formation and other properties of the cluster confirmed member galaxies, including the RLAGN host galaxy in the cluster core. Finally, I compare these results with similar works for cluster and field galaxies at similar redshifts from the literature [START_REF] Markov | Massive molecular gas reservoir around the central AGN in the CARLA J1103+3449 cluster at z=1.44[END_REF].

Molecular gas reservoir around galaxies

Cosmic molecular gas is distributed both inside and around galaxies in the InterGalactic Medium (IGM). The cold gas residing in the IGM might trace the molecular gas originating from various sources: from an extended cold molecular gas rotating around the central galaxy in shape of a disk or torus, cold gas of gas-rich, but faint galaxies that are undetected in the optical and IR, tidal tails of two or more interacting and merging galaxies, gas outflows and/or inflows connected to the AGN jets, etc., or a combination of some of the above mentioned cases.

For instance, molecular gas can be in the form of an extended (up to ∼tens of kpc) rotating disk or torus of molecular gas around the central galaxy, with one part of the disk approaching and it is blueshifted, whereas the opposite part of the disk is receding and it is redshifted (Gaspari, Ruszkowski, and Sharma, 2012;[START_REF] Hamer | Cold gas dynamics in Hydra-A: evidence for a rotating disc[END_REF]McNamara et al., 2014;[START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Russell et al., 2014Russell et al., , 2017a;;[START_REF] Emonts | The Dragonfly Galaxy. II. ALMA unveils a triple merger and gas exchange in a hyper-luminous radio galaxy at z = 2[END_REF]Costa, Sijacki, and Haehnelt, 2015;Li et al., 2015;[START_REF] Morganti | The fast molecular outflow in the Seyfert galaxy IC 5063 as seen by ALMA[END_REF]Prasad, Sharma, and Babul, 2015;Dannerbauer et al., 2017;[START_REF] Noble | Resolving CO (2-1) in z1.6 Gas-Rich Cluster Galaxies with ALMA: Rotating Molecular Gas Disks with Possible Signatures of Gas Stripping[END_REF]Olivares et al., 2019).

Next, the origin of the extended molecular gas might be from tidal tails of two or more interacting and merging galaxies with disturbed morphologies [START_REF] Bell | Dry Mergers in GEMS: The Dynamical Evolution of Massive Early-Type Galaxies[END_REF][START_REF] Dasyra | Survival of molecular gas in Virgo's hot intracluster medium: CO near M 86[END_REF][START_REF] Emonts | CO(1-0) detection of molecular gas in the massive Spiderweb Galaxy (z = 2)[END_REF][START_REF] Emonts | The Dragonfly Galaxy. II. ALMA unveils a triple merger and gas exchange in a hyper-luminous radio galaxy at z = 2[END_REF][START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF], Cicone et al., 2018;[START_REF] Davis | Evolution of the cold gas properties of simulated poststarburst galaxies[END_REF]. Furthermore, the molecular gas might originate from two or more gas-rich galaxies, that are detectable in the mm wavelength range, but are too faint and remain undetectable in 95 the accessible optical and/or IR images (Nesvadba et al., 2009;Emonts et al., 2014;Franco et al., 2018;[START_REF] Castignani | Environmental processing in cluster core galaxies at z = 1.7[END_REF].

Extended molecular gas outflows and/or inflows connected to the AGN feedback have been observed (Salomé et al., 2006;Lim, Ao, and Dinh-V-Trung, 2008;McNamara et al., 2014;[START_REF] Cicone | Massive molecular outflows and evidence for AGN feedback from CO observations[END_REF]Cicone et al., , 2018;;[START_REF] Russell | Massive Molecular Gas Flows in the A1664 Brightest Cluster Galaxy[END_REF][START_REF] Russell | ALMA observations of cold molecular gas filaments trailing rising radio bubbles in PKS 0745-191[END_REF]Russell et al., , 2017aRussell et al., ,b, 2019;;[START_REF] Morganti | The fast molecular outflow in the Seyfert galaxy IC 5063 as seen by ALMA[END_REF][START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF]Tremblay et al., 2018;Olivares et al., 2019) and predicted from simulations [START_REF] Revaz | Formation of cold filaments in cooling flow clusters[END_REF][START_REF] Wagner | Driving Outflows with Relativistic Jets and the Dependence of Active Galactic Nucleus Feedback Efficiency on Interstellar Medium Inhomogeneity[END_REF]Gaspari, Ruszkowski, and Sharma, 2012;[START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Li et al., 2015;Costa, Sijacki, and Haehnelt, 2015;Prasad, Sharma, and Babul, 2015;[START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF]Voit et al., 2017;Gaspari and Sa ¸dowski, 2017;[START_REF] Richings | Radiative cooling of swept-up gas in AGN-driven galactic winds and its implications for molecular outflows[END_REF]. In local galaxies, the central AGN jets can lift significant amounts of molecular gas, usually entrained with the ionized and neutral gas, at ∼kpc, or even ∼tens of kpc from the AGN [START_REF] Wagner | Driving Outflows with Relativistic Jets and the Dependence of Active Galactic Nucleus Feedback Efficiency on Interstellar Medium Inhomogeneity[END_REF]McNamara et al., 2014;[START_REF] Cicone | Massive molecular outflows and evidence for AGN feedback from CO observations[END_REF]Cicone et al., , 2018;;[START_REF] Morganti | The fast molecular outflow in the Seyfert galaxy IC 5063 as seen by ALMA[END_REF]Prasad, Sharma, and Babul, 2015;Gaspari and Sa ¸dowski, 2017;Tremblay et al., 2018;Olivares et al., 2019). The cold gas has also been observed to fall back onto the AGN, in complex gas dynamics resembling a fountain mechanism (e.g., Salomé et al., 2006;Tremblay et al., 2018). It is difficult to distinguish an inflow from an outflow, since the molecular can be in front or behind the host galaxy. In case of an inflow, the molecular gas falls towards the galaxy, and is expected to reach the maximum velocity close to the galaxy, while in case of an outflow the velocity should increase towards the outer regions (Lim, Ao, and Dinh-V-Trung, 2008;McNamara et al., 2014, Russell et al., 2014, 2016;[START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF]Tremblay et al., 2018).

Molecular gas cooling from the hot IGM or ICM, usually occurs during the interaction of the hot gas and the AGN jets, at a distance of up to tens of kpc from the central galaxy. In this case, the hot gas around the host galaxy is disturbed, pushed and compressed by the expanding radio jets. AGN feedback boosts the radiative cooling of the hot gas, molecular gas filaments form on the edges of the X-ray cavities or radio lobes (Salomé et al., 2006[START_REF] Salomé | A very extended molecular web around NGC 1275[END_REF][START_REF] Revaz | Formation of cold filaments in cooling flow clusters[END_REF]Lim, Ao, and Dinh-V-Trung, 2008;Gaspari, Ruszkowski, and Sharma, 2012;Emonts et al., 2014;[START_REF] Emonts | The cold circumgalactic environment of MAMMOTH-I: dynamically cold gas in the core of an Enormous Ly-alpha Nebula[END_REF][START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Li et al., 2015;Gaspari andSa ¸dowski, 2017 Voit et al., 2017;Tremblay et al., 2018;Olivares et al., 2019).

An alternative mechanism of gas cooling is cooling of the hot, low-entropy gas uplifted by the AGN jets. In this case, the hot gas is uplifted by the rising buoyant bubbles to large distances of up to tens of kpc, where the AGN heating is less efficient and the displaced low-entropy gas is denser and cooler than its surroundings. The low-entropy hot gas becomes thermally unstable, cools radiatively and condensates into molecular gas that usually wraps around or is trailing behind the X-ray cavities or radio jets [START_REF] Revaz | Formation of cold filaments in cooling flow clusters[END_REF][START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Costa, Sijacki, and Haehnelt, 2015;[START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF][START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF][START_REF] Russell | Massive Molecular Gas Flows in the A1664 Brightest Cluster Galaxy[END_REF][START_REF] Russell | ALMA observations of cold molecular gas filaments trailing rising radio bubbles in PKS 0745-191[END_REF]Russell et al., , 2017aRussell et al., ,b, 2019;;Voit et al., 2017;Tremblay et al., 2018;Olivares et al., 2019).

The AGN feedback plays an important role in gas cooling and can have a positive feedback, by compressing the gas and boosting gas cooling, which is both predicted by simulations [START_REF] Croton | The many lives of active galactic nuclei: cooling flows, black holes and the luminosities and colours of galaxies[END_REF][START_REF] Revaz | Formation of cold filaments in cooling flow clusters[END_REF][START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Li et al., 2015;[START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF]Gaspari and Sa ¸dowski, 2017), and observed (Nesvadba et al., 2009;Emonts et al., 2014;[START_REF] Emonts | The cold circumgalactic environment of MAMMOTH-I: dynamically cold gas in the core of an Enormous Ly-alpha Nebula[END_REF]Russell et al., 2014[START_REF] Russell | ALMA observations of cold molecular gas filaments trailing rising radio bubbles in PKS 0745-191[END_REF]Russell et al., , 2017a,b;,b;[START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF]Olivares et al., 2019). For instance, Emonts et al., (2014) found a radio-CO emission alignment in three out of five CO sources, with CO components located beyond the brighter radio jet, tens of kpc away from any optical and/or IR source. This is similar to what is simulated in [START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF], where the molecular gas clumps are formed along the direction of the AGN jets.

Simulations show that gas cooling occurs when the gas thermal instability (i.e. cooling) time is sufficiently short t ti ∼ 10 8 yr [START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Li et al., 2015;Prasad, Sharma, and Babul, 2015;[START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF] or when the cooling time to free-fall time ratio is sufficiently low t ti /t ff ∼ 1 -20 [START_REF] Sharma | Thermal instability and the feedback regulation of hot haloes in clusters, groups and galaxies[END_REF]Gaspari, Ruszkowski, and Sharma, 2012;[START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Li et al., 2015;Costa, Sijacki, and Haehnelt, 2015;Prasad, Sharma, and Babul, 2015;Voit et al., 2017) or when the cooling time to infall time ratio is et al., 2016). For example, [START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF] show that during the gas uplift, the cooling time remains roughly constant while the free-fall time increases quickly. When the t ti /t ff falls below a value of ∼ 10, the gas starts cooling and forming molecular gas clumps.

t ti /t i < 1 (McNamara
The cold gas observed outside of the AGN host galaxy can either escape or be accreted by the host galaxy. Either condensed or lifted by the AGN jets, part of the molecular gas with velocities higher than the escape velocity of the system would manage to escape the galaxy. However, it is expected to be a small fraction of the total molecular gas reservoir [START_REF] Morganti | The fast molecular outflow in the Seyfert galaxy IC 5063 as seen by ALMA[END_REF][START_REF] Russell | ALMA observations of cold molecular gas filaments trailing rising radio bubbles in PKS 0745-191[END_REF]Russell et al., , 2017a;;[START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF]Tremblay et al., 2018;Olivares et al., 2019), especially in the case of a molecular gas around the massive galaxy in the cluster center. Some of the molecular gas would also be lost by heating or gas stripping through stellar, supernovae (SNe) or the AGN feedback, shock heating and ram-pressure stripping (Li et al., 2015). The remaining molecular gas content would remain inside the potential well of the galaxy or galaxy group/cluster. Some of it will fall back to the RLAGN, feeding its emission, in the form of a gas inflow (Salomé et al., 2006;Lim, Ao, and Dinh-V-Trung, 2008;[START_REF] Revaz | Formation of cold filaments in cooling flow clusters[END_REF]Gaspari, Ruszkowski, and Sharma, 2012;[START_REF] Li | Modeling Active Galactic Nucleus Feedback in Cool-core Clusters: The Formation of Cold Clumps[END_REF]Li et al., 2015;Prasad, Sharma, and Babul, 2015;Costa, Sijacki, and Haehnelt, 2015;[START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF][START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF]Gaspari and Sa ¸dowski, 2017;Russell et al., 2017a;Tremblay et al., 2018;Olivares et al., 2019). Eventually, this gas could go through several cycles of rising in the form of an outflow and falling back to the AGN in the form of an inflow (Salomé et al., 2006[START_REF] Salomé | A very extended molecular web around NGC 1275[END_REF]McNamara et al., 2014[START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF]Li et al., 2015;Prasad, Sharma, and Babul, 2015;Gaspari and Sa ¸dowski, 2017). Finally, part of this molecular gas will fuel star formation (Salomé et al., 2006;McNamara et al., 2014[START_REF] Mcnamara | A Mechanism for Stimulating AGN Feedback by Lifting Gas in Massive Galaxies[END_REF]Russell et al., 2017a,b). However, it is not clear which fraction of the total molecular gas reservoir will be used as star formation fuel, but Li et al., (2015) argue it is the main part of the total molecular gas.

Star formation of cluster galaxies

Galaxy clusters are the largest known virialized structures in the universe, with total mass up to ∼ 10 15 M ⊙ [START_REF] Arnaud | The β-model of the intracluster medium. Commentary on[END_REF]. At redshifts z < 1.5 galaxy cluster cores are dominated by red, quenched, early-type galaxies, while blue, star-forming, late-type galaxies are mostly found in the field (e.g., Dressler, 1980;Balogh et al., 1998;Balogh et al., 2004;Postman et al., 2005;Mei et al., 2009;Rettura et al., 2011;Lemaux et al., 2012[START_REF] Lemaux | Persistence of the Color-Density Relation and Efficient Environmental Quenching to z ∼ 1.4[END_REF]Wagner et al., 2015;[START_REF] Tomczak | Conditional Quenching: A detailed look at the SFR-Density Relation at z ˜0.9 from ORELSE[END_REF]. This points to a crucial role of environment in galaxy evolution at lower redshifts.

At higher redshifts, results are somewhat conflicting. Some results show that at z > 1.5 the star formation is already quenched in cluster cores (Kodama et al., 2007;Strazzullo et al., 2010;Papovich et al., 2010;Snyder et al., 2012;Grützbauch et al., 2012;Stanford et al., 2012;Zeimann et al., 2012;Gobat et al., 2013;Muzzin et al., 2013a;Newman et al., 2014;Mantz et al., 2014;Hayashi et al., 2017). Other observations show a reversal of the star formation-density relation and ongoing star formation in cluster cores at z > 1.5, with a much more varied galaxy population compared to clusters at lower redshifts (Elbaz et al., 2007;Cooper et al., 2008;Tran et al., 2010;Brodwin et al., 2013;Santos et al., 2015;Mei et al., 2015;Alberts et al., 2016;Wang et al., 2016a;Noirot et al., 2016Noirot et al., , 2018;;[START_REF] Oteo | [END_REF]Martinache et al., 2018;Shimakawa et al., 2018). A reversal of the star formation at z 1 is also predicted from hydrodynamical and semi-analytical simulations (Tonnesen and Cen, 2014;Chiang et al., 2017). Other cluster cores at z 1.5 present equal percentages of quiescent and star-forming galaxies (Fassbender et al., 2011;Tadaki et al., 2012;Zeimann et al., 2012;Mei et al., 2012;Noirot et al., 2016). A large presence of star-forming galaxies in cluster cores at z ≈ 1.5 -2 indicates that most of the star formation quenching observed at lower redshift has not yet occurred, and that this is the key epoch of transformation of cluster galaxies from star-forming to quiescent.

Few galaxy clusters are confirmed at z 1.5. Current observations of the CO emission line in clusters at these epochs show that cluster galaxies still have cold gas to fuel their star formation. However, these results are not yet statistically significant, and some results point towards higher molecular gas content in cluster galaxies with respect to the field and others to lower (Casasola et al., 2013;Rudnick et al., 2017;Noble et al., 2017;Hayashi et al., 2018;Coogan et al., 2018;Castignani et al., 2018). Molecular gas has been detected in two protoclusters at z ∼ 2.5 (Chapman et al., 2015;Wang et al., 2016b). Both protoclusters are dominated by star-forming (with a high starburst fraction), massive galaxies, with a substantial amount of molecular gas, and a small percentage of passive galaxies, which probably quenched after their accretion onto the cluster. Furthermore, Lewis et al., (2018) found 86 dusty star-forming galaxies (DSFGs) around overdensities over the redshift range 2.8 < z < 3.6. Next, [START_REF] Oteo | [END_REF] found ten molecular gas-rich DSFGs within a cold core of a protocluster at z ∼ 4, and follow-up observations by Ivison et al., (2020) detected additional six DSFGs. Miller et al., (2018) found 14 gas-rich, star-forming galaxies in a protocluster core and Hill et al., (2020) confirmed their detection and identified another 15 galaxies in a protocluster at z ∼ 4.3.

Molecular gas and SFR tracers

Molecular gas mainly consists of the most dominant interstellar molecule, i.e. molecular hydrogen H 2 . However, this molecule is practically invisible to observations due to its lack of a permanent dipole moment and the fact that its rotational dipole transitions require high temperatures T > 100 K. In order to assess the molecular gas content of galaxies, there are several tracers that can be used. However, the rotational transitions of CO molecules are predominantly used for multiple reasons. The CO molecule has a weak permanent dipole moment and it is easily excited even inside cold molecular clouds due to the low energy rotational transitions. CO is also the second most abundant molecule after H 2 . CO rotational levels are excited by collisions with H 2 molecules. Finally, CO rotational transitions lie in a relatively transparent millimeter window (Solomon and Vanden Bout, 2005;Kennicutt and Evans, 2012;Carilli and Walter, 2013;Bolatto, Wolfire, and Leroy, 2013). Furthermore, low-level CO rotational transitions are used as direct tracers of the cold (T < 100 K) and diffuse molecular gas, and the overall molecular gas content, whereas higher CO rotational transitions trace gradually warmer, denser and more perturbed molecular gas, related to processes such as star formation or AGN feedback [START_REF] Papadopoulos | A massive reservoir of low-excitation molecular gas at high redshift[END_REF][START_REF] Carilli | Imaging the Molecular Gas in a Submillimeter Galaxy at z = 4.05: Cold Mode Accretion or a Major Merger?[END_REF]see Solomon and Vanden Bout, 2005;Bolatto, Wolfire, and Leroy, 2013;Carilli and Walter, 2013 for reviews).

One of the drawbacks of tracing the molecular gas with the CO line emission is that CO is a poor tracer of the so-called CO-dark molecular gas, that usually makes a significant fraction (∼ 30%) of the total molecular gas mass (Wolfire, Hollenbach, and McKee, 2010;Abdo et al., 2010;Pineda et al., 2013). The CO-dark diffuse molecular gas is in an outer region of a molecular cloud, where CO is photodissociated, but H 2 is not, and it encompasses the CO emitting central regions of the molecular cloud (Wolfire, Hollenbach, and McKee, 2010). The CO-dark can be traced by [CII] or dust thermal continuum emission (Abdo et al., 2010;Planck Collaboration et al., 2011;Pineda et al., 2013;[START_REF] Langer | A Herschel [C ii] Galactic plane survey. II. CO-dark H 2 in clouds[END_REF][START_REF] Tang | Physical properties of CO-dark molecular gas traced by C +[END_REF][START_REF] Lebouteiller | Physical conditions in the gas phases of the giant H II region LMC-N 11. II. Origin of [C II] and fraction of CO-dark gas[END_REF].

The [CII] fine-structure emission at 158 µm is mostly tracing the PhotoDissociation Regions (PDR) associated with star formation, but a fraction of it traces the CO-dark molecular gas, along with the cool atomic and ionized gas (Wolfire, Hollenbach, and McKee, 2010;Pineda et al., 2013;[START_REF] Langer | A Herschel [C ii] Galactic plane survey. II. CO-dark H 2 in clouds[END_REF]. Moreover, the [CII] is a good tracer of outflowing molecular gas in galaxies and quasars at high-redshift (z > 6), [START_REF] Maiolino | Evidence of strong quasar feedback in the early Universe[END_REF][START_REF] Cicone | Very extended cold gas, star formation and outflows in the halo of a bright quasar at z > 6[END_REF], etc. Dust thermal continuum emission in the FIR can be used as a molecular gas tracer (Genzel et al., 2015;[START_REF] Scoville | ISM Masses and the Star formation Law at Z = 1 to 6: ALMA Observations of Dust Continuum in 145 Galaxies in the COSMOS Survey Field[END_REF]Tacconi et al., 2018). Rotational transitions of molecules such as CS, HCN, HCO + etc., are used as tracers of the densest molecular gas associated with star formation [START_REF] Solomon | The essential signature of a massive starburst in a distant quasar[END_REF][START_REF] Wu | The Properties of Massive, Dense Clumps: Mapping Surveys of HCN and CS[END_REF][START_REF] Riechers | Dense Molecular Gas Excitation at High Redshift: Detection of HCO + (J = 4 → 3) Emission in the Cloverleaf Quasar[END_REF]. Finally, molecular gas mass can be constrained by dynamical mass measurements (see e.g. Solomon and Vanden Bout, 2005;Bolatto, Wolfire, and Leroy, 2013;Carilli and Walter, 2013 for reviews).

Gas fraction f gas = M gas /(M * + M gas ) (or gas-to-stellar mass ratio M gas /M * ) characterizes the efficiency of transforming the cold molecular gas into stars. It depends on redshift, galaxy stellar mass and environment. For galaxies at a given stellar mass, the gas fraction increases with redshift (Sargent et al., 2014;Genzel et al., 2015;Scoville et al., 2017;Silverman et al., 2018;Darvish et al., 2018a;Tacconi et al., 2018). For galaxies at the same redshift, the gas fraction increases with decreasing stellar mass (Tacconi et al., 2013(Tacconi et al., , 2018;;Sargent et al., 2014;Lee et al., 2017). Finally, at z < 1.5, for galaxies of the same mass and at the same redshift, cluster galaxies show lower amounts of molecular gas and thus, lower gas fractions (Jablonka et al., 2013;Rudnick et al., 2017;Lee et al., 2017;Castignani et al., 2018;Hayashi et al., 2018). Finally, some works have shown that at higher redshifts (z > 2), there is no difference in the gas fraction of cluster and field galaxies (Husband et al., 2016;Dannerbauer et al., 2017).

SFR can be derived using various methods (see e.g. [START_REF] Kennicutt | Star Formation in Galaxies Along the Hubble Sequence[END_REF]Kennicutt and Evans, 2012;[START_REF] Madau | Cosmic Star-Formation History[END_REF] for reviews). Stellar Population Synthesis models can provide an approximate SFR estimate, based on a relation between the SFR and the U-V color [START_REF] Robert | Past and Future Star Formation in Disk Galaxies[END_REF]. One of the best methods for directly estimating the SFR is using the Hα recombination line emission, originating from the HII regions ionized by young, blue, massive and short-lived stars [START_REF] Hunter | IRAS Observations of a Small Sample of Blue Irregular Galaxies[END_REF][START_REF] Madau | The Star Formation History of Field Galaxies[END_REF][START_REF] Moustakas | Optical Star Formation Rate Indicators[END_REF]. Next, the [OII] forbidden line doublet can be calibrated through Hα emission and used as a SFR tracer at higher redshifts [START_REF] Gallagher | Star Formation Rates and [O II] Emission in Blue Galaxies[END_REF][START_REF] Kennicutt | The integrated spectra of nearby galaxies -General properties and emission-line spectra[END_REF][START_REF] Moustakas | Optical Star Formation Rate Indicators[END_REF]). Another way of directly tracing the emission of young stellar populations is through the far-UV (FUV) luminosity [START_REF] Donas | Ultraviolet luminosities and colors of spiral and irregular galaxies. The present-day star formation rate[END_REF][START_REF] Madau | The Star Formation History of Field Galaxies[END_REF][START_REF] Schiminovich | The GALEX-VVDS Measurement of the Evolution of the Far-Ultraviolet Luminosity Density and the Cosmic Star Formation Rate[END_REF][START_REF] Treyer | Extinction-corrected Star Formation Rates Empirically Derived from Ultraviolet-Optical Colors[END_REF]. However, part of the FUV emission will be absorbed and re-emitted by the dust in form of a thermal continuum emission in the mid-IR (MIR) and far-IR (FIR). Thus, we can use the MIR and FIR continuum emission [START_REF] Hunter | IRAS Observations of a Small Sample of Blue Irregular Galaxies[END_REF][START_REF] Devereux | Massive Star Formation Along the Hubble Sequence[END_REF] or emission at λ = 24 µm and λ = 70 µm, i.e. Spitzer and Herschel bands [START_REF] Calzetti | The Calibration of Mid-Infrared Star Formation Rate Indicators[END_REF][START_REF] Calzetti | The Calibration of Monochromatic Far-Infrared Star Formation Rate Indicators[END_REF][START_REF] Rieke | Determining Star Formation Rates for Infrared Galaxies[END_REF], to estimate the SFR. Moreover, tight radio-IR correlation provides the extinction-free SFR estimate, using the free-free radio emission at ν = 1.4 GHz [START_REF] Condon | Radio emission from normal galaxies[END_REF][START_REF] Yun | Radio Properties of Infrared-selected Galaxies in the IRAS 2 Jy Sample[END_REF]. Finally, multiwavelength surveys allow the SFR estimates using a combination of several tracers [START_REF] Buat | Dust Attenuation in the Nearby Universe: A Comparison between Galaxies Selected in the Ultraviolet and in the Far-Infrared[END_REF][START_REF] Schruba | A Molecular Star Formation Law in the Atomic-gas-dominated Regime in Nearby Galaxies[END_REF][START_REF] Hao | Dust-corrected Star Formation Rates of Galaxies. II. Combinations of Ultraviolet and Infrared Tracers[END_REF].

With the measurements of the molecular gas mass, SFR and stellar mass, we can derive other important properties, such as the specific star formation rate sSFR, depletion time and star formation efficiency SFE.

Goal of the project

In this chapter, I present IRAM (Institut de Radio Astronomie Millimetrique) NOEMA (NOrthern Extended Millimeter Array) observations, data reduction and analysis of the core of a confirmed cluster from the CARLA (Clusters Around Radio-Loud AGNs; Wylezalek et al., 2013) survey at z = 1.44, CARLA J1103+3449 (Noirot et al., 2018). CARLA J1103+3449 was selected for observations (PI: S. Mei, A. Galametz) as one of the highest CARLA IRAC color-selected overdensities (∼ 6.5σ, from Wylezalek et al., 2014), and shows a ∼ 3.5σ overdensity of spectroscopically confirmed sources (Figure 41, Noirot et al., 2018).

The most frequent way to study the molecular gas content of high redshift galaxies are the CO millimeter observations (see Kennicutt and Evans, 2012, Carilli and Walter, 2013, Bolatto, Wolfire, and Leroy, 2013, for reviews). Therefore, we use the CO(2-1) rotational transition emission line as a molecular gas tracer in the central region of the CARLA J1103+3449 cluster. We find synchrotron emission (Section 3.3.1) and a substantial molecular gas reservoir around the central RLAGN (Section 3.3.2) and discuss on the possible origin of this gas (Section 3.4.1). Next, we estimate the molecular gas content (Section 3.3.3) and SFR using the Hα emission from Noirot et al., (2018) (Section 3.3.6) of the confirmed cluster members within the NOEMA field of view, and we compare it with similar observations in clusters and in the field (Section 3.4.2; [START_REF] Markov | Massive molecular gas reservoir around the central AGN in the CARLA J1103+3449 cluster at z=1.44[END_REF]. While working on this Thesis project, I was a part of an international team of scientists, including S. Mei, P. Salomé, F. Combes, D. Stern, A. Galametz, C. De Breuck, D. Wylezalek, S. Amodeo, E. A. Cooke, A. H. Gonzalez, N. A. Hatch, G. Noirot, A. Rettura, N. Seymour, S. A. Stanford, J. Vernet and myself. As part of this PhD Thesis, I participated in data reduction, imaging and analysis of the NOEMA observations of the CARLA J1103+3449 cluster at z ∼ 1.44.

This chapter is organized as follows. Observations, data reduction and mapping are described in Section 3.2, the results are given in Section 3.3, the discussion and analysis of the results is given in Section 3.4 and finally, the summary of the main results is given in Section 3.5. Throughout this chapter, we adopt a ΛCDM cosmology, with of Ω m = 0.3, Ω Λ = 0.7, Ω k = 0 and h = 0.7, and assume a Chabrier initial mass function (IMF) (Chabrier, 2003). data

The CARLA survey

The CARLA survey (Wylezalek et al., 2013) is a substantial contribution to the subject of high-redshift galaxy clusters at z > 1.5. CARLA is a 408h Warm Spitzer/IRAC survey of galaxy overdensities around 420 radio-loud AGNs (RLAGNs). The RLAGNs were selected across the full sky, approximately half of the RLAGNs are radio loud quasars (RLQs) and half high-z radio galaxies (HzRGs), over the redshift range of 1.3 < z < 3.2. Wylezalek et al., (2013) identified galaxies at z > 1.3 around the RLAGNs in each field, using a color selection in the IRAC channel 1 (λ = 3.6 µm; IRAC1, hereafter) and channel 2 (λ = 4.5 µm; IRAC2, hereafter). They find that 92% of all RLAGNs reside in denser environments, with the majority (55%) of them being overdense at a > 2σ level, and 10% of them at a > 5σ level, with respect to the field surface density of sources in the Spitzer UKIDSS Ultra Deep Survey (SpUDS, [START_REF] Rieke | The Multiband Imaging Photometer for Spitzer (MIPS)[END_REF], selected in the same way.

A Hubble Space Telescope Wide Field Camera 3 (HST/WFC3) follow-up (Program ID: 13740; P.I.: D. Stern) of the twenty highest CARLA Spitzer overdensities (consisting of 10 HzRGs and 10 RLQs) spectroscopically confirmed sixteen of these overdensities over the redshift range 1.4 < z < 2.8 and seven serendipitous structures at 0.9 < z < 2.1 (Noirot et al., 2018). The structure members are confirmed through line-emission (in Hα, Hβ, [OII], and/or [OIII], depending on the redshift) and have star formation estimates from the line fluxes (Noirot et al., 2018). They found that the star-formation of M * > 10 10 M⊙ galaxies is below the star-forming main sequence (MS) of field galaxies at similar redshift. Moreover, active, star-forming galaxies are mostly found within the central regions of these overdensities (Noirot et al., 2018). This program also provided WFC3/F140W imaging from which our collaborator S. Mei obtained galaxy visual morphologies.

From their IRAC luminosity function, Wylezalek et al., (2014) showed that CARLA overdensities have probably quenched faster and earlier compared to field galaxies. Next, some of the CARLA Northern overdensities were observed in either deep z-band or deep i-band, with Gemini/GMOS and WHT/ACAM by Cooke et al., (2015), which permitted them to estimate their galaxy star formation rate histories.

Spitzer IRAC and HST/WFC3 Observations

As a target of the Spitzer CARLA survey, CARLA J1103+3449 was observed with Spitzer IRAC1 and IRAC2 (Cycle 7 and 8 snapshot program, P.I. D. Stern), for a total exposure of 800s and 2000s, respectively. The IRAC cameras have 256 × 256 InSb detector arrays with a pixel size of 1.22 arcsec and a field of view of 5.2 × 5.2 arcmin. Wylezalek et al., (2013) performed the data calibration and mapping with the MOPEX package (Makovoz and Khan, 2005) and extracted sources with SExtractor (Bertin and Arnouts, 1996), using the IRAC-optimized SExtractor parameters from the work of Lacy et al., (2005). The final Spitzer IRAC1 and IRAC2 resolution was 0.61 arcsec, after taking into account dithering.

The HST/WFC3 imaging and grism spectroscopy were obtained with the HST follow-up program (Noirot et al., 2018). They obtained F140W imaging (with a field of view of 2 × 2.3 arcmin 2 at a sampling of 0.13 arsec pix -1 ) and G141 grism spectroscopy (with the wavelength range of 1.08 µm < λ < 1.70 µm and a spectral resolution R = λ/∆λ = 130). This grism was chosen in order to permit the identification of strong emission lines at the target redshift, such as Hα, Hβ, and [OII]. Noirot et al., (2016Noirot et al., ( , 2018) ) performed the data reduction with the aXe (Kümmel et al., 2009) pipeline, by combining the individual exposures, and removing cosmic ray and sky signal. [START_REF] Noirot | HST Grism Confirmation of 16 Structures at 1.4<z<2.8 from the Clusters Around Radio-Loud AGN (CARLA) Survey[END_REF] performed source detection with SExtractor (Bertin and Arnouts, 1996) and extracted two-dimensional spectra for each field, based on the positions and sizes of the sources. The redshifts and emission line fluxes were determined using the python version of mpfit and are published in Noirot et al., (2018). Our collaborators N. Hatch and E. Cooke followed-up CARLA J1103+3449 with i-band imaging with WHT/ACAM (Cooke et al., 2015). S. Amodeo and S. Mei obtained a psf-matched photometric catalog in the i-band, WFC3/F140W (detection image), IRAC1 and IRAC2. The i-band, WFC3/F140W, and IRAC1 correspond to the UVJ rest-frame bandpasses at its redshift. I used this catalog for the analysis I performed in the context of this PhD thesis.

More details on the Spitzer IRAC, HST/WFC3 and WHT/ACAM observations, data reduction and results can be found in Wylezalek et al., (2013Wylezalek et al., ( , 2014)), Noirot et al., (2016, 2018), and Cooke et al., (2015), respectively.

S. Mei and S. Amodeo performed a morphological and photometric analysis of the central sources, and found the RLAGN host to be an elliptical galaxy (Figure 39, blue square), the spiral galaxy close to the RLAGN is a spectroscopically confirmed member (Noirot et al., 2018), but is not detected as an independent galaxy in the IRAC images because of their poor spatial resolution. The bright central source south of the RLAGN is a star (Figure 39, magenta star), with a spectral energy distribution consistent with a black body and not consistent with an early-type galaxy (ETG) spectrum. 

Keck AGN Spectrum Observations

The redshift for the radio source B2 1100+35, associated with WISE was first reported in Eales et al., (1997) as z = 1.44, but with no spectrum presented. With no spectrum available from the Sloan Digital Sky Survey of the faint, red (g = 23.9 mag, i = 21.4 mag) optical counterpart to the radio source, our collaborator Daniel Stern observed B2 1100+35 with the dual-beam Low Resolution Imaging Spectrometer (LRIS; Oke et al., 1995) at Keck Observatory on UT 2019 March 10. The night suffered strongly from variable, often thick cloud cover. The data were obtained through the 1."00 slit with the 5600 dichroic. The blue arm of the spectrograph used the 600 mm -1 grism (λ blaze = 4000 Å; resolving power R ≡ λ/∆λ ∼ 1600 for objects filling the slit), while the red arm used the 400 mm -1 grating (λ blaze = 8500 Å; R ∼ 1300). Three 600 s exposures were attempted, though ultimately only one proved useful. D. Stern processed the spectra using standard techniques, and flux calibrated the spectrum using observations of the standard stars Hilter 600 and HZ44 from Massey and Gronwall, (1990), obtained the same night with the same instrument configuration. Figure 40 

IRAM observations and data reduction

As part of this PhD Thesis, I was responsible for the reduction and analysis of the IRAM observations, and performed this data reduction and analysis with the help of P. Salomé, and with scientific guidance by F. Combes and S. Mei. The observation strategy was established by A. Galametz, S. Mei, P. Salomé, F. Combes and C. de Breuck. CARLA J1103+3449 was observed with the NOEMA, with 8 antennas over a five day period (28-30 July, 3-4 August 2017), for a total exposure time of ∼29 h (including overheads) (PI: S. Mei, A. Galametz). CARLA J1103+3449 was observed with average weather conditions (PWV ∼ 10 -20 mm). The average system temperature was of T sys ∼ 100 -200 K, and reached maximum values of 300 K.

The target was the CO(2-1) emission line at the rest-frame frequency ν rest = 230.538 GHz, which is redshifted to ν obs = 94.48 GHz at z ∼ 1.44, observed with NOEMA's 3 mm wavelength. The target was covered with three pointings to map the RLAGN and central cluster region. The pointings were positioned in order to cover as many IRAC-selected members as possible (∼ 40) along with the 7 (out of 8) HST/WFC3 spectroscopically confirmed members (green circles and a red star in Figure 41, based on Noirot et al., 2018). Moreover, the three pointings cover the central cluster region with a sensitivity of ∼ 1.5 times the depth at the center of the individual pointings. The angular resolution was chosen to separate the minimal distance between two cluster members, which is ∼ 3 arcsec in cluster core, for which antenna configuration C with the 2.7 arcsec separation was used. The beam size is 4.1 × 3.5 arcsec, the PA is -171 • is and the velocity resolution is 50 km s -1 (smoothed to 100 km s -1 ).

With the help of the IRAM support astronomers in Grenoble, C. Herrera and M. Krips, I performed the data calibration of the NOEMA data by running the pipeline in the clic package in the IRAM/GILDAS software 1 .

It is an open software, which can be used for data reduction, mapping, and analysis, by running different pipelines and commands in the terminal or by choosing different options in the widget menu.

The initial data reduction was performed by the Astronomer On Duty (AOD), by running the pipeline. This pipeline automatically checks the data for errors in phase, amplitude, pointing, focus and tracking due to bad conditions during observations (e.g. bad weather conditions, instrumentation problems, etc.) and automatically flags the data if the errors are outside of the initially set constraints. These constraints are set by astronomers after years of working with a large amount of data, and they are set to be the best compromise between the quality and the quantity of the data obtained after reduction. However, these constraints are just a recommendation and they can be modified, depending on the project.

Next, following instructions and recommendations of the AOD, I performed further data reduction: additional data flagging, modifying antenna positions, modifying the RF (receiver bandpass), flux and amplitude/phase calibrators, etc. Additional data flagging is sometimes necessary due to bad weather, problems with instruments, pointing, tracking, inaccurate amplitude, etc. For instance, data flagging was performed on the data from July 28, because of problems with electrical power and bad weather conditions during observations, on August 3 due to incorrect values of the amplitude, and finally, on August 4, flagging was necessary due to wrong values on both total power and the amplitude. Modifying antenna positions is sometimes necessary, because a good baseline model is not available during observations. Therefore, we modify the baseline by applying a good baseline model that was available after the observations, but within hours or days of the observational date. For example, for the observations of July 28 a baseline solution for July 29 was applied, whereas for August 3, a baseline from August 4 was used. RF, flux and amplitude/phase calibrators are standard bright, point sources, usually radio stars or quasars with a well-known flux, that are used for calibrating the source. Sometimes the standard calibrators are not observable during certain observational days, so other available calibrators need to be used. Sources used as the RF calibrator, flux calibrator and amplitude/phase calibrators were the 3C84 and LKHA101 radio stars, and the 1128+385 quasar, except on July 30, when quasars 3C273, 1128+385 (measured on July 28) and 1156+295 were used.

After making all the necessary modifications, I rerun the pipeline and reduce the data again. While pointing and focus were excellent, amplitude and phase were of average quality, because of the weather conditions during observations (e.g. passing of clouds affects the amplitude and hot/cold air fronts affect the phase). Since a large percentage of our data is flagged, even up to 62% for some observational days, and since the largest percentage of the entire data loss is due to bad seeing (i.e. phase normalized by the distance between antennas), more relaxed constraints on the seeing parameter, i.e. < 2.0 arcsec are put instead of the default value of < 1.5 arcsec, and we rerun the clic pipeline and reduce the data again. However, putting more relaxed constraints just adds more noise to the data and the signal is becoming weaker. Therefore, we decide to use the data with the default seeing constrains of < 1.5 arcsec to produce the final map.

I stacked the data from the entire run for each of the three beams, and obtained three uv-tables, that contain the total emission including the CO(2-1) line and continuum emission. Next, I use the mapping package of the GILDAS software to create the continuum uv-tables and we subtract the continuum from the total emission in order to obtain the continuum subtracted, CO(2-1) line uv-tables. We use these uv-tables to create the dirty maps, deconvolve the dirty maps by the beam and obtain clean maps. We obtain the continuum mosaic map by averaging the flux over a velocity range of 2450 km s -1 , excluding the emission line velocity range. The rms noise level is σ ∼ 0.18 mJy beam -1 (Figure 42). The original velocity resolution of the datacube is 50 km s -1 and the rms noise level is σ ∼ 1.0 mJy beam -1 . In order to improve the SNR, the data was smoothed to a final velocity resolution of 100 km s -1 and a rms noise level of σ ∼ 0.7 mJy beam -1 . We create the CO(2-1) intensity map, by averaging the flux over a velocity range of 1200 km s -1 , in the approximate range of velocities where the emission line is, with the rms noise level of σ ∼ 0.28 mJy beam -1 (Figure 43). The noise increases towards the edges of the continuum-subtracted CO(2-1) line emission map because of the primary beam correction (Figure 44). results

The RLAGN Continuum Emission

On the continuum emission map at the observed frequency of ν obs ∼ 94.48 GHz, we detect an extended source in the cluster central region (Figure 45, white contours). Comparing the NOEMA continuum emission with radio observations from Best et al., (1999) (Figure 45, blue contours), the NOEMA continuum emission traces the two radio jets. Both the NOEMA continuum emission peak and the central radio emission correspond to the RLAGN position. The brighter continuum component is centered on the RLAGN core and extends towards the western radio lobe (>26σ, Figure 45, white contours). We also detect a significant (>6σ) continuum emission at the position of the eastern radio lobe and a part of the radio jet (Figure 45).

The position and the scale of this continuum emission detection follows the emission from the radio lobes, which is consistent with the same or a connected physical origin of the two emissions.

Figure 45: A zoom-in on the continuum emission map at ν obs ∼ 94.48 GHz on the extended source in the CARLA J1103+3449 cluster center. North is up and East is to the left. The continuum emission contours (white) run as 3σ, 6σ, 9σ, etc. up to 24σ. The radio emission contours at 4.71 GHz from the work of Best et al., (1999) are overlaid on the image (blue). The brightest continuum emission peak and one of the radio peaks are both centered on the RLAGN. The white line indicates the NOEMA effective resolution of ∼ 2 arcsec. The continuum emissions seems consistent with the two radio jets, suggesting the same or a connected physical origin between the two emissions.

Thermal emission of the interstellar dust peaks at frequencies ν ∼ 3000 GHz (λ ∼ 0.1 mm), and continues to dominate at submillimeter wavelengths λ < 1 mm (> 300 GHz), whereas the RLAGN synchrotron emission dominates at lower frequencies, therefore, at the rest-frame frequency ν ∼ 230 GHz/λ ∼ 1.3 mm, and in the radio domain (Bregman, 1990;Haas et al., 1998;Hönig, Prieto, andBeckert, 2008, Nyland et al., 2017), and originates from the nonthermal, synchrotron radiation emitted by the relativistic charged particles from the AGN jets (Gómez et al., 1995(Gómez et al., , 1997;;Mioduszewski, Hughes, and Duncan, 1997;Aloy et al., 2000;Porth et al., 2011;Fuentes et al., 2018). These particles are trapped, and are spiraling around the magnetic field lines with relativistic velocities, and their emitting radiation at different frequencies is detected as continuum, non-thermal emission [START_REF] Blumenthal | Bremsstrahlung, Synchrotron Radiation, and Compton Scattering of High-Energy Electrons Traversing Dilute Gases[END_REF].

I measure the flux centered at the RLAGN core, at the eastern lobe + the jet and the western lobe within the effective NOEMA resolution (∼ 2 arcsec). With the NOEMA resolution it is not possible to distinguish the eastern lobe emission from the jet. I obtain S RLAGN cont = 4.6 ± 0.2 mJy, S east_lobe cont = 1.1 ± 0.2 mJy and S west_lobe cont = 0.8 ± 0.2 mJy for the flux centered at the RLAGN core, at the eastern lobe + the jet, and the western lobe, respectively. Best et al., (1999) measured total fluxes of the RLAGN at two radio frequencies, ν = 8.21 GHz and ν = 4.71 GHz. They separate the radio emission into four different components: core, jet, eastern and western lobe, and measure the flux of each of these components. The flux of our brighter continuum component makes ∼ 83% of the total continuum emission flux, while the corresponding flux in the radio (core and western lobe) makes ∼ 65% at ν = 8210 MHz and 66% at ν = 4710 MHz of the total flux (Table 4). However, most (∼ 71%) of the continuum emission at 94.48 GHz is coming from the core, while more than half of the total radio emission (52 -59%) originates from the western lobe. Table 4 shows continuum flux measurements of the RLAGN core and its components at 94.48 GHz from [START_REF] Markov | Massive molecular gas reservoir around the central AGN in the CARLA J1103+3449 cluster at z=1.44[END_REF] and at 4.71 GHz and 8.21 GHz from Best et al., (1999). I measure the spectral index α from a linear fit of these measurements (Figure 46). Next, in Table 4 I compare spectral indexes with the α B99 values from Best et al., (1999). Spectra of the lobes can be modeled by a steep power law (S synch ∝ ν -α ), consistent with optically thin synchrotron emission of the AGN jets, which is typically in the range of 0.5 < α < 1.2 locally (Laing and Bridle, 2013;Nyland et al., Figure 47: Spectral index map of the RLAGN, calculated between the 4.71 GHz and 8.21

GHz. Figure is from the work of Best et al., (1999).

The molecular gas content around the RLAGN

In this subsection I present the molecular gas mass content in the central region of the cluster around the RLAGN. Furthermore, I present the molecular gas upper limits, SFR estimates and other parameters of the RLAGN and other spectroscopically confirmed cluster members.

The CO(2-1) line emission around the RLAGN system velocity and fwhm. With the help of P. Salomé and F. Combes, I use the class package from the GILDAS software, in order to estimate the system velocity and the FWHM (Full Width Half Maximum) velocity dispersion from the CO(2-1) line emission. I extract the CO(2-1) line profile from a region enclosing all > 1σ CO(2-1) emission in the cluster center (Figure 49), and mask out the pixels outside of this region. Next, I set equal weights and average the spectra. Moreover, I convert the flux units from Kelvin K to Jansky Jy, since in the class package the default flux unit is K. Finally, I plot the spectrum and identify two emission lines, which I fit with Gaussians (Figure 50). The two Gaussian emission peaks are at V sys = -623.0 ± 29.8 km s -1 with velocity dispersion FWHM = 178.7 ± 71.3 km s -1 , and V sys = -115.5 ± 40.1 km s -1 with velocity dispersion FWHM = 346.0 ± 87.2 km s -1 . These fits are shown as the blue and red In Figure 54, we compare the emission regions from NOEMA observations to the positions of the CARLA IRAC color-selected galaxies in the HST/F140W image. The spatial extension that corresponds to the red emission peak (red contours in Figure 54) is close to, but not centered on, the central RLAGN and the companion galaxy west of the RLAGN. The 2σ spatial extension of the blue peak emission (blue contours in Figure 54) does not correspond to any source in the optical (HST/WFC3) or infrared (Spitzer/IRAC). Neither the red nor the blue emission peaks correspond to the spatial position or to the spectroscopic redshift of the RLAGN (blue square in Figure 54). Best et al., (1999). North is up and East is to the left. The central peak of the radio emission corresponds to the position of the RLAGN (blue square).

The object south of the RLAGN is a star (magenta star). The green squares are the positions of IRAC color-selected galaxies in the cluster central region. The contours are derived by averaging the CO(2-1) emission across the velocities marked by their corresponding color on the CO(2-1) emission line spectra (top left and right insets). The contour levels of the blue and the red emission peaks are 1 -2σ and 1 -4σ, respectively. The red emission peak is close to, but not centered on, the RLAGN. The blue emission peak does not correspond to any galaxy detected on the HST and Spitzer images. The beam size (4.14 × 3.45 arcsec) is plotted at the lower left.

In Figure 55 I compare the spatial extension of the blue and the red emission peak with the extended continuum emission. The continuum emission is in the same direction (east-west) as the two CO(2-1) components, but spatially offset from the two CO(2-1) components and spread over larger distances.

Figure 55: HST/WFC3 F140W image of the central region of the cluster, with the contours of CO(2-1) emission of the blue and red emission peaks (shown as contours of their respective colors), and the continuum emission at 94.5 GHz (white). North is up and East is to the left. The contour levels of the blue, the red emission peaks and the continuum emission are 1 -2σ and 1 -4σ, 3 -24σ respectively. The green squares are the positions of IRAC color selected galaxies in the cluster central region.

Other overdensities at the center of the NOEMA CO(2-1) line emission mosaic map (Figure 43) are at SNR 2. Their velocity peak is at the same spectral position as that of the blue and red peak emission velocity, but galaxies are not detected at their position in the HST/WFC3 or Spitzer/IRAC images. The detections at > 3σ at the edges of the mosaic are not to be trusted, since the noise is higher (Figure 44).

Furthermore, I cross-correlate the two catalogs of the positions of cluster galaxies in the HST image and the positions of the overdensities on the NOEMA mosaic map, and found that only two overdensities (including the central overdensity) are correlated to the positions of the galaxies from the HST/WFC3 image. Therefore, all the overdensities might be due to the side lobes, and only the central source is detected.

velocity integrated flux When fitting the spectral lines with the Gaussian fits, all parameters are left free to vary. From the Gaussian fit, the velocity integrated flux for the blue and red emission peaks are S CO(2-1) ∆v = 0.56 ± 0.19 Jy km s -1 (SNR ∼ 3), and S CO(2-1) ∆v = 0.90 ± 0.21 Jy km s -1 (SNR ∼ 4.4), respectively. Next, the Gaussian fit of both emission lines is S CO(2-1) ∆v = 1.71 ± 0.35 Jy km s -1 . The uncertainty on the measurements includes the uncertainties in the Gaussian fit and the noise in the region in which the fit is performed. In Table 5, I summarize the values, i.e. the systemic velocity, its FWHM, the velocity integrated flux, derived from the Gaussian fits of the two CO(2-1) emission lines. The total flux of the blue and red emission peaks, obtained by integrating over the entire range of velocities are S CO(2-1) ∆v = 0.88 ± 0.16 Jy km s -1 (SNR ∼ 5.5; Figure 52) and S CO(2-1) ∆v = 0.90 ± 0.15 Jy km s -1 (SNR ∼ 6.0; Figure 53), respectively. The flux of the blue peak is larger then the flux obtained with the Gaussian fit, since part of the emission is missing when it is fitted by the Gaussian (Figure 50, blue line). However, the difference between these flux measurements is consistent with zero given the large uncertainty. The integrated flux from the blue and red emission peaks over the velocity range

[-1075km s -1 < v < +125 km s -1 ] is S CO(2-1) ∆v =
1.73 ± 0.22 Jy km s -1 (SNR ∼ 8.0; Figure 51). Hereafter, the velocity integrated fluxes for both the blue and red emission peaks is used, since the SNR is higher.

Most of the red emission peak flux (∼ 70%) corresponds to the circular region close to the RLAGN (Figure 56, middle panels), while the rest (∼ 30%) corresponds to the region that extends to the south (Figure 56, bottom panels). However, this is emission of only one channel, and therefore, at the noise level. There is not enough signal to resolve possible different components of the red emission peak. Both the red and blue emission peaks do not correspond to the spectroscopic redshift of the RLAGN z = 1.4427 ± 0.0005 (Figure 50). Therefore, S. Mei and I investigate the CO(2-1) line emission around the spectral position of the RLAGN (Figure 57). I compare the spatial positions of this emission around the RLAGN redshift to the positions of the blue and the red emission peak and the RLAGN and the IRAC color-selected galaxies (Figure 58). The component around the RLAGN redshift spatially corresponds to the blue emission, it is spatially offset from the RLAGN by ∼ one synthesized beam and does not have any optical/IR counterpart.

I measure the CO(2-1) line emission at the RLAGN redshift z = 1.4427 ± 0.0005, which corresponds to a velocity position of v ∼ 331.6 km s -1 , shown as a vertical green line in Figure 50. From a Gaussian fit around this velocity, the velocity integrated flux is S CO(2-1) ∆v = 0.51 ± 0.23 Jy km s -1 (SNR ∼ 2.2). Moreover, the Gaussian fit overestimates the velocity integrated flux (Figure 59). Therefore, since this emission is spatially offset from the RLAGN, has no significant SNR nor an optical/IR counterpart, it cannot be trusted and it is not considered further. luminosity and molecular gas mass. I estimate the CO(2-1) luminosity, using the following relation from Equation (3) of Solomon and Vanden Bout, (2005):

L ′ CO(2-1) = 3.25 × 10 7 S CO(2-1) ∆vD 2 L ν 2 rest (1 + z) (62) 
where L ′ CO(2-1) is the CO(2-1) line luminosity in K km s -1 pc 2 , S CO(2-1) ∆v is the CO(2-1) velocity integrated flux in Jy km s -1 , D L = 10397.4 Mpc is the RLAGN luminosity distance (calculated using the Ned Wright's cosmology calculator [START_REF] Wright | A Cosmology Calculator for the World Wide Web[END_REF]), ν rest = 230.538 GHz is the rest frequency of the The green squares are the cluster IRAC color-selected galaxies from Wylezalek et al., (2013).

CO(2-1) rotational transition, and 1.4427 ± 0.0005 is the RLAGN redshift (see Section 3.2.3). The CO(2-1) luminosity uncertainty is calculated as:

δL ′ CO(2-1) = L ′ CO(2-1) δ(S CO(2-1) ) S CO(2-1) 2 + δz 1 + z 2 (63) I find L ′ CO(2-1) = 2.38 ± 0.43 × 10 10 K km s -1 pc 2 and L ′ CO(2-1) = 2.44 ± 0.41 × 10 10 K km s -1 pc 2 ,
for the blue and red emission peaks, respectively.

In order to estimate the molecular gas mass, I use the mass-to-luminosity relation:

M gas = α CO L ′ CO(2-1) r 21 (64) 
where M gas is the molecular gas mass, α CO is the CO-to-H 2 conversion factor (e.g., see a review by Bolatto, Wolfire, and Leroy, 2013), r 21 is the

L ′ CO(2-1) /L ′ CO(1-0)
luminosity ratio, and L ′ CO(2-1) and L ′ CO(1-0) are the lumi- nosities of the CO(2-1) and CO(1-0) emission lines, respectively. The mass uncertainty is calculated as:

δM gas = α CO δL ′ CO(2-1) r 21 (65) 
I assume thermalized, optically thick CO emission for which the CO luminosities are independent of the rotational transitions, thus, L ′ CO(2-1) = L ′ CO(1-0) ≡ L ′ CO and r 21 = 1 (Solomon and Vanden Bout, 2005). This is a standard value used for the local galaxy M82 (Weiß, Walter, and Scoville, 2005) and for color-selected star-forming galaxies (CSGs, Dannerbauer et al., 2009). However other works use different values of r 21 , an example is r 21 = 0.5 for the Milky Way (Weiß, Walter, and Scoville, 2005). The reader should take into account these differences when comparing our results to other works in the literature (e.g. Casasola et al., 2013;Noble et al., 2017;Rudnick et al., 2017;Hayashi et al., 2018;Coogan et al., 2018;Castignani et al., 2018).

The CO-to-H 2 conversion factor α CO is a large uncertainty in this calculation. Its value is not universal and depends on galaxy type, metallicity and CO gas excitation temperature and density (Bolatto, Wolfire, and Leroy, 2013;Carilli and Walter, 2013;Combes, 2018). For different kinds of galaxies and environments, its average range of values is 0.8 < α CO < 4.36 M ⊙ (K km s -1 pc 2 ) -1 (Bolatto, Wolfire, and Leroy, 2013). The Galactic value α CO = 4.36 M ⊙ (K km s -1 pc 2 ) -1 is usually used when the molecular gas is associated to a standard galaxy, and, in fact, this is the value adopted in the majority of the literature, including the brightest cluster galaxies (BCGs) with extended molecular gas filaments of up to tens of kpc (McNamara et al., 2014;Russell et al., 2014[START_REF] Russell | ALMA observations of cold molecular gas filaments trailing rising radio bubbles in PKS 0745-191[END_REF][START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF]Tremblay et al., 2018). [START_REF] Genzel | The Metallicity Dependence of the CO H 2 Conversion Factor in z >= 1 Star-forming Galaxies[END_REF]Genzel et al., ( , 2015) ) also gives α CO as a function of metallicity. The lower value used for Ultra Luminous Infra-Red Galaxies (ULIRG), starburst and radio-galaxies, quasars, and in general for a warmer, unbound molecular gas, and/or molecular gas outflows/inflows is α CO = 0.8 M ⊙ (K km s -1 pc 2 ) -1 (Bolatto, Wolfire, and Leroy, 2013;Carilli and Walter, 2013).

Since both the blue and red emission peaks are diffuse and are not associated with galaxies detected in the optical and near-infrared images, their emission might be associated with an inflow or outflow from the RLAGN. In that case, the observed molecular gas is expected to be partially transparent, more excited and with more chaotic, non-virial motions. This might lead to different values of r 21 and α CO than expected, i.e. r 21 > 1, and (Bolatto, Wolfire, and Leroy, 2013;Carilli and Walter, 2013;Cicone et al., 2018). For these reasons, I use the lower end of the standard α CO values, and this will give the lower limits to the molecular gas mass estimates.

α CO < 4.36 M ⊙ (K km s -1 pc 2 ) -1
Therefore, with the assumed conversion factor α CO = 0.8 M ⊙ (K km s -1 pc 2 ) -1 , the molecular gas masses of the blue and the red emission peaks are M blue gas = 1.91 ± 0.34 × 10 10 M ⊙ and M red gas = 1.95 ± 0.32 × 10 10 M ⊙ , respectively. The total molecular gas mass from the blue and the red emission peaks is of M tot,br gas = 3.75 ± 0.48 × 10 10 M ⊙ . Even when assuming the lowest α CO , there is a large molecular gas reservoir that corresponds to the blue and red emission peaks.

As a comparison, when using the Galactic conversion factor

α CO = 4.36 M ⊙ (K km s -1 pc 2 ) -1
, the molecular gas mass is ≈ 5 times larger M blue gas = 1.0 ± 0.2 × 10 11 M ⊙ , M red gas = 1.1 ± 0.2 × 10 11 M ⊙ , and total molecular gas mass from the sum of the blue and red emission peaks is

M tot gas = 2.1 ± 0.3 × 10 11 M ⊙
, in the cluster central region. This shows that the value of the conversion factor is the largest uncertainty in the calculation of the molecular mass.

In Table 6, I give the velocity integrated flux, the CO luminosity and the molecular gas mass of the two components, assuming α CO = 0.8 M ⊙ (K km s -1 pc 2 ) -1 .

Table 6: Total velocity integrated CO(2-1) flux S CO ∆v, luminosity L ′ CO and molecular gas mass M gas of two CO(2-1) components. peak S CO ∆v[Jy km s -1 ] L ′ CO [10 10 K pc 2 km s -1 ] M gas [10 10 M ⊙ ] blue 0.88 ± 0.14 2.4 ± 0.4 1.9 ± 0.3 red 0.90 ± 0.14 2.4 ± 0.4 2.0 ± 0.3 both 1.7 ± 0.2 4.7 ± 0.6 3.9 ± 0.4

Molecular gas content of cluster core members

In this section I report upper limits on the molecular gas content of the cluster members that were spectroscopically confirmed in the region covered by the NOEMA observations. Besides the RLAGN, there are seven other spectroscopically confirmed CARLA J1103+3449 cluster members (Noirot et al., 2018), of which six are within the NOEMA beam (Figure 41), and three of them have stellar masses estimated by S. Mei. Furthermore, S. Mei morphologically classified all seven members as late-type galaxies. The NOEMA observations do not show CO(2-1) emission with SNR > 3 at the positions of the spectroscopically confirmed members. However, I use the 3σ values of the flux rms noise level at the position of each confirmed cluster member to derive an upper limit to the velocity integrated flux:

S CO(2-1) ∆v = (3σ rms )∆v ( 66 
)
where ∆v is a typical line width. The uncertainty on the velocity integrated flux is calculated as:

δ(S CO(2-1) ∆v) = S CO(2-1) ∆v × δS CO(2-1) S CO(2-1) 2 + δ(∆v) ∆v 2 (67) 
An average value of ∆v, usually taken in the literature is ∆v = 300 km s -1 for local galaxies from the SDSS survey (Saintonge et al., 2017). Since the velocity resolution of our CO(2-1) map of uncertainty is σ ∆v = 100 km s -1 , the velocity range within 300 ± 3σ ∆v km s -1 includes most of the published ∆v for star-forming cluster galaxies at these redshifts (e.g. Noble et al., 2017;Lee et al., 2017;Castignani et al., 2018;Hayashi et al., 2018).

With the help of P. Salomé, I estimate the rms noise level σ rms using a CO(2-1) map averaged over the velocity width taken into account, i.e. 300 km s -1 (Figure 60). Next, I measure the average σ rms at the position of each galaxy, from a large region ∼ 40× beam size, in order to accurately measure σ rms . Furthermore, for the RLAGN (id: 491) and the companion spiral galaxy (id: 490) at the cluster core, I measure the σ rms from the entire region at the intersection of the three pointings, but excluding the signal from the detected source, since the signal has its own intrinsic noise that will add up to the total σ rms (Figure 60).

I use the upper limits to the velocity integrated flux in order to estimate the upper limits of luminosity and molecular gas mass. For the molecular gas measurement, I use the Galactic conversion factor α CO = 4.36 M ⊙ (K km s -1 pc 2 ) -1 , typical for star-forming, late-type galaxies (Bolatto, Wolfire, and Leroy, 2013;Carilli and Walter, 2013;Combes, 2018). The estimated physical properties of the spectroscopically confirmed members are given in Table 7.

With the guidance of S. Mei, I also tried stacking the CO(2-1) line emission of all the confirmed members, except the RLAGN. I performed a jackknife analysis by stacking the emission of the confirmed members, but each time excluding one, two, three, etc. random galaxies from the sample, in order to identify if any of the galaxies stands out and gives rise to the signal. Finally, I concluded that this type of analysis is not possible with the available data, since four out of six confirmed members are at the very edges of the NOEMA map where the noise is high (Figure 44), and the question is if their emission can be trusted (Figure 61). Moreover, the emission of the companion spiral galaxy (id 490) is contaminated by the emission of both the red and blue emission peaks (Figure 54). Therefore, the emission of five out of six galaxies is questionable, and there is no visible CO(2-1) line emission at the position of the sixth galaxy on the CO(2-1) map (Figure 61). 

Galaxy stellar mass

Our collaborators S. Amodeo and S. The Spitzer IRAC1 magnitudes correspond to the rest-frame near-infrared in the redshift range of the CARLA sample, and are expected not to be biased by extinction. S. Amodeo and S. Mei find a very good correlation between these magnitudes and the Santini et al., (2015) mass measurements, with scatters of ≈ 0.12 dex at the redshift of the cluster. Adding in quadrature the scatter of the relation and uncertainties from [START_REF] Santini | Stellar Masses from the CANDELS Survey: The GOODS-South and UDS Fields[END_REF], the obtained mass uncertainties are in the range ∼ 0.4 -0.5 dex, and ≈ 0.2 -0.3 dex for masses larger than log 10 ( M M ⊙ ) > 10.5. Table 8 shows the stellar masses of the cluster spectroscopically confirmed members. The masses derived from this calibration are on average ≈ 0.5 dex smaller that those derived from stellar populations models by Noirot et al., (2018) (Table 9), and the difference is larger at fainter mag- The identification numbers are the same as in the Noirot et al., (2018). * * The RLAGN.

nitudes. In Noirot et al., (2018) the stellar masses were determined using the Spitzer/IRAC fluxes, scaled to stellar population synthesis models using Chabrier initial mass function (IMF, Chabrier, 2003). For instance, the reported stellar mass of the RLAGN is by an order of magnitude higher (Table 9). This difference in mass estimates does not significantly change results from Noirot et al., (2018), in particular the conclusions from the SFR vs. stellar mass analysis (Fig. 7 in Noirot et al., 2018).

Gas-to-stellar mass ratio and gas fraction.

From our molecular gas mass upper limits, combined with the stellar masses estimated by S. Amodeo and S. Mei, I compute the gas-to-stellar mass ratio as M gas /M * and the molecular gas fraction as f gas = M gas /(M gas + M * ).

The results are shown in Table 8. 

Method for deriving the SFR

In this subsection, I present the system of equations used for estimating the SFR of the spectroscopically confirmed CARLA J1103+3449 cluster mem- bers. This method is based on a system of equations from Zeimann et al., (2013) and Curti et al., (2020).

The Kennicut law [START_REF] Kennicutt | Star Formation in Galaxies Along the Hubble Sequence[END_REF] shows a direct proportionality between the SFR and Hα flux:

SFR Hα [M ⊙ yr -1 ] = 5 × 10 -42 L Hα × 10 0.4×A Hα (68)
where SFR Hα is the estimated SFR including the contributions from the [NII] line and corrected for the dust attenuation A Hα . I estimate A Hα using the Garn and Best, (2010) empirical law and the Calzetti et al., (2000) extinction law:

A Hα = 0.91 + 0.77M + 0.11M 2 -0.09M 3 (69) 
where M = log 10 M * 10 10 M ⊙ and M * is the stellar mass. L Hα is the luminosity in erg s -1 , and it is calculated with the following equation:

L Hα = 4πD 2 L F Hα (70)
where F Hα is the Hα flux given in erg cm -2 s -1 , computed as:

F Hα = F Hα+[NII]λ6548,6584 1 1+ [NII]λ6548, 6584 Hα (71) 
where F Hα+[NII]λ6548,6584 is the total observed Hα flux plus the [NII]λ6548, 6584 flux. In fact, the WFC3/G141 grism resolution does not permit us to deblend the three lines (Noirot et al., 2018). Following Curti et al., (2020) (equations ( 2) and ( 5) and Table 6), I calculate the metallicity 12 + log(O/H), expressed as a function of stellar mass and SFR: Hα . In order to calculate SFR we need the [NII]λ6548,6584 Hα (Equation 68), and to measure [NII]λ6548,6584 Hα we need the SFR (Equation 73). I follow a combined system of equations from the works of Zeimann et al., (2013) and Curti et al., (2020), and set an initial value of [NII]λ6548,6584 Hα = 0.2 and iterate on a system of equations Equation 68-Equation 73 till convergence. Zeimann et al., (2013) estimated a ∼ 50% error on the SFR estimated by using a similar system of equations, and the uncertainty is dominated by the uncertainty on the attenuation.

12 + log(O/H) = Z 0 -γ/β × log 1 + M * M 0 (SFR) -β ( 
Star formation rate, specific star formation rate, depletion time and star formation efficiency.

In this subsection, I report galaxy star formation rates using the Hα emission line flux from Noirot et al., (2018). Next, I combine them with our measurements of the molecular gas mass upper limits from the CO(2-1) line emission, and the galaxy stellar mass estimates performed by S. Mei, in order to estimate the molecular gas fraction, metallicity, SFR, sSFR, depletion time and SFE.

In Table 9, I show measurements of the Hα flux, SFR and stellar mass for the spectroscopically confirmed galaxies in the CARLA J1103+3449 cluster from the work of Noirot et al., (2018).

Following a system of equations described in Section 3.3.5, and using the Hα line fluxes from Noirot et al., (2018) and the stellar mass estimates from S. Mei and S. Amodeo, I re-compute the SFR Hα and calculate the Hα-[NII] ratio, attenuation A Hα and metallicity 12 + log(O/H). I present the results in Table 10. For the RLAGN, the SFR is overestimated since the Hα emission line flux is contaminated by the emission coming from the central AGN. Since we cannot separate the Hα line emission stellar contribution from the The identification numbers are the same as in the Noirot et al., (2018). * * Stellar mass uncertainties cited here are only the IRAC flux uncertainties, without the 20% systematics towards lower masses (Noirot et al., 2018). * * * RLAGN contribution due to the AGN, I estimate the SFR upper limit (see a review by Tadhunter, 2016). The stellar contribution to the total Hα emission varies in the range of 20 -100% and I compute the SFR within this range (see Table 10).

In Table 10, I compare our SFR estimates with those from Noirot et al., 2018. The difference between our SFR and those from Noirot et al., 2018 is typically within 1σ. For some cluster galaxies, stellar mass measurements are not available, because they are not detected in the IRAC images by S. Mei and S. Amodeo. For those galaxies I cannot re-compute the SFR.

Hereafter, I will use our SFR measurements when I could derive them, and Noirot et al., (2018) SFR measurements for other galaxies.

For the RLAGN, the obtained range of values Hα/[NII] = 2.3 -3.7 (depending on the assumed AGN contribution) is in agreement to the assumed value Hα/[NII] = 3.33 from Noirot et al., (2018). However, our attenuation estimate A Hα = 1.4 -1.5 is lower compared to the assumed value A Hα = 2.0 from Noirot et al., 2018. Our values of the Hα/[NII] ratio and metallicity 12 + log(O/H) = 8.58 -8.69 are in agreement with the expected values from the works of [START_REF] Shapley | Chemical Abundances of DEEP2 Star-forming Galaxies at z˜1.0-1.5[END_REF], [START_REF] Queyrel | Integral field spectroscopy with SINFONI of VVDS galaxies. II. The mass-metallicity relation at 1.2 < z < 1.6[END_REF] and [START_REF] Wuyts | Constraints on the Low-mass End of the Mass-Metallicity Relation at z = 1-2 from Lensed Galaxies[END_REF], for galaxies at intermediate redshifts (1.0 < z < 2.0). The Hα-[NII] ratio is uncertain since it is not universal and varies with redshift and stellar mass (mass-metallicity relation; [START_REF] Tremonti | The Origin of the Mass-Metallicity Relation: Insights from 53,000 Star-forming Galaxies in the Sloan Digital Sky Survey[END_REF][START_REF] Erb | The Mass-Metallicity Relation at z>˜2[END_REF][START_REF] Maiolino | AMAZE. I. The evolution of the mass-metallicity relation at z > 3[END_REF][START_REF] Queyrel | Integral field spectroscopy with SINFONI of VVDS galaxies. II. The mass-metallicity relation at 1.2 < z < 1.6[END_REF][START_REF] Wuyts | Constraints on the Low-mass End of the Mass-Metallicity Relation at z = 1-2 from Lensed Galaxies[END_REF].

Combining our measured SFR with the stellar masses estimates from S. Mei and S. Amodeo, I compute the sSFR:

sSFR = SFR Hα M * (74) 
Results are shown in Table 10. I use the SFR Hα estimates and the upper limits of the molecular gas mass to compute the depletion time:

τ dep = M gas SFR Hα (75) 
and the SFE:

SFE = SFR Hα M gas (76) 
Results are shown in Table 11. Here I note that the rms noise of the CO(2-1) line emission map used for the molecular gas mass limit estimate does not coincide spatially with the Hα emission. The CO(2-1) line emission flux limit is measured by taking an average 3σ rms over a much broader area than the Hα emission, in order to avoid local fluctuations of the rms noise (e.g. Figure 60). In the central region of the CARLA J1103+3449 cluster, we observe two CO(2-1) emission components that do not correspond to any galaxy detected in the HST or Spitzer images (Figure 54, blue and red contours). Radio observations of the CARLA J1103+3449 cluster from the work of Best et al., (1999) reveal two radio lobes, which are roughly in the same direction (east and west) as our CO(2-1) molecular gas components, but spread over larger distances (Figure 54, yellow contours). The two radio lobes are asymmetrical, the eastern being more compact, while the western is more diffuse. Both CO(2-1) emission peaks are blueshifted with respect to the central velocity of 0 km s -1 (which corresponds to the cluster redshift of z = 1.44) and to the RLAGN redshift (Figure 50), and their spatial position is very close to the position of the radio lobes, which indicates that the molecular gas might be associated with the RLAGN jets (Figure 54).

The two CO(2-1) emission lines might trace the molecular gas originating from various sources. We discuss several hypotheses in order to compare our results to the literature and understand the most probable origin of the detected molecular gas.

Rotating disk or torus

First, I consider the hypothesis that the two CO(2-1) emission lines might trace molecular gas originating from an extended (up to tens of kpc) rotating disk or torus of molecular gas around the central galaxy. In case the blue and red CO(2-1) components are part of a rotating disk or torus, I estimate the dynamical mass of the interior region of the orbits of the two CO(2-1) components (see e.g. Solomon and Vanden Bout, 2005):

M dyn = dv 2 G ( 77 
)
where d is the projected distance between the CO(2-1) component and the RLAGN, v is the orbital velocity and G = 6.67 × 10 -11 m 3 kg -1 s -2 . The mass of the interior region of the blue and red components are M blue dyn = 3.7 × 10 12 M ⊙ and M red dyn = 6.3 × 10 11 M ⊙ , which is not unreasonable. Stellar masses and the upper limit to the molecular gas masses of the RLAGN are M * = 4.7 × 10 10 M ⊙ and M gas < 3.3 × 10 10 M ⊙ , respectively. Thus the total baryonic mass excluding the dust mass is M baryon ∼ 8 × 10 10 M ⊙ , which is 2 -13% of the total dynamical mass of the internal region encompassing the RLAGN.

However, I find no evidence to support this hypothesis. In our case, both CO(2-1) components are blueshifted with respect to the RLAGN redshift of z = 1.4427 ± 0.0005. Next, the two CO(2-1) components are spatially located south of the RLAGN position (Figure 54). Finally, the preferred orientation of the central rotational disk should be perpendicular to the AGN jets [START_REF] Hamer | Cold gas dynamics in Hydra-A: evidence for a rotating disc[END_REF]Li et al., 2015;Costa, Sijacki, and Haehnelt, 2015;Russell et al., 2017a), even if the AGN jets are originally lying in the disk plane [START_REF] Morganti | The fast molecular outflow in the Seyfert galaxy IC 5063 as seen by ALMA[END_REF][START_REF] Cielo | AGN feedback compared: jets versus radiation[END_REF]. In our case, the orientation of the AGN jets is roughly in the same plane of the assumed rotational disk (Figure 54).

Tidal tails

The CO(2-1) line emission is quite extended (tens of kpc) and encloses the RLAGN, the spectroscopically confirmed spiral galaxy west of the RLAGN, a couple of IRAC color-selected galaxies and possible other undetected galaxies in the dense region of the cluster center (Figure 54, blue and green squares, respectively). The peaks of emissions of both components are positioned kpcs away from the RLAGN and they could be broad, low surface brightness tidal tails of two or more interacting galaxies [START_REF] Bell | Dry Mergers in GEMS: The Dynamical Evolution of Massive Early-Type Galaxies[END_REF]. However, the molecular gas and stars are decoupled (Figure 54), which is not consistent with the tidal stripping, since it is a gravitational effect and affects all matter equally. Therefore, I argue that although there probably are some galaxies interacting in the dense region of the cluster core, tidal effects cannot explain the extended molecular gas components [START_REF] Vantyghem | Molecular Gas Along a Bright Hα Filament in 2A 0335+096 Revealed by ALMA[END_REF]Cicone et al., 2018).

Undetected galaxies

Next, the two CO(2-1) line emission components might originate from two or more gas-rich galaxies that are detected in the mm wavelengths, but are too faint to be detected at the detection limit of the optical or IR images. I estimate the properties of these hypothetical galaxies by making reasonable assumptions.

Since the HST/WFC3 F140W images have a depth similar to the CAN-DELS WIDE survey, I use the CANDELS/WIDE survey mass limit (Grogin et al., 2011) as an upper limit to the stellar mass of each of these two hypothetical galaxies, M * < 5 × 10 9 M ⊙ . I assume that these hypothetical galaxies are at the cluster redshift. Next, I assume the 3σ Hα emission line flux limit of F Hα = 2.1 × 10 -17 erg cm -2 s -1 for the HST/WFC3 G141 grism spectra (Momcheva et al., 2016;Noirot et al., 2018) as an upper limit of the undetected Hα flux and with the stellar mass upper limits, I estimate the SFR upper limit of the two hypothetical galaxies SFR Hα < 2 M ⊙ yr -1 , using the system of equations described in Section 3.3.5. SFR Hα is calculated using the galaxy intrinsic luminosity and does not depend on redshift, but it does depend on attenuation. Therefore, there is a possibility that these hypothetical galaxies are dust-obscured and that the true intrinsic SFR is higher.

Molecular gas masses of the blue and the red emissions are M blue gas = 1.0 ± 0.2 × 10 11 M ⊙ , M red gas = 1.1 ± 0.2 × 10 10 M ⊙ , respectively, assuming the Galactic conversion factor α CO = 4.36 M ⊙ (K km s -1 pc 2 ) -1 (Section 3.3.2.1). I use a Galactic conversion factor because it is very improbable that these hypothetical galaxies are star-burst galaxies since they are not detected in the HST/WFC3 G141 grism observations. They could be only if the attenuation is anomalously high, i.e. A Hα > 5. Next, I estimate the gas fractions lower limits that correspond to the blue and the red components f blue gas 95% and f red gas 96%, respectively. The estimated lower limit of depletion time for the blue and the red emissions are τ blue dep 52 Gyr and τ red dep 54 Gyr, much longer than the typical depletion times observed for standard star-forming galaxies up to z ∼ 4, τ dep ∼ 1 -3 Gyr (e.g., Tacconi et al., 2013Tacconi et al., , 2018)).

All these calculations are based on the assumption that the hypothetical galaxies are at the cluster redshift, but there is also a possibility that they are background galaxies. It is known that some massive galaxies at z > 2 can be detected in millimeter wavelength but not in the HST optical and nearinfrared bands (e.g. Franco et al., 2018). However, these galaxies are rare (0.1 galaxy/arcmin 2 ), massive and usually detected with Spitzer/IRAC.

All these results mean that these two hypothetical galaxies would be unusually gas-rich, with low SFR (or anomalously high attenuation), high gas fractions and very long depletion times. Furthermore, given the number densities of high redshift galaxies (Davidzon et al., 2018;Franco et al., 2018), having two galaxies of this kind so spatially close is possible but very improbable.

Gas outflows/inflows

The origin of the two CO(2-1) line emission components might be from the molecular gas outflows or inflows associated with the radio jets. If the two components are due to gas outflow from the RLAGN, we can estimate the outflow rate of the two components:

Ṁout = M out t dyn ( 78 
)
where M out is the molecular gas mass of the outflow, t dyn is the dynamical timescale t dyn = d/v, where d and v are the projected distance and the velocity of the outflow with respect to the RLAGN, respectively. Next, I take the distance uncertainty to be half of the beam size ∼ 8.6 kpc. The obtained outflow rates of the blue and red emissions are Ṁout = 1073 ± 573 M ⊙ yr -1 and Ṁout = 654 ± 446 M ⊙ yr -1 , and their corresponding dynamical timescales t dyn ∼ 1.8 × 10 7 yr and t dyn ∼ 3.0 × 10 7 yr, respectively. This is in agreement with the typical radiative ages of radio galaxies which are in the range of 10 7 -10 8 yr.

The total kinetic power of the outflows is given by the following equation:

P k = 1 2 v 2 Ṁout ( 79 
)
and I obtain P k = 3.2 × 10 45 erg s -1 for the total kinetic power of both hypothetical outflows. To understand if the mechanical jet power is sufficient to drive the molecular gas outflow, I use the monochromatic radio power of the RLAGN at 1.4 GHz P 1.4 GHz = 10 27.06 W Hz -1 from the work of [START_REF] Fan | The core dominance parameter of extragalactic radio sources[END_REF] and the scaling relation between the mechanical jet power and radio synchrotron power from [START_REF] Bîrzan | Radiative Efficiency and Content of Extragalactic Radio Sources: Toward a Universal Scaling Relation between Jet Power and Radio Power[END_REF]: log(P jet ) = (0.35 ± 0.07)log(P 1.4 GHz ) + (1.85 ± 0.10) (80)

and I obtain P jet ∼ 8.9 × 10 44 erg s -1 for the total mechanical jet power of the RLAGN. Finally, I conclude that the mechanical jet power is not sufficient to drive a molecular gas outflow. Furthermore, the molecular gas outflows entrained by the radio jets are usually only a fraction of the total molecular gas reservoir centered on the AGN host (McNamara et al., 2014;[START_REF] Cicone | Massive molecular outflows and evidence for AGN feedback from CO observations[END_REF][START_REF] Morganti | The fast molecular outflow in the Seyfert galaxy IC 5063 as seen by ALMA[END_REF]Prasad, Sharma, and Babul, 2015;Tremblay et al., 2018). Furthermore, these molecular gas outflows are detected as broad symmetrical wings around the central peak emission in the CO line emission spectra [START_REF] Cicone | Massive molecular outflows and evidence for AGN feedback from CO observations[END_REF]. However, we detect substantial amount of molecular gas mass in two blueshifted structures, offset and detached from the RLAGN host galaxy, while we do not detect any molecular gas in the RLAGN host. Next, if the molecular gas mass upper limit of the RLAGN host is taken into account, the molecular gas content is in the best case ∼ 45% of the total molecular gas in and around the RLAGN host galaxy.

Gas cooling

When the amount of molecular gas outside the host galaxy is comparable or higher than the host galaxy molecular gas reservoir, this suggests gas cooling (e.g., Klamer et al., 2004;Nesvadba et al., 2009;Emonts et al., 2014;[START_REF] Emonts | The cold circumgalactic environment of MAMMOTH-I: dynamically cold gas in the core of an Enormous Ly-alpha Nebula[END_REF]Russell et al., 2019). For instance, Russell et al., (2019) studied a local sample of cluster central galaxies, and found that the molecular gas morphology goes from gas disk-dominated to filament-dominated galaxies. In the first type, most of the molecular gas is concentrated in a disk around the central galaxy, while in the second type, the molecular gas is mostly (> 70%) in filaments around the central galaxy (the most known example being the Perseus cluster; Salomé et al., 2006). The filaments that they observed extend from a few kpc in length up to 10 -20 kpc, and the molecular gas emission is offset with respect to the central AGN by projected distances of a few kpc. For the central galaxy of the cluster A1795, some molecular gas clumps are associated with the lobes of the radio jets. In filament-dominated galaxies, the filaments trace radio bubbles, and are associated with both gas outflow and inflow. We observe a molecular gas mass distribution similar to the filament-dominated galaxies from Russell et al., (2019). The total molecular gas mass in structures around the RLAGN is M tot gas = 3.9 ± 0.5 × 10 10 M ⊙ (from the sum of the blue and red emission components) and the molecular gas mass upper limit of the RLAGN is < 3.3 × 10 10 M ⊙ (Section 3.3.2.1). This means that the total molecular gas mass of the two structures is > 55% of the total molecular gas within and around the RLAGN host galaxy. The blue and red emission peaks are offset from the RLAGN, with the offsets being comparable to the beam size of ∼ 17 kpc, but centered south-east and south-west of the RLAGN, respectively (Figure 54; Figure 55).

For the CARLA J1103+3449 cluster, a reservoir of hot intracluster medium (ICM) that surrounds the host RLAGN is expected, with gas accretion at the center of the cluster potential well. Massive molecular gas components outside of the RLAGN host galaxy and the bipolar radio emission roughly corresponding to the two CO(2-1) emission components, favor the hypotheses of the AGN induced molecular gas cooling from the uplifted low-entropy hot gas or from enhanced gas cooling of the hot ICM due to interaction of the ICM and AGN jets (Salomé et al., 2006;Nesvadba et al., 2009;Emonts et al., 2014;[START_REF] Morganti | The fast molecular outflow in the Seyfert galaxy IC 5063 as seen by ALMA[END_REF]Russell et al., 2017b;Tremblay et al., 2018). Therefore, our results, compared to the predictions and observations from the literature, imply that the most probable origin of the molecular gas in our cluster central region is gas cooling, most probably boosted by interaction of the AGN jets and the hot atmospheres.

Cluster core members properties

In this section, I compare the measured physical properties (Section 3.3) of the cluster confirmed galaxies to cluster and field galaxies over a similar redshift range (1 < z < 2.6).

Molecular gas mass and gas fraction upper limits

Galaxy properties such as velocity integrated CO(2-1) flux, luminosity and molecular gas mass upper limits, stellar masses (from S. Mei and S. Amodeo) of the RLAGN and other cluster confirmed members (Table 7, Table 8) is comparable to other cluster and field galaxies at similar redshifts from the literature: e.g. Casasola et al., (2013) for an AGN at z ∼ 1.4, Rudnick et al., (2017) for an AGN and a disk galaxy at z ∼ 1.6, Noble et al., (2017) for gasrich galaxies at z ∼ 1.6, Castignani et al., (2018) for two spiral galaxies at z ∼ 1.2, Coogan et al., (2018) for cluster core galaxies at z ∼ 2.0, and finally, Tacconi et al., (2013) for field galaxies at z ∼ 1 -1.5 and z ∼ 2 -2.5.

When comparing the molecular gas mass upper limits from our work and the literature, differences in the way the results are obtained need to be taken into account. For instance, most of the authors cited here used the same rotational transition emission line as we do, i.e. the CO(2-1) (Wagg et al., 2012;Casasola et al., 2013;Dannerbauer et al., 2017;Noble et al., 2017;Castignani et al., 2018;Hayashi et al., 2018), but some of them used the CO(1-0) (Rudnick et al., 2017;Dannerbauer et al., 2017;Coogan et al., 2018), the CO(3-2) (Tacconi et al., 2013), or a combination of several rotational transitions (Coogan et al., 2018;[START_REF] Perna | The molecular gas content in obscured AGN at z > 1[END_REF]. Next, when estimating the molecular gas mass, I assume L ′ CO(2-1) /L ′ CO(1-0) = 1 (Section 3.3; Solomon and Vanden Bout, 2005), while Noble et al., (2017) Hayashi et al., (2018) 83, and finally Tacconi et al., (2013) Wagg et al., (2012) and Casasola et al., (2013), used a lower value of the conversion factor α = 0.8, while in our and most of other cited works (Tacconi et al., 2013, Rudnick et al., 2017, Noble et al., 2017, Hayashi et al., 2018and Castignani et al., 2018) a standard Galactic value α = 4.36 is used. In Coogan et al., (2018) the values of the conversion factor are 3.9 < α < 4.5 and in Dannerbauer et al., (2017) 

used L ′ CO(2-1) /L ′ CO(1-0) = 0.77,
used L ′ CO(2-1) /L ′ CO(1-0) ∼ 0.
assumed L ′ CO(3-2) /L ′ CO(1-0) ∼ 0.5. Moreover,
α = 4.
Stellar mass estimations can differ up to a factor of ∼ 1.5 -6 ( ∼ 0.1 -0.8 dex) when using different techniques or different stellar population models (Van der Wel et al., 2006;Lee et al., 2009;Maraston et al., 2010;Raichoor et al., 2011;Pforr, Maraston, and Tonini, 2012;Sorba and Sawicki, 2018). In the following figures, I show the original published values from the literature, without rescaling them to the values used in this work.

In Figure 62, I show upper limits to the molecular gas mass as a function of stellar mass of the spectroscopically confirmed cluster members. The upper limits to the molecular gas mass and stellar masses of the RLAGN and most of the other confirmed members agree (within ∼ 1σ) with the molecular gas masses and stellar masses of field galaxies from the PHIBBS survey (Tacconi et al., 2013). The RLAGN gas fraction upper limit f gas < 40% is comparable to the reported gas fraction of the field main-sequence galaxies from the PHIBBS survey, i.e. 33% and 47% in the z ∼ 1 -1.5 and z ∼ 2 -2.5 redshift ranges, respectively (Tacconi et al., 2013). However, average gas fraction upper limits of the other confirmed cluster members from out work are higher f gas < 82%.

Most of the works from the literature show comparable but lower gas fractions for cluster galaxies compared to the expected values for their field counterparts at intermediate redshifts. For instance, Wagg et al., (2012) reports f gas ∼ 14% for an AGN host and f gas < 13% and two dust-obscured galaxies (DOGs), Rudnick et al., (2017) found f gas ∼ 17%, and f gas ∼ 45% for an AGN and a disk galaxy at z ∼ 1.6, Castignani et al., (2018) reports f gas ∼ 15% for two spiral galaxies at z ∼ 1.2, Coogan et al., (2018) f gas ∼ 30% for cluster core galaxies at z ∼ 2.0, etc. This suggests possible ongoing mechanisms which are stripping and/or heating the cold molecular gas and suppressing star formation inside cluster galaxies. However, Noble et al., (2017) and Hayashi et al., (2018) report the opposite results, i.e. f gas ∼ 62% for gas-rich galaxies at z ∼ 1.6 and f gas ∼ 55% for cluster galaxies at z ∼ 1.5 respectively). Since I only estimate molecular gas upper limits, it is difficult to make conclusions about the possible environmental effects.

Star formation

In Figure 63 I show SFR as a function of stellar mass. Compared to the field galaxies, the SFR of the RLAGN, with different contributions of the Hα stellar emission to the total flux (20% 40%, 60%, 80% and 100%; Table 10), is almost always within ∼ 1σ of the MS from Tacconi et al., (2013), and the SFR of the other spectroscopically confirmed cluster members is > 2σ below the MS (Figure 63), consistent with results of Noirot et al., (2018), which suggests an impact of the environment as early as z ∼ 2.

In Figure 64 I show sSFR as a function of stellar mass. The sSFR on average declines with increasing stellar mass [START_REF] Brinchmann | The physical properties of starforming galaxies in the low-redshift Universe[END_REF]Elbaz et al., 2007;[START_REF] Karim | The Star Formation History of Mass-selected Galaxies in the COSMOS Field[END_REF]Muzzin et al., 2012;Hatch et al., 2017). The sSFR of the RLAGN (assuming stellar contribution to the total Hα emission line flux in the range of 20% -100%) (Table 10) is comparable to the average sSFR of field galaxies from Tacconi et al., (2013), whereas the sSFR of other confirmed cluster galaxies is on average lower, which again indicates possible environmental quenching (Figure 64). Furthermore, the sSFR of the RLAGN is comparable to the sSFR of cluster galaxies, mostly hosting AGN from the literature: e.g. sSFR of an AGN host galaxy at z ∼ 1.2 from Wagg et al., (2012), gas-rich galaxies at z ∼ 1.6 from Noble et al., (2017) , an AGN host at z ∼ 1.6 from Rudnick et al., (2017), cluster galaxies at z ∼ 1.5 from and the jet, and the western radio lobe to be S cont = 4.6 ± 0.2 mJy, S cont = 1.1 ± 0.2 mJy and S cont = 0.8 ± 0.2 mJy, respectively. I fit the flux measurements from our work and Best et al., (1999) (Figure 46) and obtain the total spectral index α = 0.94 ± 0.01 from a linear fit of measurements from our work and Best et al., (1999) (Figure 46). The spectral index is consistent with optically thin synchrotron emission of the AGN jets, while the spectra of the AGN core is flatter, with α = 0.14 ± 0.03, which is consistent with the optically thicker (self-absorbed) synchrotron emission (Figure 46). Finally, I combine the radio observations from the literature and mm observations from our work and calculate the total spectral index α = 0.92 ± 0.02, determined over the range of frequencies that spans over three orders of magnitude.

• I detect two CO(2-1) emission lines in the center of the CARLA J1103+3449 cluster (Figure 49), which correspond to two extended regions. The position of the red emission peak is south-west of the RLAGN, and it encompasses the RLAGN and companion disk galaxy, while the blue emission peak is south-east of the RLAGN and it does not have an optical counterpart (Figure 54). The two CO(2-1) emissions are in the same direction (east-west) as the two continuum emission components and the two radio lobes, but spatially offset and less extended (Figure 55).

I obtain the velocity integrated flux S∆v = 0.88 ± 0.14 Jykm s -1 and S∆v = 0.90 ± 0.14 Jykm s -1 . I estimate the CO luminosities, and molecular gas masses of the blue and red component M gas = 1.9 ± 0.3 × 10 10 M ⊙ and M gas = 2.0 ± 0.3 × 10 10 M ⊙ , respectively. I find a substantial molecular gas reservoir in the cluster center around the RLAGN, with a total molecular gas mass of M gas = 3.9 ± 0.4 × 10 10 M ⊙ .

We discuss several hypotheses on the most probable origin of the detected molecular gas around the RLAGN, ranging from the two molecular gas-rich, cluster galaxies, that are not observed in the optical and IR, the molecular outflows pushed by the AGN jets tens of kpc from the host galaxy, etc. However, the hypothesis that we favor the most is gas inflows/outflows, either due to cluster gas accretion or, most probably, driven by the jets, as is observed in filament-dominated central galaxies in the local Universe. The gas might be cooled by the interaction of the ICM and AGN jets or can be due to condensation of low entropy hot gas uplifted by the AGN jet away from the host galaxy.

• I estimate the molecular gas mass upper limits of the RLAGN and other spectroscopically confirmed cluster members which are within the NOEMA beam. Next, I use the stellar mass measurements from S. Mei and S. Amodeo to estimate their gas fraction upper limits. The molecular gas mass upper limits and stellar masses are comparable to the expected average values of field galaxies at similar redshift (Figure 62). Therefore, it is difficult to make any conclusions on the possible ongoing environmental mechanisms.

I use the Hα flux measurements from Noirot et al., (2018), the stellar masses from S. Mei and S. Amodeo, and a method described in Section 3.3.5, in order to estimate the SFR. For the RLAGN host galaxy, I assume a stellar contribution to the total Hα flux in the 20 -100% range, and find SFR Hα = 30 -140 M ⊙ yr -1 , consistent with the MS star-forming galaxies, while the SFR of the other cluster confirmed members are below the MS, which suggests an impact of the environment (Figure 63). I estimate the sSFR, the depletion time and SFE of the cluster confirmed members.

S U M M A R Y, C O N C L U S I O N S A N D P R O S P E C T I V E S

The goal of my Thesis is to try answer some of the open questions in the theory of galaxy formation and evolution, such as: How and when did galaxies assemble most of their mass? What is the molecular gas content, star formation rate, and other properties of cluster galaxies at intermediate-redshifts? How are galaxy properties affected by the environment?

In order to answer some of these questions, the main focus of my PhD Thesis research was on developing a Python code for deriving the SMF of cluster galaxies for the upcoming Euclid Space Mission, and on the study on the stellar mass assembly of galaxies at 0 < z < 2.5 (Chapter 2). Furthermore, molecular gas acts as star formation fuel and therefore, regulates the stellar mass build-up of galaxies. Information on the galaxy molecular gas content and star formation provide complementary information on the mass assembly and galaxy evolution. Therefore, the focus of my work was on investigating the molecular gas content and star formation of cluster galaxies at the cosmic noon epoch at z ∼ 1.5 (Chapter 3, Appendix A).

euclid pipeline for the smf of cluster galaxies ). However, it is preferable to use more than one estimator in deriving the SMF, in order to check for consistency between different estimators and to estimate the bias. Therefore, besides the 1/Vmax, other standard statistical estimators can be implemented, such as the STY, SWML, etc (Section 2.1.2). I implemented the Poissonian uncertainties in order to estimate the statistical uncertainties. Besides the Poissonian uncertainties, other relevant statistical uncertainties need to be implemented in the calculations of the total statistical uncertainty, such as the cosmic variance, the photometric redshift uncertainties, and of course the cluster membership uncertainty (Section 2.1.3).

I fitted the SMF with a chosen model (variation of Schechter functions), deconvolved by the stellar mass uncertainties, in order to take into account the Eddington bias (Ilbert et al., 2013). Besides the Schechter functions, there are other fitting models that have been used in the literature and that can be added in the pipeline, for example, different power laws, Gaussian function, a combination of Schechter and Gaussian functions, etc (Section 2.1.1).

I tested the pipeline using the Flagship mock galaxy sample (Carretero et al., 2017) and the COSMOS2015 photometric redshift catalog (Davidzon et al., 2017. However, the Euclid pipeline is expected to be tested on more diverse data and galaxy samples, including cluster galaxies. Deriving the SMF of cluster galaxies is important since the shape of the SMF depends on the environment, and there is an additional uncertainty that needs to be taken into account. The final version of the Euclid pipeline should be adapted for reading the upcoming Euclid data, and deriving the SMF and SMF fit of the Euclid cluster galaxies.

I showed the evolution of the SMF of Flagship mock galaxies (Figure 31). Moreover, I reproduced the work of Davidzon et al., (2017) and showed the evolution of the SMF and stellar mass density ρ * of COSMOS2015 galaxies, over the redshift range taken into account (0.2 z < 2.5). Finally, I showed the evolution of the best-fit parameters of the Schechter models deconvolved by the stellar mass uncertainties, for the COSMOS2015 galaxies (Figure 34, Figure 35 and Figure 36). For instance, I showed the evolution of the log(M * ) parameter, which is probably a consequence of dry merging of massive quiescent galaxies (Figure 36, top panel; see Peng et al., 2010).

In order to answer the question of my Thesis on how did galaxies assemble their stellar mass and at which epoch, I analyzed the evolution plots of the SMF and ρ * of different COSMOS2015 galaxy samples, including the full sample, star-forming, high and intermediate activity star-forming and quiescent galaxies. I showed that the key epoch of the stellar mass assembly of galaxies, occurs during the stellar mass assembly and star formation epoch, i.e. the cosmic noon epoch 1 < z < 2.5. Next, I showed that after this very active phase in cosmic history, the stellar mass build-up of galaxies slows down, which is consistent with a drop of the cosmic SFR and molecular gas content of galaxies during the last cosmic epoch z < 1. Moreover, I showed that quiescent galaxies have assembled their mass substantially over the redshift range 1 < z < 2.5, which implies that the star formation quenching mechanisms were very efficient during the cosmic noon epoch. This part of the thesis reproduces published results from Ilbert et al., (2013) and Davidzon et al., (2017).

I showed the stellar mass build-up of massive galaxies around the characteristic stellar mass M * , that is probably a consequence of internal quenching mechanisms i.e. the so-called mass quenching of galaxies after reaching a stellar mass M ∼ M * . Next, the stellar mass assembly of the quiescent sample is mass dependent, with low and intermediate-mass quiescent galaxies assembling most of their mass at a later epoch z < 1, possibly through environmental mechanisms, since large-scale structures are better differentiated at lower redshifts. Finally, the mass dependent stellar mass build-up of quiescent galaxies is in agreement with the downsizing scenario, according to which star formation activity, stellar mass assembly, quenching and the overall evolution of massive galaxies is faster and ends at earlier times, whereas intermediate and low-mass galaxies assemble their mass at later cosmic epochs.

The Euclid Mission will observe a substantial sample of ∼ billions of galaxies, and it will be possible to study the evolution of the SMF and ρ * of different galaxy samples, including rare objects, and to probe the evolution of diverse galaxy populations across cosmic time, covering the last ∼ 11 Gyrs of the history of the Universe. Besides the Euclid, the next generation facilities such as the JWST, the WFIRST space missions, and the E-ELT ground facility will focus on providing a consistent picture on the formation and evolution of galaxies out to reionization epoch, and put constraints on the galaxy formation and evolution models. I detected an extended continuum emission at ν obs ∼ 94.48 GHz, originating from the non-thermal synchrotron emission of the SMBH at the center of the RLAGN host galaxy. Moreover, the total spectral index α = 0.94 ± 0.01 is consistent with optically thin synchrotron emission of the AGN jets, while the RLAGN core shows a flatter spectra, with α = 0.14 ± 0.03 (Figure 48).

In order to answer the question of my Thesis on the molecular gas content and star formation of cluster galaxies at intermediate redshifts, first, I used the CO(2-1) rotational transition emission line as a molecular gas tracer, and I measured the molecular gas content in the central region of the CARLA J1103+3449 cluster at z = 1.44 (Markov et al., 2020a). I detected a substantial molecular gas reservoir (M gas = 3.9 ± 0.4 × 10 10 M ⊙ ) in the core of the CARLA J1103+3449 cluster at z ∼ 1.44 with NOEMA (Markov et al., 2020a) in two extended regions offset from the RLAGN host and other galaxies (Figure 54). The most reasonable hypothesis on the origin of this extended massive molecular gas structure is the hypothesis of the gas inflows/outflows, either due to cluster gas accretion or, most probably, driven by the jets, as is observed in filament-dominated central galaxies in the local Universe. The cold gas might have cooled either from the ICM due to its interaction with AGN jets, or from low-entropy hot gas that is uplifted by the AGN jets from the host galaxy to a large distance from the AGN host galaxy, where it can cool more efficiently. The molecular gas reservoir is expected to feed the star formation and the AGN jets of the RLAGN host galaxy in the cluster center.

Next, I estimated the molecular gas mass upper limits, and using the stellar mass estimates of S. Mei and Hα flux measurements of Noirot et al., (2018), I estimated the SFR, and other properties such as the gas fraction, SFR, sSFR, SFE, etc., of the CARLA J1103+3449 cluster member galaxies. I compared the properties of the CARLA J1103+3449 cluster galaxies with the values of cluster and field galaxies at intermediate redshifts from the literature, in order to answer the question on the impact of the environment on galaxy properties. I showed that the SFR of the central RLAGN host galaxy is consistent with the MS field galaxies at similar redshift, whereas other cluster members show on average lower SFR, which implies environmental effects on these satellite galaxies.

In order to probe the molecular gas content of the CARLA J1103+3449 cluster confirmed members with a better resolution, we need a follow-up program with the NOEMA interferometer. Furthermore, the following work might include a follow-up with NOEMA observations targeting higher CO rotational transitions, in order to trace warmer, denser and more disturbed molecular gas connected with different types of high-energy processes, such as star formation, different types of feedback, and cooling flows. Furthermore, follow-up observations using the X-ray telescopes is necessary to test the gas cooling hypothesis on the origin of the molecular gas (see e.g. [START_REF] Fabian | Cooling Flows in Clusters of Galaxies[END_REF]. Hα line emission follow-up is important for tracing the warm ionized and cold molecular gas at the core of the Hα nebulae, related to the cooling flows (e.g. [START_REF] Edge | The detection of molecular gas in the central galaxies of cooling flow clusters[END_REF].

Finally, I presented the preliminary results of the CO(2-1) detections in several sources of two other CARLA clusters at z ∼ 1.5 with ALMA (Appendix A).

These results imply that galaxy cluster cores are rich in cold molecular gas reservoirs, and that cluster galaxies are commonly star-forming at intermediate redshifts, which is in agreement with the reversal of the star formation-density relation at earlier cosmic epochs. I showed studies on individual clusters with a about a dozen confirmed member galaxies. Cold gas surveys of statistically large samples of cluster galaxies are necessary in order to fill in the many gaps in our knowledge on the molecular gas content of intermediate and high-redshift galaxies. This will be possible with significant improvements of the existing ground facilities such as NOEMA, ALMA, the next-generation VLA (ngVLA), etc., in the submm and radio wavelengths (more antennas, multi-beam receivers, etc.; see e.g. [START_REF] Walter | The evolution of the cosmic molecular gas density[END_REF].

A M O L E C U L A R G A S O F T W O C A R L A C L U S T E R S AT z ∼ 1 . 5 W I T H A L M A
I extend the study on molecular gas content of the CARLA cluster galaxies at intermediate redshifts, by analyzing the ALMA observations of a CO(2-1) rotational emission line in the CARLA J0116-211 cluster at z ∼ 1 . 4 2 and CARLA J1052-0806 cluster at z ∼ 1 . 6 5 (PI: A. Galametz). Both of these clusters are a part of the CARLA survey (Wylezalek et al., 2013) and the HST follow-up program by Noirot et al., (2018). Noirot et al., (2018) found 12 spectroscopically confirmed cluster members in the CARLA J0116-211 cluster, mostly located north of the RLAGN host galaxy, which suggests that the radio galaxy is not at the cluster center. Furthermore, they confirmed 6 cluster members in the CARLA J1052-0806 cluster, while most of the other member galaxies emit only in the continuum.

Data reduction was performed using the Common Astronomy Software Applications (CASA) software1 . This software contains tasks and tools used for data processing, mapping, and data analysis of radio telescopes such as ALMA, VLA, NOEMA, etc. The original data reduction was performed by one of our collaborators, and the reduced data contained noise in one of the channels. As part of this Thesis, I re-reduce the data by running a Python script in the CASA software.

Mapping and preliminary data analysis were performed mainly using a combination of the CASA and GILDAS software2 . First, I produce the preliminary continuum and continuum subtracted CO(2-1) line emission maps in order to check for any sources. The preliminary mapping and data analysis show multiple continuum and CO(2-1) line emission sources.

First, I detect two continuum sources at the positions of the two RLAGN (HST id 437 and 338 in the CARLA J0116-211 and J1052-0806 clusters, respectively) in the continuum emission maps. As discussed previously in Section 3.3.1, the origin of the continuum emission at the rest frequency of ν rest = 230.538 GHz is non-thermal synchrotron emission of the SMBH at the center of radio galaxies.

Next, I find a ∼ 4σ detection of a CO(2-1) emission with a broad line profile (FWHM ∼ 1100 km/s), close to the position of the RLAGN, but slightly south-west. This cluster was also observed by Emonts et al., (2014). They detected CO(1-0) emission line with a similar FWHM ∼ 1130 km/s and slightly offset from the radio galaxy in the same direction. On the other hand, we do not detect CO(2-1) line emission at the position of the RLAGN for the CARLA J1052-0806 cluster.

Finally, I run the uvcontsub script in order to derive the continuum subtracted calibrated data, and use these data to produce the CO(2-1) line emission map. Moreover, these data can be exported in GILDAS to produce the UV-tables, maps, and continue with further mapping and data analysis. The molecular gas of two carla clusters at z ∼ 1.5 with alma uvcontsub script fits the continuum emission by a simple model, e.g. a constant or linear model, removes the modeled continuum from the total emission and leaves the line emission. Therefore, following work should include modeling and subtracting the continuum emission in order to obtain the calibrated data containing the continuum-subtracted CO(2-1) line emission that can be exported to GILDAS and continue with further data analysis and estimating the molecular gas mass and other galaxy properties.

Early results of ALMA observations of the two CARLA clusters are quite promising, with a better resolution and SNR than the NOEMA observations from my previous work [START_REF] Markov | Massive molecular gas reservoir around the central AGN in the CARLA J1103+3449 cluster at z=1.44[END_REF]. Besides the ALMA observations of the CO(2-1) line emission, there are more multi-wavelength observations of the two CARLA clusters available in the literature, including the Spitzer observations from Wylezalek et al., 2013, HST imaging and spectroscopy from Noirot et al., (2018) and CO(1-0) emission from Emonts et al., (2014), that will allow building a complete picture on the stage of evolution of these cluster galaxies.

B F I T T I N G T H E S M F O F U LT R AV I S TA G A L A X I E S

We test the MCMC algorithm by fitting the SMF of UltraVISTA galaxies [START_REF] Mccracken | UltraVISTA: a new ultra-deep near-infrared survey in COSMOS[END_REF], derived by Ilbert et al., (2013). We use a single, a double and a double Schechter function with α 2 parameter fixed. Moreover, we convolve the Schechter by the Gaussian function with σ = 0.04(1 + z), and a product of the Gaussian and Lorentzian (G × L) function, defining the Gaussian function with σ = 0.5 and σ = 1.0) and the Lorentzian function with τ = 0.04(1 + z), following Ilbert et al., (2013).

We define the Schechter and the convolved Schechter function as our models, we minimize the likelihood, we run the MCMC, and obtain the best-fit parameters and errors of the Schechter model deconvolved by the product of the Gaussian (with σ = 0.5) and Lorentzian function (G × L) (Table 12). Our results are in agreement with the results of Ilbert et al., (2013) (Table 2 from their work).

We plot the SMF and the SMF fit of the full galaxy sample (Figure 66 and Figure 67), quiescent (Figure 68 and Figure 69) and star-forming galaxies (Figure 70 and Figure 71). We fit the SMF using before mentioned Schechter, convolved Schechter functions, and a deconvolved Schechter functions from Ilbert et al., (2013) for comparison.

We argue that for lower redshifts (∼ z < 2.5) the model from the work of Ilbert et al., (2013), convolved with the G × L, with σ = 0.5, best fits our model convolved with a Gaussian function, while for higher redshifts (∼ z > 2.5) best fits our model convolved with the G × L, with σ = 0.5. This is possibly due to a difference in the way we define z in the τ = 0.04(1 + z) function. While in Ilbert et al., (2013) they calculate the mean value of z for the galaxies inside a certain morphology and redshift bin (each Vmax file), we simply use a value within the given redshift range (for example z = 0.2 for the galaxies in the 0.2 < z < 0.5 range, z = 0.5 for 0.5 < z < 0.8, etc.). 

* [M ⊙ ] Φ * 1 [10 -3 Mpc -3 ] α 1 Φ * 2 [10 -3 Mpc -3 ] α 2
Full sample 0.2 -0.5 10.82 +0.10

Introduction

At redshifts z < 1.5 galaxy cluster cores are dominated by red, quenched, early-type galaxies, while blue, star-forming, latetype galaxies are mostly found in the field (e.g., Dressler 1980;Balogh et al. 1998Balogh et al. , 2004;;Postman et al. 2005;Mei et al. 2009;Rettura et al. 2011;Lemaux et al. 2012Lemaux et al. , 2019;;Wagner et al. 2015;Tomczak et al. 2019). At higher redshifts, the results are somewhat conflicting, as it also becomes more difficult to ⋆ The reduced images and datacubes are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/641/A22 define clusters of galaxies using measurements of their mass. Some results show that at z > 1.5 the star formation is already quenched in cluster cores (Kodama et al. 2007;Strazzullo et al. 2010;Papovich et al. 2010;Snyder et al. 2012;Grützbauch et al. 2012;Stanford et al. 2012;Zeimann et al. 2012;Gobat et al. 2013;Muzzin et al. 2013a;Newman et al. 2014;Mantz et al. 2014;Hayashi et al. 2017). Other observations show a reversal of the star formation-density relation and of ongoing star formation in cluster cores at z > 1.5, with a much more varied galaxy population compared to clusters at lower redshifts (Elbaz et al. 2007;Cooper et al. 2008;Tran et al. 2010;Brodwin et al. 2013 A&A 641, A22 (2020) Noirot et al. 2016Noirot et al. , 2018;;Cucciati et al. 2018;Martinache et al. 2018;Shimakawa et al. 2018a,b;Tadaki et al. 2019). A reversal of the star formation at z 1 is also predicted from hydrodynamical and semi-analytical simulations (Tonnesen & Cen 2014;Chiang et al. 2017). Other cluster cores at z 1.5 present equal percentages of quiescent and star-forming galaxies (Fassbender et al. 2011;Tadaki et al. 2012;Zeimann et al. 2012;Mei et al. 2012;Noirot et al. 2016). A large presence of star-forming galaxies in cluster cores at z ∼ 1.5-2 indicates that most of the star formation quenching observed at lower redshifts has not yet occurred, and that this is the key epoch of transformation of cluster galaxies from star forming to passive. At higher redshifts (z ∼ 3-4), protoclusters show high star formation and star-burst activity (Umehata et al. 2015;Lewis et al. 2018;Miller et al. 2018;[START_REF] Oteo | [END_REF]Kubo et al. 2019;Hill et al. 2020;Ivison et al. 2020;Long et al. 2020;Toshikawa et al. 2020).

Galaxy star formation is fueled by cold and dense molecular gas (McKee & Ostriker 2007;Kennicutt & Evans 2012;Krumholz 2014). Therefore, galaxies rich in cold molecular gas are mostly star forming (bluish, mostly late-type spiral and irregular galaxies). Once the molecular gas is heated or stripped through different mechanisms, the star formation is quenched, and galaxies stop forming new, young, blue stars, which explode relatively fast due to their short life cycle. These galaxies will slowly become dominated by long-lived red stars, and galaxies will evolve into red, mostly elliptical, quenched galaxies (Binney & Tremaine 1987;Kennicutt 1998;Kennicutt & Evans 2012). There are several possible processes that can be responsible for star formation quenching, and each plays a different role in cold molecular gas removal, at different epochs and with different timescales (Boselli & Gavazzi 2006). Quenching depends on both galaxy stellar mass and environment (Kauffmann et al. 2004;Baldry et al. 2006;Cucciati et al. 2010;Peng et al. 2010Peng et al. , 2012Peng et al. , 2014;;Scoville et al. 2013;Darvish et al. 2015Darvish et al. , 2016;;Paccagnella et al. 2019). More massive galaxy stellar populations are quenched at earlier epochs (Thomas et al. 2005;Ilbert et al. 2013;[START_REF] Muzzin | The Evolution of the Stellar Mass Functions of Star-forming and Quiescent Galaxies to z = 4 from the COSMOS/UltraV-ISTA Survey[END_REF]Tanaka et al. 2013;Guglielmo et al. 2015;Pacifici et al. 2016;Tomczak et al. 2016;Sklias et al. 2017;Davidzon et al. 2017;Morishita et al. 2019;Falkendal et al. 2019). Moreover, observations of galaxies of the same stellar mass at z < 1.5 show that the evolution from star forming to quiescent is more rapid for cluster galaxies than for their field counterparts (Raichoor et al. 2011;Muzzin et al. 2012;Papovich et al. 2012;Bassett et al. 2013;Shankar et al. 2013Shankar et al. , 2014;;Strazzullo et al. 2013;Scoville et al. 2013;Delaye et al. 2014;Guglielmo et al. 2015;Hatch et al. 2017;Tomczak et al. 2017;Foltz et al. 2018). This is due to additional environmental mechanisms, such as tidal stripping (Farouki & Shapiro 1981;Moore et al. 1999;Carleton et al. 2019), ram-pressure stripping (Abadi et al. 1999: McCarthy et al. 2008;Merluzzi et al. 2013;Jaffé et al. 2018), strangulation (Larson et al. 1980;Balogh & Morris 2000;Peng et al. 2012Peng et al. , 2015;;Maier et al. 2016), and galaxy merging in the first epochs of cluster formation (Hopkins et al. 2006a;Dubois et al. 2016).

In the literature, the fraction of cold gas available for star formation is quantified as f gas = M gas /(M * + M gas ), or as a gas-tostellar mass ratio M gas /M * . These quantities depend on redshift, galaxy stellar mass, and environment. Observations have shown that for galaxies at a given stellar mass, the gas fraction and gas-to-stellar mass ratio increase with redshift (Sargent et al. 2014;Genzel et al. 2015;Scoville et al. 2017;Silverman et al. 2018;Darvish et al. 2018;Tacconi et al. 2018). For galaxies at the same redshift, the gas fraction increases with decreasing stellar mass (Tacconi et al. 2013(Tacconi et al. , 2018;;Sargent et al. 2014;Lee et al. 2017). Finally, at z < 1.5, for galaxies of the same mass and at the same redshift, cluster galaxies show lower amounts of molecular gas and thus, lower gas fractions (Jablonka et al. 2013;Rudnick et al. 2017;Lee et al. 2017;Castignani et al. 2018;Hayashi et al. 2018). Some works have shown that at higher redshifts (z > 2), there is no difference in the gas fraction of cluster and field galaxies (Husband et al. 2016;Dannerbauer et al. 2017).

In order to assess the molecular gas mass, we can estimate the mass of the most dominant interstellar molecule -H 2 , which is also the star formation fuel. However, this molecule is practically invisible to observations due to its lack of a permanent dipole moment and the fact that its rotational dipole transitions require high temperatures, T > 100 K. In order to trace molecular hydrogen, rotational transitions of CO molecules are generally used for multiple reasons (Kennicutt & Evans 2012;Carilli & Walter 2013;Bolatto et al. 2013). The CO molecule has a weak permanent dipole moment and it is easily excited even inside cold molecular clouds due to its low energy rotational transitions (Kennicutt & Evans 2012;Bolatto et al. 2013). CO is also the second most abundant molecule after H 2 . CO rotational levels are excited by collisions with H 2 molecules. Finally, CO rotational transitions lie in a relatively transparent millimeter window (Solomon & Vanden Bout 2005;Kennicutt & Evans 2012). The main drawback of tracing molecular gas with CO line emission is that CO is a poor tracer of the so-called CO-dark molecular gas, which usually accounts for a significant fraction (∼30 to ∼100%) of the total molecular gas mass in galaxies (Grenier et al. 2005;Wolfire et al. 2010;Abdo et al. 2010;Planck Collaboration XIX 2011;Pineda et al. 2013;[START_REF] Bisbas | [END_REF]Hall et al. 2020). In this paper, we focus on the molecular gas that can be detected by CO emission and molecular gas upper limits that can be inferred from the CO emission, with the caveat that this might not trace all the molecular gas in the galaxies that we study.

Few galaxy clusters are confirmed at z 1.5. Current observations of the CO emission line in clusters at these epochs show that cluster galaxies still have cold gas to fuel their star formation. However, these results are not yet statistically significant, and some results point toward higher molecular gas content in cluster galaxies with respect to the field and others to lower (Casasola et al. 2013;Rudnick et al. 2017;Noble et al. 2017;Hayashi et al. 2018;Coogan et al. 2018;Castignani et al. 2018). Molecular gas has also been detected in two protoclusters at z ∼ 2.5 (Chapman et al. 2015;Wang et al. 2016b). Both protoclusters are dominated by star-forming (with a high starburst fraction), massive galaxies, with a substantial amount of molecular gas, and a small percentage of passive galaxies, which probably quenched after their accretion onto the cluster.

In this paper, we present IRAM (Institut de Radio Astronomie Millimetrique) NOEMA (NOrthern Extended Millimeter Array) observations of the core of a confirmed cluster from the CARLA (Clusters Around Radio-Loud AGNs; Wylezalek et al. 2013) survey at z = 1.44, CARLA J1103 + 3449 (Noirot et al. 2018). CARLA J1103 + 3449 was selected as one of the highest CARLA IRAC color-selected overdensities (∼6.5σ, from Wylezalek et al. 2014), and shows a ∼3.5σ overdensity of spectroscopically confirmed sources (our Fig. 2, and Table 4 from Noirot et al. 2018). We found a large molecular gas reservoir south of the central AGN, consistent with gas inflows and outflows. We measured galaxy star formation rates and other properties for confirmed cluster members. We compared our results with similar observations in clusters and in the field. Our observations, data reduction, and mapping are described in Sect. 2, the results are given in Sect. 3, the discussion is in Sect. 4, and finally, the summary of our results is given in Sect. 5. Throughout this paper, we adopt a ΛCDM cosmology, with of Ω M = 0.3, Ω Λ = 0.7, Ω k = 0, and h = 0.7, and assume a Chabrier initial mass function (IMF; Chabrier 2003).

Data

In this section, we describe the CARLA survey. Then, we present our observations and our available data.

CARLA survey

The CARLA survey (Wylezalek et al. 2013) is a substantial contribution to the field of high-redshift galaxy clusters at z > 1.5. CARLA is a 408h Warm Spitzer/IRAC survey of galaxy overdensities around 420 radio-loud AGN (RLAGN). The AGNs were selected across the full sky, approximately half radio loud quasars (RLQs) and half radio galaxies (HzRGs), and in the redshift range of 1.3 < z < 3.2. Wylezalek et al. (2013) identified galaxies at z > 1.3 around the AGNs in each field, using a color selection in IRAC channel 1 (λ = 3.6 µm; IRAC1, hereafter) and channel 2 (λ = 4.5 µm; IRAC2, hereafter). They found that 92% of the selected RLAGN reside in dense environments, with the majority (55%) of them being overdense at a >2σ level, and 10% of them at a >5σ level, with respect to the field surface density of sources in the Spitzer UKIRT Infrared Deep Sky Survey Ultra Deep Survey (SpUDS; Galametz et al. 2013), selected in the same way.

A Hubble Space Telescope Wide Field Camera 3 (HST/WFC3) follow-up of the twenty highest CARLA Spitzer overdensities (consisting of ten HzRGs and ten RLQs) spectroscopically confirmed sixteen of these at 1.4 < z < 2.8, and also discovered and spectroscopically confirmed seven serendipitous structures at 0.9 < z < 2.1 (Noirot et al. 2018). The structure members were confirmed as line emitters (in Hα, Hβ, [O II], and/or [O III], depending on the redshift) and have star formation estimates from the line fluxes (Noirot et al. 2018). The star formation of galaxies with a stellar mass 10 10 M ⊙ is below the star-forming main sequence (MS) of field galaxies at similar redshift, and star-forming galaxies are mostly found within the central regions (Noirot et al. 2018). This program also provided WFC3 imaging in the F140W filter (WFC3/F140W) from which we obtained point-spread-function (PSF)-matched photometric catalogs (Amodeo et al., in prep.), and galaxy visual morphologies (Mei et al., in prep.).

From their IRAC luminosity function, Wylezalek et al. (2014) showed that CARLA overdensity galaxies have probably quenched faster and earlier compared to field galaxies. Some of the CARLA northern overdensities were also observed in either deep z-band or deep i-band, with the Gemini Multi-Object Spectrographs (GMOS) at the Gemini telescope (hereafter Gemini/GMOS), ISAAC at the European Southern Observatory Very Large Telescope (VLT/ISAAC) and ACAM at the WHT (William Herschel Telescope) telescope (WHT/ACAM). This permitted us to estimate their galaxy star formation rate histories, and we deduced that, on average, the star formation of galaxies in these targets had been rapidly quenched, producing the observed colors and luminosities (Cooke et al. 2015).

Optical and near-infrared multi-wavelength observations

of CARLA J1103 + 3449 As a target of the Spitzer CARLA survey, CARLA J1103 + 3449 was observed with Spitzer IRAC1 and IRAC2 (Cycle 7 and 8 snapshot program; PI: D. Stern), for a total exposure of 800 s and 2000 s, respectively. The IRAC cameras have 256 × 256 InSb detector arrays with a pixel size of 1.22 arcsec and a field of view of 5.2 × 5.2 arcmin. Wylezalek et al. (2013) performed the data calibration and mapping with the MOPEX package (Makovoz & Khan 2005) and detected sources with SExtractor (Bertin & Arnouts 1996), using the IRAC-optimized SExtractor parameters from the work of Lacy et al. (2005). The final Spitzer IRAC1 and IRAC2 mosaic has a pixel size of 0.61 arcsec, after taking into account dithering and sub-pixelation.

The HST/WFC3 imaging and grism spectroscopy were obtained with a dedicated HST follow-up program (Program ID: 13 740; PI: D. Stern). We obtained F140W imaging (with a field of view of 2 × 2.3 arcmin 2 at a resolution of 0.06 arsec pix -1 , obtained after taking into account dithering), and G141 grism spectroscopy (with a throughput >10% in the wavelength range of 1.08 m < λ < 1.70 m and a spectral resolution of R = λ/∆λ = 130). This grism was chosen in order to permit the identification of strong emission lines at our target redshift, such as Hα, Hβ, [O II], and [O III]. Noirot et al. (2016Noirot et al. ( , 2018) ) performed the data reduction using the aXe (Kümmel et al. 2009) pipeline, by combining the individual exposures, and removing cosmic ray and sky signal. Noirot et al. (2018) performed the source detection with SExtractor (Bertin & Arnouts 1996) and extracted 2D spectra for each field, based on the positions and sizes of the sources. The redshifts and emission line fluxes were determined using the python version of mpfit and are published in Noirot et al. (2018).

CARLA J1103 + 3449 was followed-up with i-band imaging using WHT/ACAM (PI: N. Hatch; Cooke et al. 2015), and we obtained a PSF-matched photometric catalog in the WHT/ACAM i-band, WFC3/F140W (detection image), IRAC1, and IRAC2. The i-band, WFC3/F140W, and IRAC1 filters correspond to the UVJ rest-frame bandpasses at the redshift of CARLA J1103 + 3449. More details on the Spitzer IRAC, HST/WFC3, and WHT/ACAM observations, data reduction, and results can be found in Wylezalek et al. (2013Wylezalek et al. ( , 2014)), Noirot et al. (2016Noirot et al. ( , 2018)), and Cooke et al. (2015), respectively.

From a morphological (from the HST/F140W images) and photometric analysis of the central sources (Amodeo et al., in prep.; Mei et al., in prep.), the host galaxy of the AGN is an elliptical galaxy. The spiral galaxy close to the AGN is a spectroscopically confirmed member (Noirot et al. 2018), but is not detected as an independent galaxy in the IRAC images because of their poor spatial resolution. The bright central source south of the AGN is a star, with a spectral energy distribution consistent with a black body and not consistent with an early-type galaxy (ETG) spectrum.

Keck AGN spectrum observations

The redshift for the radio source B2 1100 + 35, associated with WISE J110326.19 + 344947.2 at the center of CARLA J1103 + 3449, was first reported in Eales et al. (1997) as z = 1.44, but with no spectrum presented. With no spectrum available from the Sloan Digital Sky Survey of the faint, red (g = 23.9 mag, i = 21.4 mag) optical counterpart to the radio source, we observed B2 1100 + 35 with the dual-beam Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) at the Keck Observatory on UT 10 March 2019. The night suffered strongly from variable, often thick cloud cover.

The data were obtained through the 1. ′′ 0 slit with the 5600 Å dichroic. The blue arm of the spectrograph used the 600 ℓ mm -1 grism (λ blaze = 400 Å; resolving power R ≡ λ/∆λ ∼ 1600 for A22, page 3 of 17 objects filling the slit), while the red arm used the 4000 ℓ mm -1 grating (λ blaze = 8500 Å; R ∼ 1300). Three 600 s exposures were attempted, though ultimately only one proved useful. We processed the spectrum using standard techniques, and flux calibrated the spectrum using observations of the standard stars Hilter 600 and HZ44 from Massey & Gronwall (1990) obtained the same night with the same instrument configuration. 

IRAM observations

For this work, we observe CARLA J1103 + 3449 with the IRAM/NOEMA (PI: A. Galametz, S. Mei), with eight antennas over a five-day period (28-30 Jul., 3-4 Aug. 2017), for a total exposure time of ∼29 h (including overheads). The weather conditions were within the average precipitable water vapor (PWV∼10-20 mm). The average system temperature was T sys ∼ 100-200 K, and reached maximum values of 300 K. The sources used as RF (receiver bandpass) calibrator, the flux calibrator, and amplitude/phase calibrators were the 3C84 radio galaxy, the LKHA101 radio star, and the 1128 + 385 quasar, except on the 30 Jul., when we used the quasars 3C273, 1128 + 385 (measured on the 28 Jul.) and 1156 + 295.

We targeted the CO(2-1) emission line at the rest-frame frequency ν rest = 230.538 GHz, which is redshifted to ν obs = 94.48 GHz at z = 1.44 (approximately the mean confirmed cluster member redshift from Noirot et al. 2018), observed in the NOEMA 3 mm band. We covered our target with three pointings to map the AGN and the central cluster region. The pointings were positioned so that we could cover as many IRAC colorselected members as possible (∼40) along with the seven (out of eight) HST/WFC3 spectroscopically confirmed members (green circles and a red star, for the AGN, in Fig. 2, based on Noirot et al. 2018). We chose the antenna configuration C to be able to separate cluster members in the cluster core. The beam size is 4.14 × 3.46 arcsec 2 , the PA = -171.01 • , and the velocity resolution is 50 km s -1 (smoothed to 100 km s -1 ; see below).

We performed the entire NOEMA data calibration by running the pipeline in the clic package of the IRAM/GILDAS software 1 . We flagged additional data, modified antenna positions, and calibrated the flux again. While the pointing and the focus were excellent, the amplitude, and phase were of average quality because of the weather conditions.

With the reduced data, we created a CO(2-1) continuum emission mosaic map, by using the mapping package of the GILDAS software (Fig. 3, left). The map was obtained by averaging the flux over a velocity range of 2450 km s -1 , excluding emission lines, with a background root mean square (rms) noise level of σ ∼ 0.2 mJy beam -1 . Then, we subtracted the continuum from the CO(2-1) emission in the uv-data set in order to obtain a clean, continuum-subtracted CO(2-1) map.

We calculated the rms noise level in the three pointing intersection regions of the CO(2-1) map (see Fig. 2). In this region, the original velocity resolution is 50 km s -1 and the rms noise level is σ ∼ 0.8 × mJy beam -1 . In order to improve the signalto-noise ratio (S/N), we smoothed the CO(2-1) map to a final velocity resolution of 100 km s -1 by averaging two consecutive channels, and obtained a rms noise level of σ ∼ 0.5 × mJy beam -1 after smoothing. We created the CO(2-1) intensity map by averaging the flux over a velocity range of 1200 km s -1 with the background rms noise level of σ ∼ 0.2 mJy beam -1 , and applied a primary beam correction (Fig. 3, right). On the mosaic edges, the rms noise level approximately doubles.

Results

In this section, we describe our results. First, we present the active galactic nucleus continuum emission. Then, we derive the . Zoom-in on the continuum emission map of the extended source in the cluster center. The continuum emission contours (white) run as 3σ, 6σ, 9σ, etc. up to 24σ. The radio emission contours at 4.71 GHz from the work of Best et al. (1999) are overlaid on the image (in blue). The brightest continuum emission peak and one of the radio peaks are both centered on the AGN. The continuum emissions visually correspond to the position of the radio jets, suggesting the same or a connected physical origin. North is up and east is to the left. molecular gas content in the cluster central region using CO(1-2) emission flux measurements.

Active galactic nucleus continuum emission

On the continuum emission map at the observed frequency of ν obs = 94.48 GHz, we detect an extended source in the cluster central region, with the brightest peak at the position of the AGN (>26σ, Fig. 4, white contours). Comparing the NOEMA continuum emission with radio observations at 4.71 GHz from Best et al. (1999) (Fig. 4, blue contours), the NOEMA continuum emission visually corresponds to the radio jets. Both the NOEMA extended continuum emission peak, and the central radio emission, correspond to the AGN position. We also detect significant (>6σ) continuum emission at the position of the tip of the eastern radio lobe (Fig. 4).

The position and the scale of this continuum emission detection follow the emission from the radio lobes, with the brighter and the fainter continuum components corresponding to the western and eastern radio lobe, respectively. This is consistent with the same or a connected physical origin of the two emissions. In fact, the AGN synchrotron emission dominates at both our NOEMA observed frequency (rest-frame ν ∼ 230 GHz/λ ∼ 1.3 mm), and in the radio observation frequency range (Bregman 1990;Haas et al. 1998;Hönig et al. 2008;Nyland et al. 2017;Ruffa et al. 2019). At both frequency ranges, the signal corresponds to the non-thermal synchrotron radiation emitted by the relativistic charged particles from the AGN jets (Gómez et al. 1995(Gómez et al. , 1997;;Mioduszewski et al. 1997;Aloy et al. 2000;Porth et al. 2011;Fuentes et al. 2018).

We measured the continuum within a region the size of the NOEMA beam centered on the AGN and the two lobes. We A22, page 5 of 17 V. Markov et al.: Massive molecular gas reservoir in cluster at z = 1.4 Table 2. Integrated flux measurements, the CO luminosity, and the gas mass from the integrated CO(2-1) line emission.

Peak

S CO ∆v L ′ CO M gas (Jy km s -1 ) (10 10 Kpc 2 km s -1 ) (10 10 M ⊙ ) Eastern 0.88 ± 0.14 2.4 ± 0.4 1.9 ± 0.3 Western 0.90 ± 0.14 2.4 ± 0.4 2.0 ± 0.3

Notes. Since we used the lower end of standard α CO values, we show lower limits to the molecular gas.

3.3.1. Upper limits on the molecular gas content of the confirmed cluster members

Besides the AGN, there are seven other spectroscopically confirmed CARLA J1103 + 3449 cluster members (Noirot et al. 2018), of which six are within the NOEMA beam, and three have stellar mass estimates (Fig. 2). Our NOEMA observations do not show CO(2-1) emission with S /N > 3 at the positions of the spectroscopically confirmed members. However, we can use the 3σ values of the flux rms noise level around the position of each confirmed cluster member to derive an upper limit on the velocity integrated flux S CO(2-1) ∆v = (3σ rms )∆v. As ∆v, we used an average ∆v = 300 km s -1 , following Saintonge et al. (2017). Since the velocity resolution of our CO(2-1) map has an uncertainty of σ ∆v = 100 km s -1 , the velocity range within 300 ± 3σ ∆v km s -1 includes most of the published ∆v for starforming cluster galaxies at these redshifts (e.g., Noble et al. 2017;Lee et al. 2017;Castignani et al. 2018;Hayashi et al. 2018). For the molecular gas measurement, we use the Galactic conversion factor α CO = 4.36 M ⊙ (K km s -1 pc 2 ) -1 , as typical for normal galaxies (Bolatto et al. 2013;Carilli & Walter 2013;Combes 2018). The estimated physical properties of the spectroscopically confirmed members are given in Table 3.

Star formation rates

We calculate galaxy star formation rates using the Hα emission line flux from Noirot et al. (2018). We then combine them with our measurements of the molecular gas mass from the CO(2-1) line emission, and the galaxy stellar masses from Mei et al. (in prep.), in order to estimate the galaxy gas fraction, and sSFR, and depletion time and SFE upper limits.

Galaxy stellar masses and gas fractions. Mei et al. (in prep.) describe the details of our stellar mass measurements. We measure our CARLA galaxy stellar masses by calibrating our PSF-matched Spitzer IRAC1 magnitudes (Amodeo et al., in prep.) with galaxy stellar masses from Santini et al. (2015) derived from the Guo et al. (2013) multiwavelength catalog in the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; PI: S. Faber, H. Ferguson;Koekemoer et al. 2011;Grogin et al. 2011) WIDE GOODS-S field.

The Spitzer IRAC1 magnitudes correspond to the rest-frame near infrared in the redshift range of the CARLA sample, and we expect them not to be biased by extinction. We find a very good correlation between these magnitudes and the Santini et al. (2015) mass measurements, with scatters of ∼0.12 dex at the redshift of the cluster studied in this paper. Adding in quadrature the scatter of the relation and uncertainties from Santini et al. (2015), we obtain mass uncertainties in the range ∼0.4-0.5 dex, and ∼0.2-0.3 dex for masses larger than log 10 M M ⊙ > 10.5.

Table 3 shows the stellar masses of the spectroscopically confirmed cluster members. The masses derived from this calibration are on average ∼0.5 dex smaller to those derived from stellar population models by Noirot et al. (2018), and the difference is larger at fainter magnitudes. This difference in mass estimates does not significantly change results from Noirot et al. (2018), in particular the conclusions from the SFR versus stellar mass analysis (Fig. 7 in Noirot et al. 2018). From our molecular gas mass upper limits, combined with our stellar masses, we compute the gas-to-stellar mass ratio as M gas /M * and the molecular gas fraction as f gas = M gas /(M gas + M * ). The results are shown in Table 3.

Star formation rates, specific star formation rates, depletion times and star formation efficiencies. We re-compute SFR Hα , using the Hα line fluxes from Noirot et al. (2018) and our stellar masses from Mei et al. (in prep.). The Kennicut law (Kennicutt 1998) shows a direct proportionality between SFR and Hα flux, SFR Hα [M ⊙ yr -1 ] = 5 × 10 -42 L Hα × 10 0.4×A Hα ,

(3)

where SFR Hα is the estimated SFR corrected for the contribution from the [NII] line and A Hα is the dust attenuation. We estimate A Hα using the Garn & Best (2010) empirical law (which used the Calzetti et al. 2000 

extinction law),

A Hα = 0.91 + 0.77M + 0.11M 2 -0.09M 3 ,

where M = log 10 M * 10 10 M ⊙ and M * is the stellar mass. The symbol L Hα represents the Hα luminosity in erg s -1 , and it is calculated from F Hα , the Hα flux given in erg cm -2 s -1 , which is computed as

F Hα = F Hα+[NII]λ6548,6584 1 1 + F [NII]λ6548,6584 F Hα , (5) 
where F Hα+[NII]λ6548,6584 is the total observed Hα flux plus the [NII]λ6548, 6584 flux. In fact, the WFC3/G141 grism resolution does not permit us to deblend the three lines (Noirot et al. 2018). To measure

F [NII]λ6548,6584
F Hα , we use the relation between this ratio and metallicity, and the fundamental relation between stellar mass, SFR, and metallicity. Following Curti et al. (2020) (Eqs. (2) and ( 5) and Table 6), we calculate the metallicity 12 + log(O/H), expressed as a function of stellar mass and SFR: Notes. The identification numbers in the column "id" are the same as in the catalog published by Noirot et al. (2018). The other columns show the velocity integrated CO(2-1) flux, luminosity, molecular gas mass, stellar mass, molecular gas-to-stellar mass ratio, and molecular gas fraction of the CARLA J1103 + 3449 spectroscopically confirmed cluster members in the cluster core. The spectroscopically confirmed members were not detected with NOEMA and we report their 3σ rms upper limits. Notes. The identification numbers in the column "id" are the same as in the catalog published by Noirot et al. (2018). The column SFR N18 Hα shows the SFR calculated in Noirot et al. (2018). The other columns show our measurements of attenuation, metallicity, SFR, sSFR, depletion time, and SFE for the confirmed members of the CARLA J1103 + 3449 cluster. In the case of the AGN (id 491), since we cannot separate the AGN and stellar contributions, we vary the stellar contribution to the total Hα+[NII] emission flux in the range 20-100%. The plus symbol (+) shows the cluster members for which we use the values of SFR reported in Noirot et al. (2018) to estimate depletion time and SFE.

12 + log(O/H) = Z 0 -γ/β × log       1 + M * M 0 (SFR) -β       , (6) 
Since to calculate SFR in Eq. ( 3) we need to know 4. For the AGN, we cannot separate the stellar contribution to the Hα+[NII] line emission from the AGN contribution (Tadhunter 2016). Since we know that the hosts of powerful AGNs present young stellar populations (e.g., Heckman & Kauffmann 2006), we consider that the stellar contribution to the total Hα+[NII] emission varies in the range of 20-100%. In Table 4, we compare our SFR measurements with those from Noirot et al. (2018), and we are consistent within 1.5-2σ. For some cluster galaxies we could not measure stellar masses, because they are not detected in the IRAC images, and we cannot re-compute the SFR. Hereafter, we will use our SFR measurements when we could derive them, and Noirot et al. (2018) SFR measurements for the other galaxies. Combining our measured SFR with the stellar masses from Mei et al. (in prep.), we compute the specific star formation rate sSFR = SFR Hα M * , the depletion time τ dep = M gas SFR Hα , and the star formation efficiency SFE = SFR Hα M gas . Our results are shown in Table 4.

Discussion

In this section, we discuss our results. We focus on understanding the origin of the molecular gas in the cluster central region and on the physical properties and scaling relations of the confirmed cluster members.

4.1. Origin of the molecular gas in the cluster core

In the core of the cluster, we observe two CO(2-1) emission peaks that correspond to a region spatially offset from the center of the AGN continuum emission and that does not correspond to any galaxy detected in our HST or Spitzer images. Radio observations of the CARLA J1103 + 3449 cluster from the work of Best et al. (1999) reveal two radio lobes, which are roughly in the same directions (east and west) as our CO(2-1) molecular gas A22, page 10 of 17 components and our data extended continuum emission (Figs. 4,7,and 8). The two radio lobes are asymmetrical, the western being more compact, while the eastern is more diffuse. The asymmetry of their widths may be due to their expansion in an ICM (intracluster medium) with a density gradient, in which the more diffuse lobe, the western lobe, would be expanding in a less dense environment (e.g., Seymour et al. 2020). Both CO(2-1) emission peaks are blueshifted compared to the NOEMA observation central velocity of 0 km s -1 (which corresponds to the cluster redshift of z = 1.44) and to the AGN redshift, and their spatial position is close to, but south of the AGN and the radio lobes.

Undetected galaxies

To exclude the hypothesis that the two CO(2-1) line emission components might originate from two or more galaxies that are not detected at the detection limit of our optical or near infrared images, we measure their hypothetical properties by making reasonable assumptions. Since our HST/WFC3 F140W images have a depth similar to the CANDELS WIDE survey, we use the CANDELS/WIDE survey mass limit M * = 5 × 10 9 M ⊙ (Grogin et al. 2011; similar to our Spitzer mass limit) as an upper limit to the stellar mass of each of these two hypothetical galaxies.

Assuming the 3σ Hα emission line flux limit of F Hα = 2.1 × 10 -17 erg cm -2 s -1 for the HST/WFC3 G141 grism spectra (Momcheva et al. 2016;Noirot et al. 2018) as an upper limit of the undetected Hα flux, and using the upper limit of the stellar mass, we estimate an upper limit to the SFR of the two emission peak components as SFR Hα < 2 M ⊙ yr -1 , using the same system of equations in Sect. 3.3.2 and the cluster redshift 2 . We then estimate lower limits to the molecular gas-to-stellar mass ratios and gas fractions that correspond to the eastern 2 We assume that these hypothetical galaxies are at the cluster redshift because it would be very improbable to have two galaxies at another redshift so close to the cluster center and with spectral peaks so close to the cluster redshift. and western peak emission. We obtain molecular gas masses of M blue gas = 10 ± 3 × 10 10 M ⊙ , and M red gas = 11 ± 3 × 10 10 M ⊙ . We use the Galactic conversion factor because it is very improbable that these hypothetical galaxies are star-burst galaxies since they are not detected in our HST/WFC3 G141 grism observations. They could be only if the attenuation has an anomalously high values, of A Hα > 5. Those gas masses lead to estimated gas fraction lower limits of f gas 95%, and a lower limit on the depletion times of τ dep 55 Gyr. This is much longer than the depletion times observed for standard star-forming galaxies up to z ∼ 4, which are closer to ∼1-3 Gyr (e.g., Tacconi et al. 2013Tacconi et al. , 2018)). The probability that the line that we are observing is not CO(2-1) is very small, given that it is very close to the CO(2-1) emission expected at the cluster redshift.

Some massive galaxies at z > 2 can be detected in millimeter wavelengths but not in the HST optical and near-infrared bands (e.g., Franco et al. 2018). However, these galaxies are rare (0.1 galaxy arcmin -2 ), massive, and usually detected with Spitzer/IRAC. Given the number densities of high redshift galaxies (e.g., Davidzon et al. 2018;Franco et al. 2018), having two galaxies of this kind so spatially close is possible but very improbable. These results mean that these two hypothetical galaxies would be unusually gas rich, with low SFR (or anomalously high attenuation), high gas fractions, and very long depletion times, independent of the conversion factor that we use. It is then very unlikely that our signal is due to undetected galaxies.

Extended emission

Excluding the hypothesis that the two CO(2-1) emission lines are due to undetected galaxies, they might trace molecular gas originating from an extended disk or torus, or emission components of molecular gas outflows or inflows associated with the AGN and its two radio jet lobes. We find no evidence to support the hypothesis of CO emission from an extended (up to tens of kiloparsecs) rotating disk or torus of molecular gas around the AGN. In fact, the CO(2-1) eastern and western peak emissions are not spatially located at the AGN position, they are located southeast and southwest of the AGN and the radio jets. The total molecular gas mass in the southern structures around the AGN is 60% of the total molecular gas, from M tot gas = 3.9 ± 0.4 × 10 10 M ⊙ , and the upper limit on the AGN molecular gas mass (<3 × 10 10 M ⊙ ; Sect. 3.2; Table 3).

In the local Universe, both disk-dominated and filamentdominated central cluster galaxies have been observed with the Atacama Large Millimeter/submillimeter Array (ALMA; Russell et al. 2019;Olivares et al. 2019). In the first type, most of the molecular gas is concentrated in a disk around the central galaxy, while in the second type the molecular gas is mostly (>70%) in filaments around the central galaxy (the most known example being the Perseus cluster; Salomé et al. 2006). The filaments typically extend from a few kiloparsecs in length up to 10-20 kpc, and the molecular gas emission is offset with respect to the central AGN by projected distances of a few kiloparsecs. For the central galaxy of the cluster A1795, some molecular gas clumps are associated with the lobes of the radio jets. In filament-dominated galaxies, the filaments trace radio bubbles, and are associated with both gas outflow and inflow.

The molecular gas that we detect south of our central AGN also dominates the cluster central molecular gas reservoir and our observations are consistent with the filament-dominated A22, page 11 of 17 A&A 641, A22 (2020) times for the other spectroscopically confirmed cluster members. Our spectroscopically confirmed cluster member SFR is at ∼2σ below the field star-forming MS (Fig. 10), consistent with results from Noirot et al. (2018), who concluded that star-forming galaxies with stellar mass >10 10 M ⊙ in the CARLA HST cluster sample have a lower SFR than field galaxies at a similar redshift, and of similar stellar mass. We find that the molecular gas mass upper limits are in the range of average values for field galaxies at similar redshifts and of similar stellar mass, and we cannot make conclusions on environmental effects apart from the fact that our cluster galaxies do not show evidence for larger gas reservoir than field galaxies with similar stellar mass. 

  VladanMarkov et al. (2020a). "Massive molecular gas reservoir around the central AGN in the CARLA J1103 + 3449 cluster at z = 1.44." In: A&A 641, A22, A22. doi: 10 . 1051 / 0004 -6361 / 202038673. arXiv: 2007 . 03706 [astro-ph.GA] (A& A, 641, 17) articles in preparation
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Figure 3 :

 3 Figure 3: The Hubble sequence tuning fork from Abraham, (1998).

Figure 6 :

 6 Figure 6: Illustration of different phases of galaxy evolution through a wet major merger.Credit: Hopkins et al., (2008).

Figure 8 :

 8 Figure 8: Rise and fall of the SFRD (top panel; credit: Madau and Dickinson, 2014) and molecular gas density (bottom panel; credit: Walter et al., 2019) with redshift.

Figure 9 :

 9 Figure 9: Galaxy SMF (blue solid line) and halo mass function (dashed red line). The SNe and AGN feedback affect the low-mass and high-mass end of the SMF. Credit: Mutch, Croton, and Poole, 2013.

Figure 11 :

 11 Figure 11: Example of the observable absolute magnitude-redshift (Mz) plane for irregular (crosses) and early-type galaxies (open circles), from the work of Ilbert et al., (2004).

Figure 12 :

 12 Figure 12: Examples of the global LF and recovered LF from the work of Ilbert et al., (2004), using the 1/Vmax, (circles), C + (squares), STY (dashed line) and SWML method (triangles) in the UV-FOCA [2000Å] (top panel set) and the B-HST [4500Å] (bottom panel set). LFs are derived on simulations with 3 SED templates (left panels), 72 SED templates (middle panels) and the HDF North and South surveys (right panels). The global LF corresponds to the sum of all the three input LFs (solid line). Three LFs corresponding to three input SEDs for three galaxy types: irregular, spiral and elliptical galaxies, are represented as dotted lines, from the steepest to the shallowest slope, respectively (left panels).Redshift intervals and number of galaxies are given at the top left of each panel.

Figure 13 :

 13 Figure 13: The input (green) and output (yellow) information of the galaxy luminosity and stellar mass function code.

Figure 14 :

 14 Figure 14: Top: HST UDF color image with galaxies brighter than 24.5 magnitude (black circles), and fainter neighboring galaxies (cyan cross, green circle or red square). Bottom: Expected Euclid VIS image. Figures are from the work of Euclid Collaboration et al., (2019).

Figure 15 :

 15 Figure 15: Euclid Flagship mock galaxy catalog: Slice of the light-cone simulation of mock galaxies in the Euclid survey. Top: The entire mock galaxy sample of galaxies. Middle and bottom: The sub-samples expected to be observed with the VIS and NISP-Hα channels, respectively. Figure is from the work of Carretero et al., (2017).

Figure 16 :

 16 Figure 16: Top: The COSMOS field with the observations of the COSMOS2015 catalog. The background image is from the YKHK s z ++ bands. The areas covered by observations are: 2 deg 2 COSMOS field (dark blue), the UltraVISTA-DR2 (orange), and the UltraVISTA-DR2 deep stripes (light green), HST/ACS data (blue) and the Subaru/HSC. Bottom: Transmission curves of the photometric bands. Figures are from the work of[START_REF] Laigle | The COSMOS2015 Catalog: Exploring the 1 < z < 6 Universe with Half a Million Galaxies[END_REF].

Figure 17 :

 17 Figure 17: Evolution of the SMF of the full sample of galaxies in the 0.2 z < 5.5 range (top), and active (middle) and passive (bottom) galaxies in the 0.2 z < 4 range. Filled circles are 1/Vmax estimates and shaded areas are the best Schechter fits with 1σ dispersion. Figures are from the work of Davidzon et al., (2017).

  58)where a and b are the unknown parameters that I give some random values, e.g. a = -0.9594 and b = 4.294. I generate the data by using Equation58and computing the y = f(x) over a range of x ∈ [0, 1000] values. Next, I generate the noise δy by adding a random Gaussian scattering around the (x i , y i ) points. I define the prior function by setting a range of values around the true values of parameters, -3 < a < 2 and -10 < b < 10. Next, I define the likelihood function using the Equation 58 as the model. Thus, the χ 2 of the likelihood function is:

  scipy.optimize.minimize function. I give some initial values of parameters close to their real values. Since the parameter values are already known, I simply give them their true values. The function returns the best-fit parameter values: a = -0.95916397 and b = 4.08880422, which are close to their true values. Note that using this minimization function is optional and we can simply put some initial values ourselves. Next, I scatter the maximum likelihood results in order to obtain random starting values close to the true parameter values for each walker. I set the number of parallel walkers, the number of steps and the burning as n chain = 50, l chain = 10000, n burn = 1000. Since I have a simple linear model with a small number of unknown parameters, I do not need a large number of walkers, and steps for the walkers to converge.I set up the sampler and run the MCMC. I discard the first 10% of the steps, i.e. the burning. Finally, I obtain the posterior distribution with best-fit parameters and their 1σ uncertainties (Figure20, top panel). I plot the real linear function with the known values of the parameters set beforehand, the generated scattered data around this function, and the best-fit model to this data for comparison (Figure20, bottom panel).

  (Figure 34, Figure 35, Figure 36, dashed-dotted black, solid black and dashed gray lines).

  , a double Schechter model[START_REF] Pozzetti | zCOSMOS -10k-bright spectroscopic sample. The bimodality in the galaxy stellar mass function: exploring its evolution with redshift[END_REF] and a double Schechter model with the α 2 parameter fixed(Ilbert et al., 2013). Moreover, in order to take into account the Eddington bias, I convolve the Schechter function by the stellar mass uncertainties, following the work of Ilbert et al., (2013) (Figure 26, Figure 27, Figure 28, Figure 29, right panels). I use the scipy.optimize.minimize function and the maximum likelihood method in order to fit the SMF with a chosen model and obtain the best-fit parameters of the model (Table

Figure 39 :

 39 Figure 39: HST/WFC3 F140W image of the central region of the cluster. North is up andEast is to the left. The blue square marks the position of the RLAGN. The object south of the RLAGN is a star (magenta star). The green squares are the positions of IRAC color-selected galaxies in the cluster central region.

  presents the processed spectrum. Multiple redshifted emission lines are detected, including broadened CIV (λ = 1549 Å), narrow CIII] (λ = 1909 Å), narrow [NeV (λ = 3426 Å), and strong, narrow [OII] (λ = 3727 Å). Based on the latter feature, D. Stern reports a redshift of z = 1.4427 ± 0.0005, where the uncertainty reflects both statistical uncertainties in the line fitting, as well as an estimate of systematic uncertainties in the wavelength calibration, and a comparison with other well-detected emission lines in this source. This measurement is consistent with the Noirot et al., (2018) AGN redshift measurement of z = 1.444 ± 0.006, from the HST/WFC3 grism observations.

Figure 40 :

 40 Figure 40: The Keck/LRIS spectrum of B2 1100+35, the radio galaxy at the center of CARLA J1103+3449. Since the night was not photometric, the y-axis only provides relative flux calibration.

Figure 41 :

 41 Figure 41: HST/WFC3 F140W image of the central region of the CARLA J1103+3449cluster. The distribution of spectroscopically confirmed members (green circles) with the central RLAGN (red star) are taken fromNoirot et al., (2018). The shaded area indicates the NOEMA mosaic map area.

Figure 42 :

 42 Figure 42: Continuum emission map at ν obs ∼ 94.48 GHz of the CARLA J1103+3449 cluster. The map was obtained by averaging the flux over a velocity range of 2450 km s -1 , outside of the emission lines, the rms noise level is σ ∼ 0.18 mJy beam -1 . The contours run as 3σ, 6σ, 9σ, etc. up to 24σ. The color scale of the intensity maps is in Jy beam -1 .

Figure 43 :

 43 Figure 43: Continuum subtracted CO(2-1) line emission mosaic map of the CARLA J1103+3449 cluster, which shows an extended source in the cluster center. The map was obtained by averaging the flux over a velocity range of 1200 km s -1 , covering both emission lines, and has a rms noise level of σ ∼ 0.28 mJy beam -1 . The continuous lines show positive σ contours and the dotted lines show negative σ. The contours run as 1σ, 2σ and 3σ. The cross marks the center of the mosaic. The color scale of the intensity maps is in Jy beam -1 .

Figure 44 :

 44 Figure 44: Noise map of the continuum subtracted CO(2-1) line emission of the CARLA J1103+3449 cluster. The contours run as 1σ and 2σ, where σ ∼ 0.7 mJy beam -1 is the rms noise level of our data. The cross marks the center of the mosaic. The color scale of the intensity maps is in Jy beam -1 .

Figure 49 :

 49 Figure 49: A zoom-in on the CO(2-1) line emission, continuum-subtracted mosaic map on the extended source in the cluster center. The black cross marks the center of observations. The beam size (4.14 × 3.45 arcsec) is plotted at the lower left.The color scale of the intensity map is in Jy beam -1 . The rms noise level is of σ ∼ 0.28 mJy beam -1 . The contours correspond to the 1σ, 2σ and 3σ levels.

Figure 52 :

 52 Figure 52: CO(2-1) line emission intensity map of the central cluster region with NOEMA (left panel) created by selecting the channel ranges that include only the blue emission component (right panel). The contour levels are 1σ and 2σ.

Figure 53 :

 53 Figure 53: CO(2-1) line emission intensity map of the central cluster region with NOEMA (left panel) created by selecting the channel ranges that include only the red emission component (right panel). The contour levels are 1σ, 2σ, 3σ and 4σ.

Figure 54 :

 54 Figure 54: HST/WFC3 F140W image of the central region of the cluster, with the contours of CO(2-1) emission of the blue and red emission peaks (shown as contours of their respective colors), and the radio emission at 4.71 GHz (yellow) from the work of Best et al., (1999). North is up and East is to the left. The central peak of the radio emission corresponds to the position of the RLAGN (blue square). The object south of the RLAGN is a star (magenta star). The green squares are the positions of IRAC color-selected galaxies in the cluster central region. The contours are derived by averaging the CO(2-1) emission across the velocities marked by their corresponding color on the CO(2-1) emission line spectra (top left and right insets). The contour levels of the blue and the red emission peaks are 1 -2σ and 1 -4σ, respectively. The red emission peak is close to, but not centered on, the RLAGN. The blue emission peak does not correspond to any galaxy detected on the HST and Spitzer images. The beam size (4.14 × 3.45 arcsec) is plotted at the lower left.

Figure 56 :

 56 Figure 56: CO(2-1) line emission intensity map of the central cluster region with NOEMA (left panels) with contours from the velocity range of the red emission component (right panels). The contour levels are 2σ, 2.5σ, 3σ, 3.5σ and 4σ. The yellow contours represent the radio emission from Best et al., (1999). The CO(2-1) emission is mapped by selecting the channel ranges that include the entire red emission (top right), channels 22-25 (middle right), and channel 26 (bottom right). The positions of the RLAGN, the companion spiral galaxy and other IRAC color-selected galaxies are shown as the blue, red and green squares. The NOEMA effective resolution (∼ 2 arcsec) is shown as a cyan circle.

Figure 57 :

 57 Figure 57: CO(2-1) line emission intensity map of the central cluster region with NOEMA (left panel), created by selecting the channel ranges that include only the signal around the RLAGN redshift (right panel). The contour levels are 1σ and 2σ.

Figure 58 :

 58 Figure 58: CO(2-1) line emission contours from the blue, red and RLAGN-z emission components overlaid on the HST/F140W image. The object south of the RLAGN (blue square) is a star (magenta star).The green squares are the cluster IRAC color-selected galaxies fromWylezalek et al., (2013).

Figure 59 :

 59 Figure 59: The Gaussian fit of the CO(2-1) line emission integrated spectrum around the RLAGN redshift.

Figure 60 :

 60 Figure 60: CO(2-1) line emission intensity map of the central cluster region with NOEMA averaged over 300 km s -1 , created by selecting the channel ranges between -150 km s -1 < v < +150 km s -1 . The blue line marks the region in the cluster core used for measuring the σ rms for the RLAGN and the companion spiral galaxy. The color scale is in Jy beam -1 . The contour levels are 1σ, 2σ, 3σ.

Figure 61 :

 61 Figure 61: CO(2-1) line emission mosaic map of the CARLA J1103+3449 cluster, obtained by averaging the flux over a velocity range of 1200km s -1 . The green squares are the spectroscopically confirmed cluster members from Noirot et al., (2018), excluding the RLAGN.

  72) where Z 0 = 8.779 ± 0.005, log(M 0 (SFR)) = m 0 + m 1 × log(SFR), m 0 = 10.11 ± 0.03, m 1 = 0.56 ± 0.01, γ = 0.31 ± 0.01, and β = 2.1 ± 0.4. Curti et al., (2020) also provide a new calibration for the relation between metal-+ log(O/H) -8.69, c 0 = -0.489, c 1 = 1.513, c 2 = -2.554, c 3 = -5.293, and c 4 = -2.867. Assuming a constant ratio [NII] λ6584 :[NII] λ6548 of 3:1 (Osterbrock and Ferland, 2006), I derive [NII]λ6548,6584

  Within the Euclid collaboration (S. Mei, M. Bolzonella, E. Zucca, O. Ilbert, I. Davidzon, G. Zamorani, L.Tresse, L. Pozzetti, G. Girelli and myself), I participated in developing a Python pipeline for deriving the SMF of cluster galaxies, using the 1/Vmax estimator (Figure 26, Figure 27, Figure 28, Figure 29, left panels

  molecular gas in the carla j1103+3449 cluster While working on this Thesis project, I was a part of an international team of scientists, including S.Mei, P. Salomé, F. Combes, D. Stern, A. Galametz, C. De Breuck, D. Wylezalek, S. Amodeo, E. A. Cooke, A. H. Gonzalez, A. Hatch, G. Noirot, A. Rettura, N. Seymour, S. A. Stanford, J. Vernet and myself. As part of this PhD Thesis, I participated in data reduction, imaging and analysis of the NOEMA observations of the CARLA J1103+3449 cluster at z ∼ 1.44.

  et al.: Massive molecular gas reservoir in cluster at z = 1.4

Fig. 1 .

 1 Fig. 1. Keck/LRIS spectrum of B2 1100 + 35, the radio galaxy at the center of CARLA J1103 + 3449. Since the night was not photometric, the y-axis only provides relative flux calibration.

  Figure 1 presents the processed spectrum. Multiple redshifted emission lines are detected, including broadened C IV λ1549 Å, narrow C III] λ1909 Å, narrow [Ne V] λ3426 Å, and strong, narrow [O II] λ3727 Å. Based on the latter feature, we report a redshift of z = 1.4427 ± 0.0005, where the uncertainty reflects both statistical uncertainties in the line fitting, as well as an estimate of systematic uncertainties in the wavelength calibration, and a comparison with other well-detected emission lines in this source. This measurement is consistent with the Noirot et al. (2018) AGN redshift measurement of z = 1.444 ± 0.006, from the HST/WFC3 grism observations (see above).

Fig. 2 .

 2 Fig. 2. Distribution of spectroscopically confirmed members of CARLA J1103 + 3449 (green circles) with the central AGN (red star) (Noirot et al. 2018). The background images are the two orientation HST/WFC3 F140W frames. The shaded area indicates the NOEMA mosaic map area.

Fig. 3 .

 3 Fig.3. Left: continuum emission map of the CARLA J1103 + 3449 cluster at 94.48 GHz. The map was obtained by averaging the flux over a velocity range of 2450 km s -1 , outside of the emission lines. The rms noise level is σ ∼ 0.2 mJy beam -1 in the central pointing intersection region, and the contours show the 3σ, 6σ, 9σ, etc. levels up to 24σ. Right: continuum subtracted CO(2-1) line emission mosaic map. The color wedge of the intensity maps is in Jy beam -1 . The map was obtained by averaging the flux over a velocity range of 1200 km s -1 , and has an average rms noise level of σ ∼ 0.2 mJy beam -1 in the central pointing intersection region. The continuous lines show positive σ contours and the dotted lines show negative σ contours. The contours show the 1σ, 2σ, and 3σ levels. The cross marks the phase center of the mosaic. The noise approximately doubles toward the map edges because of the primary beam correction. Both maps show an extended source in the cluster center.

Fig. 4

 4 Fig.4. Zoom-in on the continuum emission map of the extended source in the cluster center. The continuum emission contours (white) run as 3σ, 6σ, 9σ, etc. up to 24σ. The radio emission contours at 4.71 GHz from the work ofBest et al. (1999) are overlaid on the image (in blue). The brightest continuum emission peak and one of the radio peaks are both centered on the AGN. The continuum emissions visually correspond to the position of the radio jets, suggesting the same or a connected physical origin. North is up and east is to the left.

where Z 0

 0 = 8.779 ± 0.005, log(M 0 (SFR)) = m 0 + m 1 × log(SFR), m 0 = 10.11 ± 0.03, m 1 = 0.56 ± 0.01, γ = 0.31 ± 0.01, and β = 2.1 ± 0.4. Curti et al. (2020) also provide a new calibration for the relation between metallicity and F [NII] λ6584

F

  where x = 12 + log(O/H) -8.69, c 0 = -0.489, c 1 = 1.513, c 2 = -2.554, c 3 = -5.293, and c 4 = -2.867. Assuming a constant ratio F [NII] λ6584 :F [NII] λ6548 of 3:1(Osterbrock & Ferland 2006), we derive

F

  we need to know the SFR, we follow Zeimann et al. (2013) and start with an initial value of F [NII]λ6548,6584 F Hα = 0.2 and iterate Eqs. (3)-(7) until convergence. Our results are shown in Table

Fig. 8 .

 8 Fig.8. HST/WFC3 F140W image of the central region of the cluster, with the contours of CO(2-1) emission of the eastern (1-2σ) and western (1-4σ) emission peaks (shown as blue and red contours, respectively), and the continuum emission at 94.5 GHz (white contours; 3-24σ). The central blue square and the pink star with four spikes show the position of the AGN and of the star, respectively. The green squares are the positions of IRAC color-selected galaxies in the cluster's central region. North is up and east is to the left.

Fig

  Fig. A.3. Left: CO(2-1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include only the western emission peak (on the right). The spectra are binned in channels of 100 km s -1 . The contour levels are 1σ, 2σ, 3σ, and 4σ.
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	I N T R O D U C T I O N	1
	Λcdm cosmological model	
	xxi	

Table 1 :

 1 Stellar mass completeness limits M

	complete * from Davidzon et al., (2017), for a full sample, star-forming and quiescent complete from this work and M * ,D17
	galaxies		
	z-bin	log(M complete *	) log(M complete * ,D17 )
		Full sample
	0.2 -0.5	7.58	7.53
	0.5 -0.8	8.22	8.40
	0.8 -1.1	8.58	8.79
	1.1 -1.5	8.83	8.75
	1.5 -2.0	9.09	8.95
	2.0 -2.5	9.40	9.22
		Star-forming sample
	0.2 -0.5	7.55	7.51
	0.5 -0.8	8.22	8.31
	0.8 -1.1	8.58	8.63
	1.1 -1.5	8.83	8.64
	1.5 -2.0	9.09	8.91
	2.0 -2.5	9.40	9.21
		Quiescent sample
	0.2 -0.5	8.02	8.00
	0.5 -0.8	8.65	8.64
	0.8 -1.1	9.00	9.03
	1.1 -1.5	9.19	9.01
	1.5 -2.0	9.57	9.23
	2.0 -2.5	9.81	9.47

Table 2 :

 2 Best-fit parameters of a Schechter function deconvolved by the stellar mass uncertainties for a COSMOS2015 full galaxy sample, star-forming and quiescent galaxies. The parameters are derived using the optimize.minimize function and the Euclid pipeline.

	z-bin	logM

  is mostly < 3σ (Figure35, and Figure36, respectively), probably since the two populations are not entirely the same, due to a different selection method used to split the full sample into star-forming and quiescent subsamples.The characteristic stellar mass parameter log(M

* ) is roughly constant ∆log(M * ) ∼ 0.15 ± 0.11 dex for the full sample (Figure

34

, top panel; see

[START_REF] Muzzin | The Evolution of the Stellar Mass Functions of Star-forming and Quiescent Galaxies to z = 4 from the COSMOS/UltraV-ISTA Survey[END_REF][START_REF] Tomczak | Galaxy Stellar Mass Functions from ZFOURGE/-CANDELS: An Excess of Low-mass Galaxies since z = 2 and the Rapid Buildup of Quiescent Galaxies[END_REF][START_REF] Mortlock | Deconstructing the galaxy stellar mass function with UKIDSS and CANDELS: the impact of colour, structure and environment[END_REF]Davidzon et al., 2017) 

and ∆log(M * ) ∼ 0.03 ± 0.23 dex for star-forming galaxies (Figure

35

, top panel; see

Peng et al., 2010; 

Table 4 :

 4 Continuum flux measurements from our work at 94.5 GHz, and those fromBest et al., (1999) at 4.71 GHz and 8.21 GHz. α is the spectral index measured over this wavelength range, and α B99 are the spectral indexes fromBest et al., (1999).

	Component RA (J2000) DEC (J2000) F 4.71 GHz F 8.21 GHz F 94.5 GHz α B99	α
		(h:m:s)	(d:m:s)	(mJy)	(mJy)	(mJy)		
	total core west east+jet east	/ 11:03:26.26 11:03:25.83 11:03:26.77 11:03:26:89	/ +34:49:47.2 +34:49:45.9 +34:49:47.7 +34:49:47.8	96.6 6.8 57.0 32.8 21.7	55.7 6.9 29.1 19.7 12.7	6.5 ± 0.3 4.6 ± 0.2 0.8 ± 0.2 1.1 ± 0.2 /	/ -0.04 0.14 ± 0.03 0.94 ± 0.01 1.21 1.43 ± 0.04 / 1.15 ± 0.04 0.96 /
	jet	11:03:26.64	+34:49:48.2	11.1	7.0	/	0.82	/

Table 5 :

 5 Velocity V sys , velocity dispersion FWHM and the velocity integrated CO(2-1) flux S CO ∆v of two CO(2-1) components estimated from the Gaussian fits to the CO(2-1) line emission. peak V sys [km s -1 ] FWHM [km s -1 ] S CO ∆v[Jy km s -1 ]

	blue red both -334 ± 116 -623. ± 30 -116 ± 40	179 ± 71 346 ± 87 1043 ± 192	0.56 ± 0.19 0.90 ± 0.21 1.71 ± 0.35

  Mei measured galaxy stellar masses of the CARLA confirmed members by calibrating the psf-matched Spitzer/IRAC1 magnitudes with galaxy stellar masses from Santini et al., (2015) derived from the Guo et al., (2013) multi-wavelength catalog in the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; PI: S. Faber, H. Ferguson; Koekemoer et al., 2011; Grogin et al., 2011) WIDE GOODS-S field.

Table 7 :

 7 Velocity integrated CO(2-1) flux S CO ∆v, luminosity L ′ CO and molecular gas mass M gas of the CARLA J1103+3449 spectroscopically confirmed cluster members. None of the spectroscopically confirmed members were detected with NOEMA and I report their 3σ rms upper limits. id * S CO ∆v[Jy km s -1 ] L ′ CO [10 9 K pc 2 km s -1 ] M gas [10 10 M ⊙ ]

	491 * *	< 0.27	< 7.2	< 3.1	
	490	< 0.27	< 7.2	< 3.1	
	320	< 0.35	< 9.5	< 4.1	*
	283	< 0.45	< 12.1	< 5.3	
	279	< 0.45	< 12.1	< 5.3	
	199	< 0.62	< 16.7	< 7.3	
	183	< 0.62	< 16.6	< 7.2	

Table 8 :

 8 Stellar mass M * , molecular gas-to-stellar mass M gas /M * ratio and molecular gas fraction f gas of the CARLA J1103+3449 spectroscopically confirmed cluster members. The identification numbers are the same as in theNoirot et al., (2018).

	*	491 * * 320 199 183	4.7 ± 2.3 0.7 ± 0.7 3.8 ± 1.9 0.3 ± 0.3	< 0.7 < 5.8 < 1.9 < 27.0	< 40 < 85 < 66 < 96

id * M * [10 10 M ⊙ ] M gas /M * f gas [%] * * The RLAGN.

Table 9 :

 9 H α flux F Hα , SFR Hα and stellar mass M * of the CARLA J1103+3449 cluster confirmed members from the work of Noirot et al., 2018. id * F Hα [10 -17 erg s -1 cm -2 ] SFR Hα [M ⊙ yr -1 ] M * [10 10 M ⊙ ] * *

	491 * * * 490 320 283 279 199 183 93	73.8 ± 6.6 13.4 ± 2.4 5.5 ± 2.8 8.6 ± 3.6 5.6 ± 3.1 5.8 ± 2.0 6.9 ± 2.6 10.2 ± 2.1	<140 25 ± 5 10 ± 5 11 ± 4 13 ± 5 19 ± 4 11 ± 6 16 ± 7	<31.6 <1.0 7.6 ± 0.1 <1.0 1.6 ± 0.1 13.6 ± 0.1 <1.0 < 1.0	*

Table 10 :

 10 Attenuation A Hα , metallicity 12 + log(O/H), SFR Hα , and sSFR for the CARLA J1103+3449 cluster confirmed members.id * A Hα 12 + log(O/H) SFR Hα [M ⊙ yr -1 ] sSFR [Gyr -1 ]The identification numbers are the same as in theNoirot et al., (2018). * * In case of the RLAGN (id 491), since we cannot separate the AGN and stellar contributions, the stellar contribution to the total Hα emission flux in the range 20 -100%.

	491 * * 100% 491 80% 491 60% 491 40% 491 20% 320 199 183	1.4 1.4 1.4 1.5 1.5 0.8 1.4 0.5	8.58 8.59 8.61 8.64 8.69 8.56 8.72 8.43	143.3 ± 45.4 112.7 ± 35.7 82.7 ± 26.2 53.5 ± 17.0 25.5 ± 8.1 5.9 ± 3.4 9.0 ± 3.8 6.2 ± 3.8	3.1 ± 1.8 2.4 ± 1.4 1.8 ± 1.0 2.3 ± 2.6 0.2 ± 0.1 0.8 ± 0.9 0.5 ± 0.3 1.1 ± 0.7	*

Table 11 :

 11 Depletion time τ dep and SFE for the CARLA J1103+3449 spectroscopically confirmed cluster galaxies.

	id *	τ dep [Gyr] SFE[Gyr -1 ]
	491 * * 100%	< 0.2	> 4.5
	491 80%	< 0.3	> 3.6
	491 60%	< 0.4	> 2.6
	491 40%	< 0.6	> 1.7
	491 20%	< 1.2	> 0.8
	490 +	< 1.2	> 0.8
	320	< 7.0	> 0.1
	283 +	< 3.3	> 0.3
	279 +	< 5.0	> 0.2
	199	< 8.1	> 0.1
	183	< 11.6	> 0.1

Table 12 :

 12 Best-fit parameters of different Schechter function deconvolved by the expected stellar mass uncertainties for a full galaxy sample, star-forming and quiescent galaxies.

	153

z-bin logM

Table 3 .

 3 Velocity integrated CO(2-1) flux, luminosity, molecular gas mass, stellar mass, molecular gas-to-stellar mass ratio, and molecular gas fraction for the CARLA J1103 + 3449 cluster confirmed members.idS CO ∆v L CO M gas M * M gas /M * f gas (Jy km s -1 ) (10 9 Kpc 2 km s -1 ) (10 10 M ⊙ ) (10 10 M ⊙ )

	(%)

Table 4 .

 4 CARLA J1103 + 3449 cluster confirmed member SFR N18 Hα , attenuation, metallicity, SFR, sSFR, depletion time, and SFE.

	id	SFR N18 Hα (M ⊙ yr -1 )	A Hα 12 + log(O/H)	SFR Hα (M ⊙ yr -1 ) (Gyr -1 ) (Gyr) (Gyr -1 ) sSFR τ dep SFE
	AGN/491 100% AGN/491 80% AGN/491 60% AGN/491 40% AGN/491 20% 490 (+) 320 283 (+) 279 (+) 199 183 93	<140 ... ... ... ... 25 ± 5 10 ± 5 16 ± 7 11 ± 6 11 ± 4 13 ± 5 10 ± 2	1.4 1.4 1.4 1.5 1.5 ... 0.8 ... ... 1.4 0.5 ...	8.6 8.6 8.6 8.6 8.7 ... 8.6 ... ... . 8.7 8.4 ...	140 ± 50 110 ± 40 80 ± 30 50 ± 20 30 ± 8 ... 6 ± 3 ... ... 9 ± 4 6 ± 4 ...	3 ± 2 2 ± 1 2 ± 1 1.1 ± 0.7 <0.6 <0.2 <0.3 <0.4 0.5 ± 0.3 <1 ... <1 1 ± 1 <7 ... <3 ... <5 0.2 ± 0.1 <8 2 ± 3 <12 ... ...	>5 >4 >3 >2 >0.8 > 0.8 >0.1 >0.3 >0.2 >0.1 >0.1 ...
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