Matter in the Universe is assembled under the action of gravity to form a gigantic network of nodes, filaments, walls, and voids, called the cosmic web. This structure is mainly set by the dynamics of dark matter (DM), which forms the skeleton onto which baryonic (or ordinary) matter is accreted. While the denser cosmic structures, traced by the most massive clusters of galaxies, have been thoroughly studied, because of their lower densities and complex morphologies, cosmic filaments and the properties of matter around them are still poorly known. However, these structures are believed to contain almost half of the matter in the Universe. The study of matter at the largest scales is therefore inevitably linked to that of filaments.

This thesis offers the first comprehensive study of cosmic filaments at redshift z = 0. The analysed filaments are detected in the distribution of galaxies of large-scale hydro-dynamical simulations. These cosmic structures are firstly characterised by their radial profiles of galaxy density, revealing that the distribution of galaxies around filaments varies with filament length. Two different filament populations are thus identified, the short (L f < 9 Mpc) and the long (L f ≥ 20 Mpc). I show that these two populations are tracers of different environments of the cosmic web. Short filaments are denser, puffier, and hotter than long filaments. The former correspond to the bridges of matter between over-dense structures, whereas the latter are at the basis of the cosmic skeleton, often embedded in under-dense regions.

The properties of gas around cosmic filaments are then characterised by distinguishing different phases according to temperature and density. I show that cosmic filaments are essentially made of gas in the warm-hot intergalactic medium (WHIM) phase, and that their cores also host large contributions of hotter and denser gas phases whose fractions depend on the filament population. By building radial temperature and pressure profiles, I find that cosmic filaments possess isothermal cores and pressure values that are ∼ 1000 times lower than those of clusters. Moreover, the population of short filaments is characterised by values of gas density, temperature, and pressure that are a factor of three larger than these of long filaments. Since many properties of galaxies are intimately linked to the properties of their large scale environment, I also investigate the influence of the different environments traced by the filament populations on the mass and star-formation activity of galaxies, finding different trends in short and long filaments.

Contrary to the properties of gas and galaxies, the relative distribution of DM, gas, and stars around filaments is found to be universal, independent from the filament population. By deriving baryon fraction profiles, I show that baryonic matter deviates from the DM density field at distances closer than ∼ 7 Mpc to the filament spines, indicating a characteristic radius of baryons in filaments. Finally, cores of filaments are strongly baryon depleted, and their outskirts present an excess of baryons with respect to the cosmic fraction, made essentially of WHIM gas.
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Résumé (en français)

La matière dans l'Univers s'assemble sous l'action de la gravité pour former un gigantesque réseau composé de noeuds, de filaments, de murs et de vides, appelé la toile cosmique. Cette structure est principalement définie par la dynamique de la matière noire, qui forme le squelette sur lequel la matière baryonique (ou ordinaire) est accrétée. Alors que les structures cosmiques les plus denses, tracées par les amas de galaxies les plus massifs, ont été minutieusement étudiées, en raison de leurs densités plus faibles et de leurs morphologies complexes, les filaments cosmiques et les propriétés de la matière qui les entoure sont encore mal connus. Cependant, selon les études basés sur des simulations numériques, les filaments cosmiques sont censés contenir près de la moitié de la matière de l'Univers. L'étude de la matière aux plus grandes échelles est donc inévitablement liée à celle des filaments.

Cette thèse propose la première étude complète des filaments cosmiques au décalage spectral z = 0. Les filaments analysés sont détectés dans la distribution des galaxies de simulations hydrodynamiques cosmologiques. Ces structures cosmiques sont tout d'abord caractérisées par leurs profils radiaux de densité de galaxies, révélant que la distribution des galaxies autour des filaments varie avec la longueur de ceux-ci. Deux populations différentes sont ainsi identifiées: les filaments courts (L f < 9 Mpc) et les longs (L f ≥ 20 Mpc). Je montre que ces deux populations tracent des environnements différents de la toile cosmique. Les filaments courts sont plus denses, plus épais, et plus chauds que les longs. Ils correspondent aux ponts de matière entre des structures sur-denses, alors que les filaments longs sont à la base du squelette cosmique, souvent enchâssés dans des régions sous-denses.

Les propriétés du gaz autour des filaments cosmiques sont ensuite caractérisées en distinguant différentes phases en fonction de la température et de la densité de gaz. Je montre que les filaments cosmiques sont essentiellement constitués de gaz associé au milieu intergalactique chaud (WHIM), et que leurs parties centrales hébergent également d'importantes contributions de phases gazeuses plus chaudes et plus denses, dont les fractions dépendent du type de filament. En construisant des profils radiaux de température et de pression, je trouve que les filaments cosmiques possèdent des coeurs isothermes et des valeurs de pression environ mille fois inférieures à celles des amas. De plus, la population de filaments courts est caractérisée par des valeurs de densité, de température, et de pression du gaz qui sont trois fois supérieures à celles des filaments longs. Étant donné que certaines propriétés des galaxies sont intimement liées aux propriétés de leur environnement à grande échelle, j'étudie également l'influence des différents environnements tracés par les populations de filaments sur la masse et l'activité de formation d'étoiles des galaxies, en trouvant différentes tendances pour les filaments courts et longs.

Contrairement aux propriétés physiques du gaz et des galaxies, la distribution relative de la matière noire, du gaz et des étoiles autour des filaments s'avère universelle, indépendante de la population de filaments. En obtenant des profils de fraction de baryons, je montre que la distribution de la matière baryonique s'écarte de celle de la matière noire à des distances inférieures à ∼ 7 Mpc aux axes des filaments, indiquant un rayon caractéristique du profil des baryons dans ces structures. Enfin, les coeurs des filaments sont fortement appauvris en baryons, tandis que leurs périphéries présentent un excès par rapport à la fraction cosmique, correspondant au gaz dans le WHIM.

La majeure partie du travail réalisé pendant ces trois années de thèse a donné lieu à l'écriture de trois articles en premier auteur: [START_REF] Daniela | Populations of filaments from the distribution of galaxies in numerical simulations[END_REF], [START_REF] Daniela | Properties of gas phases around cosmic filaments at z = 0 in the IllustrisTNG simulation[END_REF]), et Galárraga-Espinosa et al. (2021b). Les deux premiers ont été publiés dans le journal Astronomy & Astrophysics, respectivement en septembre 2020 et en mai 2021. Le troisième article, Galárraga-Espinosa et al. (2021b), est actuellement en cours de révision dans ce même journal. Pendant ma thèse j'ai aussi pu travailler en collaboration avec d'autres membres de mon équipe de recherche. J'ai notamment participé a la production de l'article Malavasi et al. (2021), qui est actuellement en cours de révision. 

The Universe on its largest scales

After the first observation of the galaxy distribution around the Perseus cluster [START_REF] Mikhel | Spatial distribution of galaxies and of clusters of galaxies in the southern galactic hemisphere // Mon[END_REF] and in the Center for Astrophysics (CfA) galaxy survey [START_REF] De Lapparent | A Slice of the Universe[END_REF], it appeared that on the largest scales, matter in the Universe is organised in clusters, filaments, walls, and voids. These structures form the cosmic web [START_REF] Bond | How filaments of galaxies are woven into the cosmic web[END_REF], a gigantic network of dark matter (DM) and gas, which formed under the effect of gravity from the anisotropic collapse of initial fluctuations of the density field [START_REF] Zel'dovich Ya | Fragmentation of a homogeneous medium under the action of gravitation // Astrophysics[END_REF].

Within the cosmic web, DM assembles from voids to walls, flows to filaments, and departs from filaments to reach the highest density regions, the nodes. This flow of matter forms the basis of the cosmic skeleton (as shown by the top panel of Fig. 1.1), onto which baryonic (or ordinary) matter falls, pulled by gravity (bottom panel of Fig. 1.1). Nevertheless, unlike DM which is purely non-collisional, baryonic matter is also subject to other physical processes (such as fluid pressure, heating by AGN feedback, cooling, galactic winds, or radiation) that prevent its indefinite collapse into singular objects. The physics of baryons thus alters their spatial distribution, which is usually broader (or more extended) with respect to the underlying DM density field as is clearly illustrated by Fig. 1.1.

In the last few decades, the cosmic web as traced by galaxies has been observed and studied in many galaxy surveys with increasing resolution and statistics. For example, the filamentary web-like pattern has been detected in the Sloan Digital Sky Survey (SDSS, York et al., 2000), the two degree Field Galaxy Redshift Survey (2dFGRS, Colless et al., 2003), the Cosmic Evolution and COSMOS2015 surveys [START_REF] Scoville | The Cosmic Evolution Survey (COSMOS): Overview[END_REF][START_REF] Laigle | The COSMOS2015 Catalog: Exploring the 1 < z < 6 Universe with Half a Million Galaxies[END_REF], the 6dF Galaxy Survey (6dFGS, [START_REF] Jones | The 6dF Galaxy Survey: final redshift release (DR3) and southern large-scale structures // Mon[END_REF], the Galaxy and Mass Assembly survey (GAMA, [START_REF] Simon | towards a physical understanding of galaxy formation[END_REF][START_REF] Driver | Galaxy and Mass Assembly (GAMA): survey diagnostics and core data release // Mon[END_REF], the VIMOS VLT deep survey (VVDS, Le Fèvre et al., 2005), VIPERS [START_REF] Guzzo | The VIMOS Public Extragalactic Redshift Survey (VIPERS). An unprecedented view of galaxies and large-scale structure at 0.5 &lt[END_REF], WISExSuperCOSMOS (WISExSCOS, Bilicki et al., 2016), and SAMI [START_REF] Bryant | The SAMI Galaxy Survey: instrument specification and target selection // Mon[END_REF] surveys, among others. [START_REF] Nelson | The illustris simulation: Public data release[END_REF]. The bottom panel shows the distribution of baryons (green) around the corresponding DM density field (blue). It is worth mentioning that the distribution of baryons with respect to DM is particularly wider due to the strong feedback prescriptions used in this simulation (see Sect. 2.1.1). However, despite these observations, mostly studies in large-scale hydro-dynamical simulations have been able to really asses the content and main properties of the different cosmic structures. Indeed, these virtual laboratories, introduced in Sect. 2.1, represent ideal tools to explore the cosmic web without the difficulties specific to observational data analysis (e.g. foreground contamination, low signal to noise ratio, redshift uncertainties, etc.).

The milestone analysis of Cautun et al. ( 2014) and, most recently, of Ganeshaiah Veena et al. ( 2019) have shown that most of the volume of the Universe is occupied by voids (∼ 76%), followed by walls and filaments, and that nodes only occupy a tiny fraction (∼ 0.02%) of the volume. Concerning mass, most of it is contained in filaments: these structures host ∼ 50% of the DM and gas, and 82% of the stellar mass of the Universe! These fractions, presented in the diagrams of Fig. 1.2, show that the study of matter at the largest scales is inevitably tied to that of filaments.

Cosmic filaments

While a lot of attention has been drawn to the study of the densest cosmic structures traced by the most luminous clusters of galaxies (by characterising e.g. their galaxy content, galaxy properties, gas composition, and density profiles [START_REF] Nagai Daisuke | Effects of Galaxy Formation on Thermodynamics of the Intracluster Medium[END_REF][START_REF] Arnaud | The universal galaxy cluster pressure profile from a representative sample of nearby systems (REXCESS) and the Y S Z -M 500 relation[END_REF]Baxter et al., 2017a;[START_REF] Bartalucci | Recovering galaxy cluster gas density profiles with XMM-Newton and Chandra[END_REF][START_REF] Pintos-Castro | The Evolution of the Quenching of Star Formation in Cluster Galaxies since z 1[END_REF][START_REF] Ghirardini | Polytropic state of the intracluster medium in the X-COP cluster sample[END_REF], filaments have been only poorly characterised. This is principally due to their low matter densities, which result in a fainter signal with respect to that of the nodes. For example, Fig. 1.3 shows that the probability distribution function (PDF) of the DM over-density field in filaments (blue) is roughly two orders of magnitude lower than that in nodes (yellow). The observation of cosmic filaments is thus extremely challenging.

In Fig. 1.3 one can also see that the density distribution in filaments partially overlaps with that in nodes towards the higher density values, and with that in voids towards the lower ones, encompassing a broad range of almost five orders of magnitude. This clearly hints at the diversity of the filamentary structures, since filaments with over-densities similar to those of voids (i.e. 1 + δ ∼ 0.1 -1) most probably differ from the most over-dense filaments (i.e. 1 + δ ∼ 100) by more than just their density. The diversity of the filamentary structures has also been detected in observational data. For example, filaments were detected in the cluster outskirts at small scales (e.g. [START_REF] Eckert Dominique | Warmhot baryons comprise 5-10 per cent of filaments in the cosmic web[END_REF], in the X-ray domain), but also in larger scales (e.g. Malavasi et al., 2020b). Bridges of matter (of scales of few megaparsecs) were observed between individual pairs of clusters (e.g A399-A401 [START_REF] Akamatsu | Properties of the cosmological filament between two clusters: A possible detection of a large-scale accretion shock by Suzaku[END_REF][START_REF] Bonjean | Gas and galaxies in filaments between clusters of galaxies. The study of A399-A401[END_REF][START_REF] Govoni | A radio ridge connecting two galaxy clusters in a filament of the cosmic web[END_REF]Biffi et al., 2021) and stacked pairs of clusters [START_REF] Hideki | A search for warm/hot gas filaments between pairs of SDSS Luminous Red Galaxies // Mon[END_REF][START_REF] De Graaff | Probing the missing baryons with the Sunyaev-Zel'dovich effect from filaments[END_REF][START_REF] Vernstrom | Discovery of magnetic fields along stacked cosmic filaments as revealed by radio and X-ray emission[END_REF]. Larger filaments (of scales of tens of megaparsecs) were detected in galaxy surveys (e.g. [START_REF] Mehmet | Galaxy And Mass Assembly (GAMA): stellar mass growth of spiral galaxies in the cosmic web[END_REF][START_REF] Malavasi | The VIMOS Public Extragalactic Redshift Survey (VIPERS): galaxy segregation inside filaments at z 0.7 // Mon[END_REF][START_REF] Yen-Chi | Detecting effects of filaments on galaxy properties in the Sloan Digital Sky Survey III // Mon[END_REF]Malavasi et al., 2020a;[START_REF] Agustín | A comparison of cosmological filaments catalogues // Mon[END_REF][START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF]. These studies revealed different properties (densities, temperatures, magnetic field strength, etc.) that need to be further characterised in order to better understand the multifaceted aspect of cosmic filaments.

Open questions addressed in this Thesis

The main goal of my Thesis is to build a more comprehensive picture of cosmic filaments and of the properties of matter around them in the present Universe, i.e. at redshift z = 0.

The study is performed using the outputs of large-scale hydro-dynamical simulations and the DisPerSE filament finder, all of them presented in Chapter 2. After the extraction of the different cosmic skeletons from the simulated galaxy catalogues (Chapter 3), they are extensively studied with the aim of addressing the following questions:

1. How is matter distributed around cosmic filaments?

Given the established diversity of filaments, one can wonder whether all components of matter (dark and baryonic) are distributed in a similar manner regardless of the filament characteristics, such as length. One could furthermore investigate whether the so-called 'universality' of the baryon fraction in galaxy clusters is observed in the lower-density and larger-scales cosmic filaments. Also, a universal profile describing the matter distribution has been proposed for the nodes of the cosmic web. Therefore, an open question is whether such a profile could be built for the non-univocally defined cosmic filaments. These topics will be addressed in Chapter 4.

2. What are the physical properties of gas in cosmic filaments? Dark and baryonic matter co-exist in the cosmic web structures. Their interplay defines the physical properties of the gaseous state of baryons. In filaments, the detailed properties (density, temperature, pressure) of gas are poorly known. Their study and characterisation is thus a necessary step to understand the physical environment in which galaxies will form and evolve. Such a comprehensive study will be presented in Chapter 5.

3. How do cosmic filaments contribute to shaping the properties of galaxies? Gravity is the main driver of galaxy formation. However, the properties of galaxies in filaments are also shaped by the full physical environment defined by the gas distribution and its properties. A blooming research avenue is thus the study of star-formation activity and its variations as a function of the observed diversity of filaments. Chapter 6 offers a first attempt at uncovering this relationship.

A summary of the main results and of prospects for the future, presented in Chapter 7, concludes the thesis.

The results presented in this manuscript have also led to the following articles that are published or in preparation:

• Populations of filaments from the distribution of galaxies in numerical simulations, D. Galárraga-Espinosa, N. Aghanim, M. Langer, C. Gouin and N. Malavasi, 2020, A&A, 641, A173

• Properties of gas phases around cosmic filaments at z = 0 in the IllustrisTNG simulation, D. Galárraga-Espinosa, N. Aghanim, M. Langer and H. Tanimura, 2021, A&A, 649, A117

• Relative distribution of DM, gas and stars around cosmic filaments in the IllustrisTNG simulation D. Galárraga-Espinosa, M. Langer and N. Aghanim, 2021, submitted to A&A (arXiv:2109.06198)

• On the relative effect of nodes and filaments of the cosmic web on the quenching of galaxies and the orientation of their spin, N. Malavasi, M. Langer, N. Aghanim, D. Galárraga-Espinosa, andC. Gouin, 2021, submitted to A&A (arXiv:2109.14623 This Chapter is divided in two main sections. The first, Sect. 2.1, introduces the main datasets used this Thesis, the large-scale hydro-dynamical simulations. The second, Sect. 2.2, focuses on the method used for detecting the cosmic filaments in those simulations, and thus introduces the key features of the DisPerSE skeleton finder.

Large-scale hydro-dynamical simulations in a nutshell

The last decade has witnessed a remarkable progress in the modelling of the formation and evolution of the large-scale structure as a whole. The community has gone from simulating, at various levels of sophistication, the collisionless interactions of DM (i.e. N-body simulations, see e.g. [START_REF] Bond | How filaments of galaxies are woven into the cosmic web[END_REF][START_REF] Volker | The cosmological simulation code GADGET-2 // Mon[END_REF][START_REF] Boylan-Kolchin | Resolving cosmic structure formation with the Millennium-II Simulation // Mon[END_REF][START_REF] Anatoly | Dark Matter Halos in the Standard Cosmological Model: Results from the Bolshoi Simulation[END_REF][START_REF] Francisco | Halo concentrations in the standard Λ cold dark matter cosmology[END_REF][START_REF] Douglas | PKDGRAV3: beyond trillion particle cosmological simulations for the next era of galaxy surveys // Computational Astrophysics and Cosmology[END_REF], to simulating not only DM, but also the more complex physics of gas and the astrophysical processes required for the production of a realistic galaxy population (i.e. compatible with actual observations). Such simulations are called hydro-dynamical simulations, and have been achieved by several projects such as the Illustris [START_REF] Mark | Introducing the Illustris Project: simulating the coevolution of dark and visible matter in the Universe // Mon[END_REF][START_REF] Nelson | The illustris simulation: Public data release[END_REF] and IllustrisTNG (Nelson et al., 2019b) simulations, Magneticum (Hirschmann et al., 2014;[START_REF] Klaus | The Magneticum Simulations, from Galaxies to Galaxy Clusters[END_REF][START_REF] Ragagnin | A web portal for hydrodynamical, cosmological simulations[END_REF]), EAGLE (Schaye et al., 2015), Horizon-AGN [START_REF] Dubois | Dancing in the dark: galactic properties trace spin swings along the cosmic web[END_REF]), or Simba (Davé et al., 2019) simulations, illustrated in Fig. 2.1.

In both N-body and hydro-dynamical simulations, large simulated volumes with good enough resolutions are needed in order to probe the spatial scales and mass ranges required for the study of galactic (and larger-scale) physics, but also to produce a large enough number of structures (in particular galaxy clusters) to allow for statistical analyses. This yields an inevitable competition between resolution and volume. Due to computational limitations (most notably memory and time), hydro-dynamical simulations usually favour one of these two aspects. For example, as shown by the diagram of Fig. 2.2, high-resolution (m b ∼ 10 4 M ) simulations usually possess small volumes (∼ (100 cMpc) 3 , see the points at the upper left part of the plot), while simulations with a statistically significant number of resolved galaxies (∼ 10 5 ) tend to have lower resolutions. Sophisticated techniques, such as the adaptive mesh refinement (AMR), have been developed in order to alleviate these limitations. This enables the local increase of resolution in the zones with the highest densities, see e.g. the RAM-SES [START_REF] Teyssier | Cosmological hydrodynamics with adaptive mesh refinement. A new high resolution code called RAMSES[END_REF], AREPO (Springel, 2010), or ENZO [START_REF] Greg | ENZO: An Adaptive Mesh Refinement Code for Astrophysics[END_REF] codes. The state-of-the-art hydro-dynamical simulations, such as the TNG50 (Nelson et al., 2019a) or the NewHorizon simulation (Dubois et al., 2020), aim at pushing towards the upper right part of the plot by performing substantial improvements to the numerical framework (e.g. new time integration schemes, improved spatial gradient estimators) and by intensively exploiting some of the largest computational resources currently available.

Starting from Gaussian initial conditions describing the primordial density field (e.g. [START_REF] Peebles | Large-scale background temperature and mass fluctuations due to scaleinvariant primeval perturbations[END_REF]Davis et al., 1985a), hydro-dynamical simulations simultaneously solve the coupled equations of gravity (i.e. the Poisson-Vlasov system) and hydro-dynamics (i.e. Navier-Stokes) in an expanding Universe, defined by a cosmological volume evolving in time. Together with these coupled equations, hydro-dynamical simulations also include additional processes that are of outmost importance for reproducing the formation and evolution of galaxies. These are, for example, the heating of gas by astrophysical processes (e.g. [START_REF] Francesco | Radiative Transfer in a Clumpy Universe. II. The Ultraviolet Extragalactic Background[END_REF], starformation (e.g. [START_REF] Robert | Star Formation in Galaxies Along the Hubble Sequence[END_REF], the feedback from supernovae and massive black holes (e.g [START_REF] Claus | Starburst99: Synthesis Models for Galaxies with Active Star Formation[END_REF][START_REF] Dubois Yohan | Self-regulated growth of supermassive black holes by a dual jet-heating active galactic nucleus feedback mechanism: methods, tests and implications for cosmological simulations[END_REF]. These baryonic processes typically take place at scales ranging from the sub pc to the Mpc, which are significantly smaller with respect to the large cosmological volumes covered by the different simulations (i.e. hundreds of Mpc).

Because of the intrinsically limited numerical resolution, these processes need to be implemented through sub-resolution (or sub-grid) models, or prescriptions, aiming at giving an effective description of the relevant physics. For illustration, some of the physical processes that are implemented in a sub-resolution manner in most of the current hydro-dynamical simulations are presented in Fig. 2.3. These physical prescriptions absolutely need to be developed and calibrated to match the observed properties of galaxies (e.g. the cosmic star formation rate density, or the stellar mass function). This is non-trivial to achieve, and accurate and precise enough sub-resolution models (such as those of the simulations described above, see e.g. [START_REF] Annalisa | Simulating galaxy formation with the IllustrisTNG model // Mon[END_REF] have only recently emerged.

Thanks to these substantial advances, hydro-dynamical simulations have now reached a maturity that allows the study of galaxies together with their large-scale environment, i.e. the cosmic web. For reference, the hydro-dynamical simulations analysed in this Thesis, namely the TNG300, TNG100, Illustris, and Magneticum simulations, are highlighted by the three black circles in Fig. 2.2. An overview of the main characteristics is presented in Table 2.1, and further details are given in the next sections.

The IllustrisTNG simulations

The IllustrisTNG project1 , hereafter TNG, (Nelson et al., 2019b) is a hydro-dynamical simulation that follows the coupled evolution of DM, gas, stars, and black-holes from z = 127 to the present day z = 0 by adopting the cosmological parameters from Planck Collaboration et al. 4.0 × 10 7 6.9 × 10 8 3.2 × 10 8 4.0 × 10 7 3.5 × 10 7 (2016a), namely Ω Λ,0 = 0.6911, Ω m,0 = 0.3089, Ω b,0 = 0.0486, σ 8 = 0.8159, n s = 0.9667 and h = 0.6774. Three different volumes are available in the TNG project: TNG50, TNG100, and TNG300. In this Thesis, most of the analysis is performed on the TNG300-1 simulation, which corresponds to the largest box (of volume (302.6 Mpc) 3 ) with the highest mass resolution (m DM = 4.0 × 10 7 M /h) available. This box is taken as the reference in the following studies, given that it allows to accurately describe large cosmic filaments and their content down to small scales.

Other runs of the TNG suite are also analysed in this Thesis for specific purposes. The TNG300-2 simulation box is systematically used to test for the effects of resolution. This box is the medium resolution run of the TNG300 suite, meaning that it has the same characteristics as the TNG300-1 simulation except for a mass resolution of m DM = 3.2 × 10 8 M /h, that is eight times lower than the reference. The outputs of two other boxes, namely TNG100-2 and Illustris-2, are also studied in Sect. 4.1 in order to asses the impact of the sub-resolution models of the simulations on the results. Indeed, these two boxes have the same initial conditions, similar box sizes and mass resolutions (which enables direct comparison, see Table 2.1 for details), but they involve significantly different physical models. The TNG project is the successor of the original Illustris simulation2 [START_REF] Nelson | The illustris simulation: Public data release[END_REF][START_REF] Shy | Introducing the Illustris project: the evolution of galaxy populations across cosmic time // Mon[END_REF][START_REF] Mark | Introducing the Illustris Project: simulating the coevolution of dark and visible matter in the Universe // Mon[END_REF][START_REF] Debora | The Illustris simulation: the evolving population of black holes across cosmic time // Mon[END_REF], and was specifically calibrated on the observed galaxy properties and statistics (Nelson et al., 2019b). The main differences between the TNG and the Illustris physical models thus reside in the formation, growth and feedback of supermassive black holes, as well as in the galactic winds, stellar evolution and gas chemical enrichment models. A full and detailed comparison of the two can be found in [START_REF] Annalisa | Simulating galaxy formation with the IllustrisTNG model // Mon[END_REF].

The gaseous component in the Illustris and TNG simulations is spatially discretised following the Adaptive Mesh Refinement (AMR) code AREPO (Springel, 2010). Within this description of the gas fluid, the Voronoi cells evolve in time using Godunov's method (Nelson et al., 2019b), they track the conserved quantities of the gas fluid (e.g. mass, momentum, energy) thanks to Riemann solvers at the cell interfaces, and are refined and de-refined according to a mass target of 7.6 × 10 6 M /h [START_REF] Volker | E pur si muove: Galilean-invariant cosmological hydrodynamical simulations on a moving mesh[END_REF]Nelson et al., 2019b;[START_REF] Rainer | The AREPO Public Code Release[END_REF][START_REF] Annalisa | Simulating galaxy formation with the IllustrisTNG model // Mon[END_REF].

Finally, the baryonic processes, implemented in a sub-resolution manner and required for the study of the formation and evolution of galaxies, are described by the 'TNG model' [START_REF] Annalisa | Simulating galaxy formation with the IllustrisTNG model // Mon[END_REF]. This model was specifically calibrated on observational data to match to the observed galaxy properties and statistics (Nelson et al., 2019b), and includes the following:

• Primordial and metal-line radiative cooling in the presence of an ionizing background radiation field which is redshift-dependent and spatially uniform, including self-shielding corrections • Stochastic star formation in dense gas of the inter-stellar medium (ISM), determined by a threshold in density

• Evolution of stellar populations, with the associated chemical enrichment and mass loss (gas recycling) • Galactic winds (stellar feedback) with an energy-driven, kinetic wind scheme.

• Formation, growth and feedback of (supermassive) black-holes • AGN feedback with two modes of energy release: a thermal 'quasar' mode at high accretion rates and, a kinetic 'wind' mode at low accretion rates • Magnetic fields under the assumption of ideal MHD: amplification of a small (primordial) seeds and dynamical impact

The complete description of this model and of its calibration can be found in [START_REF] Annalisa | Simulating galaxy formation with the IllustrisTNG model // Mon[END_REF]. Table 2.2 concisely summarises the references and compares them to the other simulations used in this Thesis.

Computation of the temperature and pressure of gas in TNG

The TNG simulation offers detailed information about various properties and characteristics of the different matter components of the Universe. While some of them can be directly read from the outputs of the simulation (e.g. the coordinates, masses, velocities), a few important characteristics used in this Thesis, namely gas temperature and pressure (see Chapter 5), require some post-processing.

To derive the temperature and pressure of gas, I used the InternalEnergy, Density and ElectronAbundance fields (respectively u, ρ cell and x e ) of the TNG gas cells (PartType0). Gas cell temperature was computed under the assumption of perfect monoatomic gas:

T cell = (γ -1) × u k B × µ. (2.1)
In this equation, γ corresponds to the adiabatic index of perfect monoatomic gas (γ = 5/3), k B is the Boltzmann constant, and µ denotes the mean molecular weight. The latter is estimated as follows:

µ = 4 1 + 3X H + 4X H x e × m p , (2.2)
where X H is the hydrogen mass fraction (X H = 0.76) and m p denotes the mass of the proton. In these equations, all the quantities are expressed in the International System of Units.

The thermodynamic pressure was estimated from the temperature and electron density as:

P cell = n e k B T cell . (2.3)
The electron density n e , in m -3 , was computed as the electron abundance times the hydrogen density, n e = x e × n H , where n H = X H ρ cell /m p . The resulting pressure was then converted from pascals to the more usual unit in astrophysics of keV.cm -3 .

The Magneticum simulation

This Thesis also uses the outputs of the Magneticum Pathfinder 3 simulation [START_REF] Michaela | Cosmological simulations of black hole growth: AGN luminosities and downsizing // Mon[END_REF][START_REF] Klaus | The Magneticum Simulations, from Galaxies to Galaxy Clusters[END_REF][START_REF] Ragagnin | A web portal for hydrodynamical, cosmological simulations[END_REF] at the smallest redshift available, z = 0.066. This simulation consists of a cube of 500 Mpc side length with a DM resolution of m DM = 6.9 × 2009) 10 8 M /h. The cosmological parameters of this simulation are different from TNG, as the cosmology is described according to results of the seven-year Wilkinson Microwave Anisotropy Probe (WMAP7) data [START_REF] Komatsu | Seven-year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation[END_REF]: Ω Λ,0 = 0.728, Ω m,0 = 0.272, Ω b,0 = 0.0456, σ 8 = 0.809, n s = 0.963 and h = 0.704.

Contrary to the AMR technique employed in TNG (see above), the gas fluid in the Magneticum simulation is discretised in mass, based on the Smooth Particle Hydrodynamics (SPH) code P-GADGET3 [START_REF] Volker | The cosmological simulation code GADGET-2 // Mon[END_REF]. For reference, the physical models implemented in this simulation are listed in Table 2.2.

Halo finders

Hydro-dynamical simulations output a 'raw' distribution of DM, gas, and stellar particles or cells. Further steps are needed to identify the haloes and galaxies, and these are achieved in post-processing by algorithms such as the Friends-of-friends (FoF, [START_REF] Huchra | Groups of Galaxies. I. Nearby groups[END_REF][START_REF] Press | How to identify and weigh virialized clusters of galaxies in a complete redshift catalog[END_REF]Davis et al., 1985b), that allow to identify the haloes, and the SUBFIND algorithm [START_REF] Volker | Populating a cluster of galaxies -I. Results at [formmu2]z=0 // Mon[END_REF]Dolag et al., 2009), used to find the gravitationally bound substructures (i.e. the galaxies) within the FoF haloes.

The main idea behind the FoF algorithm is to link particles together (and form groups) if their distance lies below a certain threshold, called the linking length. This length is usually chosen to be 0.2 times the mean DM particle separation, given that it yields groups having an average enclosed density contrast of roughly ∆ ∼ 180. This is appealing for structures such as haloes because such a ∆ value is close enough to the predicted enclosed density of virialised objects by the spherical collapse model. The small groups having less than 20 particles are usually discarded, since they are likely to be only spurious clumps. In practice, the FoF algorithm is applied only to the DM particles of the simulation, and gas and stars are included into the FoF group of their nearest DM particle. In this way, the final FoF halo is composed by the initially identified DM particles plus the associated baryonic particles. In this Thesis, the most massive FoF haloes (> 10 13 M /h) of the TNG300-1 simulation will be assimilated to clusters of galaxies, and used in e.g. Sect. 3.3 and Sect. 5.2.4. The SUBFIND algorithm was first introduced in Springel et al. (2001) for DM simulations, and adapted by Dolag et al. (2009) to treat gas and star particles of hydrodynamical simulations. The aim of this algorithm is to identify the subhaloes, i.e. the substructures within FoF haloes, by detecting locally over-dense, gravitationally bound groups of particles. These are identified by first estimating the local density at the position of each particle using adaptive kernels. Then, the locally over-dense regions inside the input FoF haloes, i.e. the subhalo candidates, are found by using an excursion set approach (i.e. the density threshold is progressively lowered to find the peaks). A crucial requirement is that the subhalo candidates need to be self-bound gravitationally. The unbound particles (those having positive total energies) are thus removed and become part of the background, the 'fuzz'. After this procedure, the subhalo candidate is kept only if it is formed by more than N = 20 dark-matter and star particles. The structures satisfying these criteria can thus be considered as galaxies or groups, and their integrated properties (such as stellar mass or star-formation rate) can then be computed. All the simulated galaxy catalogues used in this Thesis (see e.g. Sect. 3.1.1) were found using the SUBFIND algorithm.

The DisPerSE algorithm

While it is fairly straightforward to define haloes as gravitationally bound structures and to thus identify them in simulated and observed data, the diversity and the lack of an unequivocal definition of filaments makes their study more difficult. For example, the simple detection of these structures in observational or simulated data sets (which is commonly the first step in any study) poses already a challenge. A variety of algorithms have been developed to detect and identify the filamentary structures from the distribution of galaxies or from the DM particles in simulations. As shown by the detailed review of [START_REF] Noam | Tracing the cosmic web // Mon[END_REF], each of these methods adopts a different, and thus complementary, approach. For example, some algorithms define filaments based on the topology of the matter density field (e.g. [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -II. Illustrations[END_REF], on statistical representations of stochastic processes (e.g. [START_REF] Stoica | A three-dimensional object point process for detection of cosmic filaments[END_REF][START_REF] Tempel | Bisous model-Detecting filamentary patterns in point processes[END_REF], through the relative strength between eigenvalues of the Hessian matrix of the density field (e.g. Aragón-Calvo et al., 2007a, 2010a;[START_REF] Marius | NEXUS: tracing the cosmic web connection // Mon[END_REF], using machine learning classification tools (e.g. Buncher, Carrasco Kind, 2019), graph theory (e.g. [START_REF] Luis | Detection and analysis of cluster-cluster filaments // Mon[END_REF], and regularised minimum spanning trees (e.g. [START_REF] Tony | T-ReX: a graph-based filament detection method[END_REF]. This Thesis studies the filamentary structures detected by the Discrete Persistent Structure Extractor (DisPerSE) of [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -I. Theory and implementation[END_REF]. As it will be explained in the next sections, this algorithm identifies the cosmic skeleton from the topology of the density field, using the Discrete Morse Theory and the theory of persistence, introduced respectively in Sects. 2.2.1 and 2.2.2. Note that all the details of the DisPerSE algorithm can be found in [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -I. Theory and implementation[END_REF] and [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -II. Illustrations[END_REF]. Here, I summarise the main theoretical aspects of this method by introducing and defining only the concepts that are required in the context of this Thesis, i.e. of the detection of cosmic filaments. 

Discrete Morse theory

This Section first presents the main characteristics of Morse theory, one of the pillars of the DisPerSE algorithm. Note that Morse theory is developed within the framework of smooth and continuous functions, so the discrete Morse theory, which applies to a discrete set of points (such as the distribution of galaxies or DM particules) is presented in the second part of this Section.

Morse Theory in a nutshell

For simplicity and illustrative purposes, the method is firstly introduced in the two dimensional (2D) case. Its extension to the 3D space is presented only in the last paragraph.

Let us consider a 2D smooth density field, ρ, such as the one shown in Fig. 2.4, where blue to red colours correspond respectively to the regions ranging from lower to higher densities. The gradient of this field -→ ∇ρ, defines a preferential direction at every point of space, which corresponds to that of the steepest ascent (shown by the small arrows in Fig. 2.4). The points where the gradient vanishes, -→ ∇ρ = 0, are called the critical points of the density field. These can be classified into different classes according to the sign of the eigenvalues of the Hessian matrix (i.e. the d×d matrix of the second derivatives of the field, where d is the space dimension) at the position of a critical point. The number of negative eigenvalues thus determines the order of the critical point. More precisely, let us consider a critical point P of position -→ p , and call λ i (i = 1, 2 in 2D) the eigenvalues of the Hessian matrix at this position. The critical point P can thus correspond to one of the following types:

• a maximum of the density field if all the eigenvalues are negative (λ 1 , λ 2 < 0). In this case, P is a critical point of order 2. For example, all the maximum density critical points (CPmax, in the rest of this Thesis) of the density field ρ are depicted by the red points in • a saddle of the density field, which is a critical point of order 1, if λ 1 < 0 and λ 2 > 0.

Saddles are shown by the green points in Fig. 2.4.

• a minimum of the density field (order 0), if all the eigenvalues are positive (λ 1 , λ 2 > 0). These points are shown in blue in Fig. 2.4.

It is important to specify that, within the Morse theory, the eigenvalues of the Hessian must necessarily be non-zero, so that the critical points are non-degenerate. This (strong) requirement is essential to this theory, and the functions satisfying the latter condition are called Morse functions.

The critical points of the density field are connected to each other by integral lines. These are lines that flow parallel to the gradient without intersecting. They depart from one critical point (of lower order), follow the gradient, and arrive to another critical point of higher order. For example, three integral lines are illustrated by the pink curves in Fig. 2.4.

The set of all integral lines covers the full space, and naturally partitions the space into ascending and descending manifolds. Indeed, ascending (resp. descending) manifolds are defined as the set of points that are reached by an integral line with origin (resp. destination) the critical point P. These concepts are clearly illustrated in the left panels of Fig. 2.5. Note that the set of ascending and descending manifolds is usually referred to as the Morse complex, which establishes the link between the geometrical (where are the critical points?) and topological (how are critical points connected?) properties of the density field. This is the main essence of Morse theory.

Finally, filaments are defined as the lines where the ascending and descending manifolds intersect, and that specifically connect the CPmax to the saddles of the density field. The filaments corresponding to the density field ρ of Fig. 2.4 are presented by the black lines in the right panel of Fig. 2.5.

Let us now consider a 3D density field, such as presented in the first panel of Fig. 2.6. In the 3D space, the Hessian matrix at the position of a critical point P possesses three eigenvalues, so the different possible sign combinations result in four types of critical points: the maxima (order 3), two types of saddles ( orders 2 and 1), and the minima (order 0). The corresponding 3k-ascending manifolds, and k-descending manifolds (here k ∈ [0, 3]) thus define regions of space with different dimensions. For example, a 0-manifold corresponds to a critical point, a 1-manifold is a line, a 2-manifold a surface, and a 3-manifold a volume. As in the 2D case, the intersection between ascending and descending manifolds gives birth to the different features of the density field which are, in the cosmological context, identified with voids, walls, and filaments, as shown in the example of Fig. 2.6 (note that the nodes are defined by the CPmax). It is important to state that the application of Morse theory (and thus of the DisPerSE algorithm) to the cosmic web, relies on the fundamental assumption that the ascending and descending manifolds of the density field are representative of the cosmic structures.

From continuous to discrete

What is presented so far works for continuous and at least twice differentiable functions, i.e. for Morse functions (see above). In nature, Morse functions can describe, for example, the height of a mountain, or the temperature in a room. However, the spatial distribution of galaxies, i.e. the data to which DisPerSE aims to applied in cosmology, cannot be described by a Morse function because of its discrete nature. Indeed, galaxies are only biased tracers of the underlying DM density field, meaning that they correspond to a discrete realisation of the continuous DM field. In order to find the cosmic skeleton, one could thus think of applying Morse theory directly to the DM density field but this faces other problems: the DM density cannot be directly measured in observations, and numerical simulations present only a sample of it (via the DM 'particles') thus coming back to a discrete representation.

In order to deal with the type of data sets available in astrophysics, DisPerSE thus adopts the discrete Morse theory, introduced by [START_REF] Forman | Morse theory for cell complexes // Advances in mathematics[END_REF][START_REF] Forman | A user's guide to discrete Morse theory // Sém[END_REF]. In this theory, the discrete Morse Complex is computed for intrinsically discrete functions by defining them over simplicial complexes. Basically, for a distribution of n points, a simplicial complex is a set of geometrical entities (points, segments, triangles, tetrahedrons) defined by n + 1 points such that they cover the full space by encompassing the smallest possible volume.

Within the DisPerSE framework, the adopted simplicial complex is the Delaunay tessellation, usually used in astrophysics. Applied to e.g. the galaxy distribution, this tessellation reconstructs the topological cosmic web while also giving an estimation of the density at each point (i.e. each galaxy), thanks to the Delaunay tessellation field estimator (DTFE). The latter is introduced by [START_REF] Schaap | Continuous fields and discrete samples: reconstruction through Delaunay tessellations[END_REF] and van de Weygaert, [START_REF] Van De Weygaert | The Cosmic Web: Geometric Analysis // Data Analysis in Cosmology[END_REF], and the main steps of this reconstruction algorithm are illustrated in the 2D example of Fig. 2.7. These are: (1) from the initial set of points, the Delaunay tessellation is computed, (2) the local density ρ DTFE , defined as the inverse of the area of the surrounding Delaunay triangles, is estimated at the position of each point, and (3) the density estimates are interpolated to any point of space by assuming that the density varies linearly inside each triangle. The DTFE thus gives a multi-scale and parameter-free reconstruction of the density field, that only depends on the initial set of points. It is important to keep this dependence in mind, since it results in an intrinsic sensitivity of the DisPerSE algorithm to the number of points residing in the analysed spaces or volumes. The latter is also called the density of tracers, and in the context of this Thesis it corresponds to the number of galaxies per megaparsec cube of the input galaxy catalogue (n box gal ). The dependence of the output skeleton on the density of tracers will be clearly illustrated in Chapter 3, where simulations characterised by different n box gal are used.

Because of the finite sampling, Poisson noise is intrinsically present in discrete data sets such as galaxy catalogues. Shot noise thus naturally biases the topology of the reconstructed DTFE field (by contaminating the density estimates), thus affecting the resulting DisPerSE skeleton. As shown by [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -I. Theory and implementation[END_REF]; [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -II. Illustrations[END_REF] and e.g. Malavasi et al. (2020a), the contamination by shot noise can be partially mitigated by performing a smoothing of the Delaunay density field prior to the application of the discrete Morse theory (this will be also illustrated in Sect. 3.1.2). This smoothing of the density field can also prevent the extraction of very small-scale features that would not correspond to those of the cosmic web (e.g. a local filament between two galaxies), but that are likely to be identified as structures due to the multi-scale nature of the Delaunay tessellation (see also the study presented in Sect. 3.1.2.

Nevertheless, the identification of the actual skeleton needs to be addressed with a more quantitative and secure approach. The one adopted by the DisPerSE algorithm is the systematic filtering of the different features of the skeleton thanks to the use of persistence theory, which is presented in the following Section.

Persistence theory

As explained above, the cosmic skeleton can be detected in a discrete sample like the distribution of galaxies (or the distribution of DM particles in numerical simulations) thanks to the application of Discrete Morse theory. Nevertheless, a main issue is left to solve: how to deal with the intrinsic Poisson noise of the discrete data set? Or, in other words, how can we distinguish 'true' cosmic filaments from the spurious filaments arising from Poisson noise? The answer to these questions comes from the persistence theory, whose main characteristics are explained in the following.

Let us consider the 1D density function presented by the black line in the first panel of Fig. 2.8. This density function resembles the one in gray, except for the added noise (as shown by the small peaks). Let us thus assimilate the black function to a result of the DTFE method introduced above. By looking at the corresponding critical points (marked by the blue and red points), it is clear that some of them are generated by noise (i.e. they are spurious) and they do not describe the trends of the underlying density. The main goal of persistence theory is thus to remove them from the topology, and to adapt the discrete Morse complex (see Sect. 2.2.1) to keep only the features truly arising from the density field, i.e. the persistent features.

First, the excursion sets of the function are computed. These are defined as the sets of points with values higher than a given density threshold, which are here chosen to correspond to the different values of the critical points. The scanning of the density field at these different thresholds groups different types of critical points in pairs. For example, the pairing of the critical points resulting from the excursion sets of our 1D function is presented in the second panel of Fig. 2.8. A persistence value is associated with each pair, and corresponds to the difference of density between the two critical points (represented by the length of the green arrows in the example of Fig. 2.8). Basically, the persistence value measures how much the density field has to change for a given topological feature to disappear. This can be seen as the 'lifetime' of the pair in the excursion set or, equivalently, as the robustness of the pair with respect to changes in the density function. In this sense, low-persistence pairs such as the one with the smallest green arrow in Fig. 2.8 can be simplified (i.e. eliminated) without significant changes in the topology of the density field. This topological simplification is illustrated in the last panel of Fig. 2.8, where the least persistence pairs of critical points have been eliminated, thus keeping only the robust features which arise from the density function.

In practice, the DisPerSE user can choose the level of persistence of the resulting skeleton by fixing the value of the persistence ratio, i.e. the ratio of the density of the two critical points in a pair, (expressed in numbers of σ). This threshold thus separates the features that are considered as characteristic of the underlying density field, from the spurious ones that are thought to be generated by noise (and which are thus simplified from the topology). [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -II. Illustrations[END_REF] show an example of how persistence thresholds simplify (or clean) the set of critical points. They apply DisPerSE to an N-body simulation and then plot the persistence diagram of a given type of pairs (e.g. CPmax and type-1 saddle pairs). This diagram, shown in Fig. 2.9, simply represents the 2D probability distribution function of the density values of the corresponding persistence pairs (see continuous colour-map, from blue to red). The white diagonal line marks the persistence limit of '0σ', and all the values are distributed towards the left-hand side of this line, as expected, since by definition the CPmax are denser than any other type of critical point. The pink and green lines show respectively the 4 and 5σ thresholds. Therefore, if the user fixes the persistence ratio to 4σ (resp. 5σ), all the critical points located at the right-hand side of the pink (resp. green) line will be eliminated, and the topology of the density field will be simplified from these points. Note that the green and red points correspond to the FoF haloes of the simulation, and the discussion of their relative location in this plot is not relevant in the context of the present Section.

As it can already be guessed at this stage, the choice of a persistence threshold can have strong repercussions on the resulting filaments, which are defined as the ridges of the Delaunay tessellation connecting two critical points. The effects of the persistence parameter on the detected skeletons will be illustrated in Chapter 3, by the direct application of the DisPerSE algorithm to the different simulations analysed in this Thesis.

Filaments with DisPerSE: at a glance

Let us finish this Section by recalling the main steps of this skeleton finder. The DisPerSE algorithm extracts the cosmic skeleton from a discrete distribution (a galaxy catalogue, an Nbody simulation, etc.) by : 1. First computing the Delaunay tessellation of the distribution of points (galaxies, particles, etc.).

2. Assigning a density value, ρ DTFE , to each vertex of the tessellation (e.g. each galaxy) by using the DTFE [START_REF] Schaap | Continuous fields and discrete samples: reconstruction through Delaunay tessellations[END_REF][START_REF] Van De Weygaert | The Cosmic Web: Geometric Analysis // Data Analysis in Cosmology[END_REF]). An optional smoothing of the resulting Delaunay density field can be performed at this step.

3. Computing of the discrete Morse complex [START_REF] Forman | Morse theory for cell complexes // Advances in mathematics[END_REF][START_REF] Forman | A user's guide to discrete Morse theory // Sém[END_REF] that determines the critical points and the ascending/descending manifolds of the density field, thus yielding the nodes, filaments, walls and voids.

4. Applying persistence theory in order to filter the features that are likely to have been generated by noise.

This algorithm mainly depends on three quantities: the density of tracers n box gal , that determines the topology of the Delaunay density field, the number of smoothing cycles (if any) of the Delaunay density field prior to the application of the discrete Morse theory, and the value of the persistence threshold. The impact of these parameters on the resulting skeleton will be explicitly studied in the next Chapter, where the DisPerSE algorithm is applied to the simulations introduced above in order to extract the cosmic filaments studied throughout this Thesis. The main goal of this thesis is to provide a characterisation of cosmic filaments and of matter around them. But before any physical analysis, it is fundamental to properly define these cosmic structures and to introduce the filament catalogues used throughout this work. Thus, this Chapter presents the detection of cosmic filaments in the numerical simulations of Sect. 2.1, and it is organised as follows. The details of the extraction of the cosmic skeleton using the DisPerSE algorithm are presented in Sect. 3.1, the important features of the resulting filaments are shown in Sect. 3.2, and robustness checks of the skeleton are performed in Sect. 3.3. A special focus is given on the filaments of the TNG300-1 simulation, which is the reference skeleton in all the following chapters of this thesis.

Extraction of the skeleton

In the following, the skeleton is defined as the set of features characterising the density of the cosmic web, and is thus composed by the collection of filaments and critical points, as identified by DisPerSE. In this thesis, the skeleton is detected from the galaxy distributions of the considered simulations. This choice was motivated by the fact that galaxies are biased tracers of the matter density field, so most analyses in observations detect the cosmic skeleton from the distribution of galaxies in different surveys, like for example VIPERS, COSMOS2015, SDSS, and SAMI (respectively in [START_REF] Malavasi | The VIMOS Public Extragalactic Redshift Survey (VIPERS): galaxy segregation inside filaments at z 0.7 // Mon[END_REF][START_REF] Laigle | COSMOS2015 photometric redshifts probe the impact of filaments on galaxy properties[END_REF][START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF][START_REF] Welker | The SAMI Galaxy Survey: first detection of a transition in spin orientation with respect to cosmic filaments in the stellar kinematics of galaxies // Mon[END_REF].

Galaxy catalogues in simulations

The building of the galaxy catalogues of the Illustris, TNG and Magneticum simulations are presented in the next paragraphs. These catalogues are at the basis of the different skeletons used in this thesis. Before presenting the details, it is important to mention that this thesis is not meant to reproduce actual observations (for example by mimicking selection effects and magnitude cuts of a given survey), so the galaxies in the different simulations are selected based on a simple cut in stellar mass. A study in simulations that aims at actually reproducing observations can be found in, e.g. [START_REF] Tuominen | An EAGLE view of the missing baryons[END_REF]. The authors replicate the observational constrains of the SDSS survey to detect cosmic filaments in the EAGLE simulation [START_REF] Joop | The EAGLE project: simulating the evolution and assembly of galaxies and their environments // Mon[END_REF].

For the Illustris and TNG series (i.e. Illustris2, TNG100-2, TNG300-2, and TNG300-1) the galaxies were selected from the corresponding SUBFIND subhalo catalogues, which are lists of gravitationally bound over-densities (see Sect. 2.1.3). For the sake of conciseness, only the details for the TNG300-1 box are given, since the galaxy catalogues of the other boxes were built in the exact same way.

From the original subhalo catalogue, and following Nelson et al. (2019b), I discarded all the objects that have been flagged as not following the usual processes of galaxy formation (using the field SubhaloFlag of the SUBFIND catalogue). This avoids contamination by fragments or clumps, originated from non-gravitational (baryonic) processes. The discarded subhalos account for 50, 098, and represent only a very small fraction (∼ 0.03%) of the initial subhalo catalogue.

A cut in stellar mass (field SubhaloMassType) was then applied to the remaining subhalos. Indeed, following the observational limits of [START_REF] Brinchmann | The physical properties of star-forming galaxies in the low-redshift Universe // Mon[END_REF][START_REF] Edward | Galaxy And Mass Assembly (GAMA): stellar mass estimates // Mon[END_REF], the stellar mass of the subhalos was required to be in the range 10 9 ≤ M * [M ] ≤ 10 12 . After this selection in stellar mass, 275, 818 subhalos remained. These objects are referred to as galaxies, and they constitute the catalogue on which the DisPerSE algorithm is applied. Some slices of the resulting galaxy catalogues of the TNG300-1, TNG300-2, TNG100-2 and Illustris-2 simulations are presented in the left panels of Figures 3.1 and 3.2. The filamentary structure of the cosmic web is already discernible in the presented slices.

In the case of the Magneticum simulation, the cut in stellar mass was applied to the large Box2/hr galaxy catalogue, resulting in 1, 266, 306 galaxies in the mass range 10 9 ≤ M * [M ] ≤ 10 12 . The Magneticum galaxy catalogue is ∼ 4.6 times larger than the TNG300-1 one, which is not surprising considering that the simulation box is 2.5 times bigger. A slice of this catalogue is presented in Fig. 3.3. Table 3.1 reports the number of galaxies in the five resulting catalogues. It is important to mention that the resulting DisPerSE filaments strongly depend on the density of tracers of the input galaxy catalogue. This quantity, denoted n box gal , corresponds to the number of galaxies per Mpc 3 , and Table 3.1 already shows that the five simulations possess different densities of tracers, that go from 5.4×10 -3 to 16.9×10 -3 galaxies per megaparsec cube.

Application of DisPerSE to the galaxy catalogues

The detection and extraction of the skeleton was performed by applying the DisPerSE code to the previously extracted galaxy catalogues. This publicly available code was introduced in 2.2, and this section shows the details of its application to the studied set of simulations. It is important to mention that, in order to be able to compare one skeleton to another, the same procedure (with the same parameter values) was applied to all the simulations. For illustration, the resulting filaments in a given slice of the simulated boxes can be found in the left panels of Figs. 3.1,3.2,and 3.3. The extraction of the DisPerSE skeletons was performed as follows: The persistence threshold of these plots is fixed to 3σ.

Smoothing the density field

As a first step, DisPerSE computed the Delaunay density field based on the input galaxy distribution. I chose to perform a single smoothing of the resulting Delaunay field in order to minimise the contamination by shot noise and to prevent the identification of spurious features (Malavasi et al., 2020a,b). This smoothing is achieved by averaging the value of the density at each vertex (which corresponds to the position of a galaxy) with the surrounding vertices of the Delaunay tessellation. Note that increasing the number of smoothing cycles (e.g. smoothing the density field twice) reduces the capability of DisPerSE to recover low-density features. This harms the precision of the skeleton in finding actual filaments close to regions with low galaxy densities (e.g. near the voids). This can be seen, for example, in the zoomed visualisations of three different zones of the TNG300-1 box, presented in Fig. 3.4. In this figure, some of the filaments arising from a field with two smoothing cycles (blue) appear to be off with respect to the initial distribution of galaxies (black points), especially in the regions with few galaxies. Moreover, given that increasing the value of the smoothing parameter naturally narrows down the range of explored densities, the number of detected features arising from highly smoothed fields is reduced, leading to longer filaments on average. This is shown by the values of Table 3.2, and by the length distributions of Fig. 3.5, where it is evident that, for a fixed value of persistence threshold, the distributions of filament portions extracted from a density field smoothed twice ("smooth2") are shifted towards higher values with respect to an extraction with a single smoothing.

Persistence threshold

The extraction of the (3D) skeleton by the discrete Morse theory was executed using a persistence threshold fixed to 3σ, for all the simulations. The choice of this value was determined by the study of the TNG300-1 box (which is the reference simulation). In that case, a lower persistence value resulted in a larger number of small scale features likely to emerge from the noise, whereas a higher value provoked a significant drop in the number of filaments, as only the most reliably identified structures were kept. Indeed, Table 3.2 and Fig. 3.5 (right panel) demonstrate that the number of filament portions decreases by a factor ∼ 16 between the 3σ and 7σ skeletons (with one smoothing cycle) of the TNG300-1 box. Notice that, for the lower values of persistence thresholds (from 3σ to 5σ) the length distributions of Fig. 3.5 exhibit a peak close to zero. This peak corresponds to extremely short filament portions arising from the noise, which are naturally cleaned from the skeleton in post-processing (see next Section). Another decisive argument for choosing a fiducial value of 3σ persistence threshold was that the resulting TNG300-1 skeleton accurately identified 91% of the most massive structures (clusters of galaxies) as CPmax, whereas this fraction was only 75% and 42% in skeletons with 4σ and 5σ persistence, respectively. A dedicated analysis on the link between CPmax and galaxy clusters is shown in the robustness tests of Sect. 3.3.

For reference, Fig. 3.6 shows the filaments arising from different combinations of smoothing and persistence thresholds in a slice of the TNG300-1 box (the same as in Fig. 3.1). It is worth mentioning that the effect of these DisPerSE parameters has also been assessed in skeletons extracted from observational data, like e.g. Malavasi et al. (2020a), who builds a filament catalogue by applying DisPerSE to the SDSS survey. A smoothing was then performed on the resulting skeleton. This aimed at alleviating the effect of shot noise on the geometry of the filaments, which would otherwise generate sharp and possibly nonphysical edges between the segments composing the filaments. This smoothing of the skeleton was done by shifting each segment extremity to the middle position of the contiguous extremities.

Smoothing the skeleton

"Breaking" the filaments

Finally, I applied the DisPerSE 'breakdown' procedure to break filaments sharing one or more segments into separate portions of filaments. Indeed, as it is clearly illustrated by, for example, the Illustris-2 skeleton (Fig. 3.2), some of the detected filaments have segments that belong to more than just one structure (i.e. they share common 'paths'). These segments should not be counted twice in the statistical analysis, since their repetition would bias the results. Therefore, the 'breakdown' procedure introduces bifurcation points at the positions where filaments merge. In this way, portions of filaments are delimited either by a CPmax, a saddle or a bifurcation point.

Post-processing the skeleton

After the different steps described above, the ouput of the DisPerSE code is a set of filament segments organised in portions and delimited by either a CPmax, a saddle or a bifurcation. In this section I explain how this 'raw' output was post-processed in order to retrieve the final filament catalogues that will be used in the analyses of the next Chapters.

Dealing with border effects

After visual inspection of the extracted skeletons, a salient feature was the (artificial) excess of critical points near the borders of the simulation boxes (see e.g. the case of TNG300-1 in Fig. 3.1). These could have been removed using dedicated flags in DisPerSE [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -I. Theory and implementation[END_REF], but in a more conservative way, the borders of the box affected by this excess were 

Reconnecting the portions to retrieve 'complete' filaments

The final filament catalogues were built by reconnecting the portions resulting from the 'breakdown' procedure in order to retrieve full filaments, i.e. filaments linking CPmaxs to saddle points. This topological definition is physically motivated by the fact that matter within a filament is presumed to flow from the saddle (a local minimum in the axis of a filament but a maximum in the transverse axis) to the point of maximum density, that is the CPmax [START_REF] Kraljic | Galaxies flowing in the oriented saddle frame of the cosmic web[END_REF]. This final step of reconstruction of filaments that have been broken by the introduction of bifurcation points is crucial. Indeed, while the statistical analysis needs to be performed on the individual portions of 'broken' filaments (to avoid counting twice the shared filament segments), the general filament properties, such as their length, have to be determined from the full, maxima-to-saddle, filaments. 

The filament catalogues

This Section presents some general characteristics of the derived DisPerSE skeletons, such as the total number of filaments, critical points, and the filament length distributions. All the relevant values can be found in Table 3.1. Note that these numbers correspond to the values inside the central sub-boxes after discarding the borders (i.e. inside the analysed volumes).

Let us first focus on the number of filaments in the final catalogues. This number depends on: (i) the size of the simulation box, and (ii) the density of tracers, n box gal , corresponding to the number of galaxies per Mpc 3 . The first dependency translates the fact that, at fixed density of tracers, smaller simulation boxes contain less filaments than bigger volumes, as expected by statistical considerations (see e.g. TNG300-1 v.s. Magneticum). The second dependency justifies the differences between boxes of the same volume (e.g. the reduced number of filaments in TNG300-2 with respect to the reference TNG300-1). Indeed, as explained in Sect. 2.2, the output skeleton of the DisPerSE code is sensitive to the input density of tracers, n box gal . Due to its lower resolution, TNG300-2 has a value of n box gal that is almost twice as low as the reference TNG300-1, leading to less refined features in the density field, and thus to a reduced number of detected filaments (2, 885 v.s. 5, 550). This is also clearly reflected in the visualisations of Fig. 3.1, where some of the features apparent in the TNG300-1 skeleton are clearly missing from the TNG300-2 one.

The length of each filament is computed as the sum of the lengths of all the segments that it is made of, from CPmax to saddle. The length distributions of the TNG300-1, Magneticum, TNG300-2, TNG100-2 and Illustris-2 filaments are presented in Fig. 3.8. A striking property of these distributions is their exponential tail, which is in agreement with previous findings [START_REF] Nicholas | Crawling the cosmic network: identifying and quantifying filamentary structure[END_REF][START_REF] Ena | Tracing the filamentary structure of the galaxy distribution at z ~0.8[END_REF]Malavasi et al., 2020a) and reflects the hierarchical and multi-scale character of the filamentary network, with significantly more short (peak at ∼ 5 -6 Mpc for TNG300-1) than long filaments (e.g. Aragón-Calvo et al., 2010b;[START_REF] Marius | Evolution of the cosmic web // Mon[END_REF]. Note that the peak of the TNG300-2 distribution (blue histogram) is slightly shifted towards higher values, and this can once again be explained by the lower density of tracers of this simulation, resulting in a skeleton with fewer short filaments and to filaments that are longer on average. The length of filaments also depends on the size of the simulation box (as expected), and this figure clearly shows that filaments from small boxes do not reach the same lengths as these of the larger boxes (e.g. TNG100-2 v.s. Magneticum). It is worth noticing that none of these distributions show a peak at length ∼ 0 Mpc (which was first seen in Fig. 3.5, reduced by the volume selection, but still present in Fig. 3.7). This is a natural consequence of the concatenation of small portions into filaments. For reference, the maximum, minimum, mean and median lengths of these filaments are also presented in Table 3.1.

Finally, the average number of filaments per CPmax is 3.25, meaning that on average each topological node is connected to three filaments. This in agreement with the studies of the connectivity of galaxy clusters of [START_REF] Gouin | Probing the azimuthal environment of galaxies around clusters. From cluster core to cosmic filaments[END_REF][START_REF] Gouin | The shape and connectivity of groups and clusters: Impact of dynamical state and accretion history[END_REF].

Robustness tests

In order to ensure that most of the features of the cosmic web are indeed detected (and well traced), the accuracy of the extracted DisPerSE skeleton (i.e. the filamentary network and critical points) needs to be tested. With respect to the filamentary network, testing the robustness of the positions of the spines recovered by DisPerSE is far from being trivial, since a 'true' physical reference can not be easily determined in the simulations. To bypass this problem one could think of extracting the skeleton with another detection technique (e.g. [START_REF] Tony | T-ReX: a graph-based filament detection method[END_REF][START_REF] Marius | NEXUS: tracing the cosmic web connection // Mon[END_REF][START_REF] Tempel | Detecting filamentary pattern in the cosmic web: a catalogue of filaments for the SDSS // Mon[END_REF] and comparing the corresponding outputs. However, this would rather be a characterisation of the similarities and differences of the different methods [START_REF] Noam | Tracing the cosmic web // Mon[END_REF], and would not yield results on the accuracy of the skeletons in detecting the actual filaments.

On the other side, most simulations present a catalogue of haloes, usually identified from the DM particle distribution thanks to specific (DisPerSE independent) algorithms (e.g. the FoF or Subfind algorithms, see Sect. 2.1). It is thus straightforward to draw a comparison between these haloes and the denser ending points of the filamentary structures, the DisPerSE CPmax, which by construction correspond to the topological nodes of the skeleton. Therefore, this Section presents a comparative study of the positions, the masses, and the DM distributions between the DisPerSE CPmaxs and the haloes of the reference TNG300-1 simulation.

Matching the positions of CPmax with the FoF haloes

For this comparison, the publicly available catalogue of friend-of-friend (FoF) haloes of the TNG300-1 simulation was divided into the following mass bins, which I chose in order to encompass the main classes of objects:

• M 200 < 10 11 M /h (small haloes), • M 200 ∈ [10 11 , 5 × 10 12 ] M /h (galactic haloes), • M 200 ∈ [5 × 10 12 , 5 × 10 13 ] M /h (groups), • M 200 ≥ 5 × 10 13 M /h (clusters).
The total number of these structures in the TNG300-1 simulation box is respectively 4089, 154098, 4642, and 430. Note that, prior to this binning in mass, the FoF haloes were selected in order to contain at least one galaxy of stellar mass 10 9 ≤ M * [M ] ≤ 10 12 .

A slice of the simulation showing the positions of these structures and that of the DisPerSE CPmax is presented in Fig. 3.9. Note that this is the same slice as in Fig. 3.1. Overall, there is a good match between the positions of the CPmax and these of the most massive FoF haloes. Indeed the fraction of clusters hosting a CPmax within their R 200 radii is 91%, showing that the most massive structures (M 200 ≥ 5 × 10 13 M /h) are generally well traced by the DisPerSE skeleton. The fractions are much smaller in lower mass haloes, as expected for less massive objects. Conversely, 93% of CPmax lie within R 200 of a FoF halo of any type, the other 7% probably being located in less dense environments of the cosmic web. All the previous values (and more) are reported in Table 3.3.

The absence of a one-to-one match between CPmax and FoF clusters is not surprising, given that the DisPerSE code identifies the critical points from the local density (see Sect. 2.2), which naturally leads to multi-scale features spanning broad density ranges. Of course, the fraction of CPmax in these low dense environments can be lowered by increasing the persistence threshold of the extracted skeleton (that corresponds to 3σ in this case). However this would lead to a skeleton that misses some of the most salient features of the density field, like clusters of Table 3.3: Matching the DisPerSE CPmaxs with the FoF haloes of the TNG300-1 simulation. This table presents the fraction of FoF haloes hosting a CPmax within their R 200 , and the fraction of CPmax coinciding with the positions of haloes (also within the clusters' R 200 ). The mass ranges of small haloes, galactic haloes, groups, and clusters are defined in the text, and their numbers are respectively 4089, 154098 and 4642, and 430. Each column corresponds to a different extraction of the skeleton, where only the persistence threshold is modified, going from 3 to and 5σ. All the other parameters correspond to these described in Sect. galaxies. Indeed, the second and third columns of Table 3.3 show the resulting CPmax-FoF halo matching of other DisPerSE skeletons derived with higher values of the persistence threshold, namely 4σ and 5σ. While the improvement on the total number of CPmax lying within massive FoF haloes (i.e. clusters) is only mild (it increases from 14% in the 3σ fiducial skeleton to 22% in the extreme case of 5σ), the number of these structures that are actually traced by the skeleton drops dramatically. For example, in the 4σ case only 75% of clusters host a CPmax, and in the 5σ skeleton this fraction is 42%, meaning that more than half of the clusters are not identified as CPmaxs. These studies comfort the choice of using a 3σ persistence threshold as the fiducial value for the extraction of the DisPerSE skeletons in Sect. 3.1. For each CPmax, I computed the M 200 mass by summing the masses of all the DM particles in a sphere centered at the position of the CPmax and of radius R 200 , the critical radius. The latter is defined as the radius of the sphere (centred on the CPmax position) whose mean enclosed density is 200 times ρ c (the critical density of the Universe). For each CPmax, the R 200 radii were determined by following the iterative scheme explained in Sect. 4.1.1.

Mass distributions of nodes and haloes

In the case of the FoF haloes, the masses were directly obtained from the simulation output (field Group_M_Crit200), and correspond to the total mass of the halo, enclosed in a sphere whose mean density is 200 times the critical value of the Universe.

The CPmax mass distribution shows a symmetrical shape that peaks at ∼ 10 12.8 M /h, corresponding to the median value of the distribution. In the high mass regime (higher than ∼ 10 12.8 M /h), the distribution follows the same trend as that of massive FoF haloes (groups and clusters), with a decreasing number of objects with increasing mass. Precisely, 4% and 51% of CPmax lie in the mass bins corresponding to groups and clusters. On the other side, in the lower mass regime, these two distributions are very different, since the CPmax masses steadily decrease (down to the minimum mass 10 10.4 M /h), while the distribution of FoF haloes peaks only at 10 11.3 M /h (which is the typical mass of haloes hosting galaxies of stellar mass ∼ 10 9 M /h) and rapidly drops at lower masses. The fraction of CPmax in the mass bins corresponding to small haloes and to galactic haloes is respectively 1% and 44%.

This Figure also shows that massive CPmax points have on average lower masses than massive FoF haloes. This does not come from the fact that baryons were not taken into account in the computation of the M 200 masses of these DisPerSE objects, since by computing the mass contribution specific to baryons for the FoF haloes, I estimated that on average baryons account for only ∼ 11% of the total mass in these objects. Therefore, by assuming the same baryon contribution in CPmaxs, it is straightforward to conclude that the mass distribution is almost unchanged when baryons are taken into account. This mass difference can rather explained by the fact that, by construction, CPmax points coincide with the positions of galaxies of mass 10 9 < M * ≤ 10 12 M . Galaxies in this mass range might not always represent the brightest cluster galaxies (BCG) of the parent halo, and thus CPmax points might be miscentred from the position of the center of the halo (defined as the position of the most bound particle), leading to lower M 200 masses of CPmax nodes with respect to FoF haloes.

DM density profiles of nodes and haloes

With the aim of characterising the distribution of matter around the CPmaxs, the DM density profiles of these structures were compared to these of clusters of galaxies. The resulting average profiles are shown in Figure 3.11. These were computed by summing the DM masses in concentric shells around the centres of the structures, and then dividing the resulting mass by This figure clearly shows that the CPmax density profile is bracketed between these of groups and clusters. By performing a finer binning in mass, one can see that the CPmax profile is very similar to that of FoF haloes in the mass range M 200 ∈ [10 13 , 5 × 10 13 ] M /h, which is compatible with the previous analysis of the mass distributions. The resemblance in shape and amplitudes between the CPmax and massive FoF haloes profiles shows that the spatial distribution of DM around the DisPerSE CPmaxs is compatible with that of the more 'physically'-defined objects that are groups and clusters of galaxies.

Conclusion

This Chapter presented the filament catalogues used in this work. These were extracted by applying the DisPerSE algorithm to the galaxy distributions of the different simulations, using a 3σ persistence threshold and one smoothing cycle of the density field (see Sect. 3.1). These parameters were chosen by the study of the TNG300-1 box, which is the reference simulation in all the analyses presented in the next Chapters. The impact of the DisPerSE parameters on the resulting skeleton was assessed by studying the number and length of the detected portions of filaments, and the main general properties of the detected filaments were presented in Sect. 3.2.

However, given the difficulty in testing the accuracy of the positions of the filament spines, the robustness of the skeleton was assessed by comparing the positions, mass distributions, and DM density profiles of the CPmax (i.e. the denser ends of filaments) to the equivalent properties of the FoF haloes of the simulation. These tests showed that, when tracing filaments using galaxies in the stellar mass range of 10 9 -10 12 M , the 3σ skeleton is the best that can 3.4. CONCLUSION possibly be extracted within the DisPerSE framework.

In conclusion, the reference DisPerSE skeleton is robust enough to trace the most massive structures of the cosmic web, which is a crucial requirement for the study of matter around filaments which I will present in the next Chapters.

Chapter 4

Distribution of matter around cosmic filaments This Chapter aims at giving a comprehensive characterisation of the distribution of matter around cosmic filaments, whose detection was described in Chapter 3. The first section, Sect. 4.1, presents the study of the distribution of galaxies around the cosmic filaments of the TNG, Illustris, and Magneticum skeletons previously introduced. The distribution of the matter components, namely DM, gas and stars, is then studied for the TNG300-1 filaments in Sect. 4.2. Finally, a discussion on the large-scale environment of the different populations of filaments is performed in Sect. 4.3.

Galaxies around filaments

Since its first detection around the Perseus cluster [START_REF] Mikhel | Spatial distribution of galaxies and of clusters of galaxies in the southern galactic hemisphere // Mon[END_REF] and in the Center for Astrophysics (CfA) galaxy survey [START_REF] De Lapparent | A Slice of the Universe[END_REF], the cosmic web, as traced by galaxies, has been observed in many galaxy surveys with increasing resolution and statistics. For example, over the last two decades, the distribution of galaxies in this web-like filamentary pattern has been detected in the Sloan Digital Sky Survey (SDSS, York et al., 2000), the two degree Field Galaxy Redshift Survey (2dFGRS, Colless et al., 2003), the Cosmic Evolution Survey (COSMOS, [START_REF] Scoville | The Cosmic Evolution Survey (COSMOS): Overview[END_REF], the 6dF Galaxy Survey (6dFGS [START_REF] Jones | The 6dF Galaxy Survey: final redshift release (DR3) and southern large-scale structures // Mon[END_REF], the Galaxy and Mass Assembly (GAMA, [START_REF] Driver | Galaxy and Mass Assembly (GAMA): survey diagnostics and core data release // Mon[END_REF], the VIMOS VLT deep survey (Le Fèvre et al., 2005, VVDS), VIPERS [START_REF] Guzzo | The VIMOS Public Extragalactic Redshift Survey (VIPERS). An unprecedented view of galaxies and large-scale structure at 0.5 &lt[END_REF] and SAMI [START_REF] Bryant | The SAMI Galaxy Survey: instrument specification and target selection // Mon[END_REF] surveys. A study of cosmic filaments in observations can thus be achieved by using the posi- tions of galaxies as proxies. However, this has intrinsic limitations (due to e.g. galaxy selection effects and Fingers of God effects Malavasi et al., 2020a), so a study in numerical simulations is necessary in order to guide observational analyses.

This section presents a study of the distribution of galaxies in filaments from simulations (see Chapter 3). This distribution is characterised via the building of galaxy density radial profiles, and identifying dependencies with filament properties, such as their length and large-scale environment. Inspired by the galaxy cluster literature and following an empirical approach, this section also investigates whether some analytical models can be adapted to describe the radial profiles of cosmic filaments.

Galaxy density profiles of filaments

The distribution of galaxies around filaments can be studied by computing the radial profile of galaxy density around these cosmic structures. This quantity is defined as the number density of galaxies along the perpendicular direction to the filament spine (hereafter called r). This Section presents the method and the first results of galaxy density profiles around the filaments of the TNG300-1, TNG300-2, TNG100-2, Illustris-2, and Magneticum skeletons.

Method

The profiles of galaxy density around filaments are computed in the following way. I start by estimating the radial profile around a segment i of a filament by counting the number of galaxies in concentric cylindrical shells around the axis of the segment, as illustrated in Fig. 4.1, according to the equation:

n i (r k ) = N k π(r 2 k -r 2 k-1 ) l i . (4.1)
Here, l i is the length of segment i, the index k stands for the cylindrical shell of thickness r kr k-1 and N k is the number of galaxies in the k-th shell. The radial distance r is binned in 20 equally spaced logarithmic bins, starting from the axis of the segment and up to r = 100 Mpc. The (total) radial profile of galaxy density around filaments is then computed by averaging the profiles of all the set of segments. In this average, each segment is counted only once, regardless of the number of reconstructed filaments to which it belongs. Indeed, let us recall that, as presented in Sect. 3.1.2, different filaments can share one or more segments, so in order to avoid counting twice the same segment in the statistical analysis, the DisPerSE 'breakdown' procedure (which breaks these common paths into separate portions) was applied during the extraction of the skeleton.

The errors on the filament profiles are computed by bootstrapping over the set of individual segment profiles, i.e. for a set of N segments, N profiles are randomly selected (with replacement), and then averaged together. This procedure is repeated N times in order to obtain N averages, and the errors of the filament profile are thus the dispersion of these N averages.

In order to retrieve the properties that are solely specific to cosmic filaments, I removed from the analysis the filament segments that are connected to the nodes. Indeed, including these segments would add contributions from cluster outskirts, and this would bias the analysis of the main filament stems, which are the regions of interest in this work. Within the DisPerSE framework, the topological nodes of the skeleton are determined by the position of the CPmaxs, and for simplicity they were considered as spherically symmetric objects. By assuming that the CPmax lie at their centre, for each node I computed the radius R 200 using the DM particles of the simulations1 . More precisely, the R 200 radius of a given CPmax, defined as the radius of the sphere whose mean density is 200 times ρ c (the critical density of the Universe), was determined by following the iterative scheme of computing the DM density in spheres of increasing radii, until finding the radius for which the enclosed density equals the expected value of 200 ρ c .

The filament segments and galaxies inside the spheres of radius 3 × R 200 were then removed from the analysis. The choice of this rather conservative factor was determined by testing the effect of different radii on the galaxy density profiles around the filaments. This is shown in Fig. 4.2 for the TNG300-1 simulation, where a comparison between the profile without any mask and those using a mask of 1, 2 and 3 × R 200 is presented. At the core of the filaments, the unmasked curve (gray) and the 1 × R 200 masked profile (green) are 39 σ apart. However, the differences between the 1, 2 or 3×R 200 masked profiles are not significant as the signal is stable, proving that a mask of 1, 2 or 3 × R 200 is equivalently good enough to remove the contribution from the nodes. Nevertheless, for the filament analyses, a preference is given for the use of a 3 × R 200 mask (the higher value), in order to avoid the contamination by other effects at the outskirts of clusters, like splash-back features [START_REF] Surhud | The Splashback Radius as a Physical Halo Boundary and the Growth of Halo Mass[END_REF][START_REF] Surhud | Detection of the Splashback Radius and Halo Assembly Bias of Massive Galaxy Clusters[END_REF]Baxter et al., 2017b;[START_REF] Benedikt | More Surhud. The Splashback Radius of Halos from Particle Dynamics. II. Dependence on Mass, Accretion Rate, Redshift, and[END_REF][START_REF] Chang | The Splashback Feature around DES Galaxy Clusters: Galaxy Density and Weak Lensing Profiles[END_REF]Shin et al., 2019) 

Results

The galaxy density profile of filaments is computed by averaging all the segment profiles in the catalogue. The result for the TNG300-1 filaments is shown in the upper panel of Fig. 4.4 (black curve). This figure also shows the corresponding null-test (light blue curve), which is obtained by shifting the positions of all the filaments of the catalogue by random offsets, and computing the galaxy density profile of these shifted filaments. This procedure is repeated 100 times to create 100 different realisations of the original catalogue of 5550 filaments. The values of the null-test are then given by the average profiles of these 5550 × 100 randomly shifted filaments.

The average galaxy density profile of filaments exhibits a clear excess with respect to the background density. The significance at the core of the filaments with respect to the null-test is found to be ∼ 20 σ. This is compatible with the significance range [∼ 5σ, 32σ] of the overdensity profiles of [START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF], who performed a similar study using 0.1 < z < 0.3 galaxies from the WISExSCOS catalogue around DisPerSE detected filaments (with a mask of 3 × R 500 for the clusters). Also, note that the significance of the detection in Fig. 4.4 is above 5σ up to radial distances of r = 27 Mpc. The galaxy density decreases with increasing distance r, until it reaches the average density of the simulation box (gray horizontal line). The null-test of Fig. 4.4 yields the average galaxy density of the simulation box, demonstrating that the method used to compute the profiles is not biased.

Similarly, I computed the average galaxy density radial profile of filaments in the Magneticum, TNG300-2, TNG100-2 and Illustris-2 simulations. The results are shown in the lower panel of Fig. 4.4, respectively in red, blue, green and yellow, along with the reference (TNG300-1) profile that is shown in black. For the sake of comparison with the profile obtained from the TNG300-1 simulation, all the profiles are rescaled by their respective background densities.

The TNG300-1, Magneticum, TNG300-2 and TNG100-2 profiles are essentially the same, despite some differences that will be discussed in the next paragraph. Let us here focus on the Illustris-2 profile, which is significantly different from the others particularly near the core of the filament. The shallow core of this profile might be caused by AGN and possible other feedback effects that are known to be more important in this simulation. For example, these effects have already been identified as responsible of the excessively high depletion rate of gas in massive haloes at low redshift, leading to tensions with observations [START_REF] Shy | Introducing the Illustris project: the evolution of galaxy populations across cosmic time // Mon[END_REF][START_REF] Haider | Large-scale mass distribution in the Illustris simulation // Mon[END_REF]. To confirm this hypothesis, I computed galaxy density profiles in nodes in the Illustris-2 and TNG100-2 simulations, presented in Fig. 4.5, assuming spherical symmetry. Recall that nodes are identified by the CPmax, and these objects are masked in the analysis of filaments (see previous Section). The resulting profiles in nodes exhibit the same trend as the profiles of filaments, i.e. the Illustris-2 slope is shallower and the densities at the centre of the nodes are smaller in this simulation than in the TNG100-2 one. These results already support the fact that the densest regions of the cosmic web, like massive haloes and cores of filaments, are particularly sensitive to feedback effects. Nevertheless, while baryonic physics plays a role in the distribution of matter around filaments, the essential and dominant driver remains gravity (as expected), as is shown by the strong similarity of the density profiles of the other simulations (cf. Fig. 4.4), even though their feedback models (TNG and Magneticum models) are not identical2 . Note that a more extensive study on the effects of AGN feedback on the distribution of matter around filaments is presented in Sect. 4.2.2. Despite the good visual agreement in the other profiles of Fig. 4.4 (i.e. the TNG300-1, Magneticum, TNG300-2, and TNG100-2 profiles), let us now discuss the slight deviations spotted at distances of r ∼ 1 Mpc. Indeed, from the core to the outskirts of the filament, the TNG300-2 profile (blue) exhibits a softer decrease of galaxy density with respect to the TNG300-1 reference profile (black), yielding a more extended and fatter core in this lower resolution run. This effect could be explained by a reduced precision in the detection of filaments by the Dis-PerSE algorithm, coming from the smaller number of tracers (i.e. galaxies) in lower resolution simulations. In order to verify this hypothesis, the TNG300-1 galaxy catalogue was thinned by randomly removing every other galaxy so that the density of tracers, n box gal , matches that of TNG300-2 (see Table 3.1). The skeleton of this thinned catalogue was then extracted using the same DisPerSE parameters as presented in Sect. 3.1.2, and the galaxy density profiles of the thinned catalogue around these newly extracted filaments were then computed. The resulting average profile is displayed in Fig. 4.6 (green dashed curve with triangles) and shows a perfect agreement with the TNG300-2 profile (in blue). Notice that the left panel of this figure displays the rescaled density profiles, while the right panel shows the profiles at their respective galaxy backgrounds (denoted by the horizontal lines). In addition, I also analysed the distribution of galaxies of the thinned TNG300-1 catalogue around the original TNG300-1 reference filaments. This resulted in the pink dashed profile with squares, which has exactly the same shape as the TNG300-1 reference. Indeed, this curve perfectly overlaps with the reference in the left panel of rescaled profiles, proving that the distribution of galaxies around filaments is not changed with resolution. Hence, these tests show that the fatter core of the TNG300-2 profile is purely due to DisPerSE precision effects, that increase the uncertainty in the position of filaments in simulations with lower densities of tracers.

Finally, the Magneticum profile (red curve) of Fig. 4.4 seems to be in good agreement with that of TNG300-2. While the Magneticum simulation has a DM resolution similar to that of TNG300-2 (see Table 2.1), its density of tracers n box gal is rather compatible with that of the reference TNG300-1 (Table 3.1). Therefore, the aforementioned DisPerSE precision effects are not likely to explain the fatter core of Magneticum with respect to the reference profile. The Magneticum simulation has a different cosmology, slightly different redshift (z = 0.066), and different physical models than the TNG series (see Table 2.2), but these effects can not be disentangled in the density profiles of this work. Still, despite these differences, the profiles of TNG300-1 and Magneticum are remarkably similar from a statistical point of view, as confirmed by the p-value of 0.22 obtained from the two-sample Kolomogorov-Smirnov test.

Identifying two different populations of filaments

Galaxy density v.s. filament length

The average galaxy density profiles obtained in Sect. 4.1.1 characterise the entire population of filaments, regardless of specific filament properties. In order to explore possible dependencies with the filament lengths, the TNG300-1 filament catalogue is split in eight different bins of length chosen so that each contains the same number of segments, ∼ 2200. Following the method introduced in Sect. 4.1.1, the profile of filaments in a given bin of length is computed as the average of the profiles of the segments forming the filaments in this bin. The eight resulting profiles are presented in the top panel of Fig. 4.7 (from yellow to blue curves), where the average profile of all the filaments is also displayed (black dotted curve). This figure clearly shows that filaments of different lengths have significantly different radial galaxy densities.

The profiles of the shortest filaments lie above the average at all radial distances, whereas the longest filaments are found below the average. The bottom panel shows the deviation from the average profile for each bin of length, is defined as

D subset-tot = n subset -n tot σ 2 subset + σ 2 tot , (4.2)
where n subset is the profile of the filaments in a given bin, n tot is the average profile (as in Fig. 4.4), σ subset , and σ tot are the bootstrap errors of the corresponding profiles.

While the filaments of lengths in the range 9 ≤ L f < 20 Mpc do not present significant deviations from the average profile (|D subset-tot | < 2), the shortest and longest bins of length deviate by more than 2σ, and the differences are the most significant (|D subset-tot | ∼ 8) for distances between 1 to 10 Mpc from the filament spine. Therefore the filament catalogue is split into two populations: short filaments with lengths shorter than 9 Mpc, and long filaments with lengths longer than 20 Mpc.

Short and long filaments

I computed the average profiles of all the short (L f < 9 Mpc) and long filaments (L f ≥ 20 Mpc), respectively S and L profiles hereafter. Despite a larger number of short filaments (2846 vs 611), the average S and L profiles are computed from approximately the same number of segments (respectively 4733 and 4129). Consequently, short filaments are statistically made of less segments than long filaments: the mean number of segments per filament are NS seg = 1.7 for short and NL seg = 6.5 for long.

The following paragraphs present a study of short and long filaments by using Kolmogorov-Smirnov (KS) statistical tests. First, the measured S (resp. L) profile is compared with an average bootstrap profile computed from the complementary set of segments, i.e. the subset of profiles whose segments do not belong to the S (resp. the L) population. The KS is used to test the null hypothesis which assumes that the S and the related bootstrap profiles (resp. the L and the related bootstrap profiles) are drawn from the same parent distribution. This procedure is repeated 1000 times in order to have a distribution of p-values that takes into account the statistical properties of the complementary population. The resulting p-value distributions are presented in Fig. 4.8, for the short and long populations respectively in the left and right panels. These are found to be always smaller than 6×10 -3 and 4×10 -6 , respectively for each population, indicating that the density profiles of short and long filaments can not be randomly reproduced. Therefore, these results are a strong indication that there are at least two populations in the total set of filaments.

Finally, a unique two-sample KS test is performed to directly compare the S and L profiles. The resulting p-value of 5.9 × 10 -11 is a statistical confirmation that the two populations of filaments have different average profiles.

The average short and long profiles of the Magneticum, TNG300-2 and TNG100-2 filaments were also computed. To do so, I followed the same procedure as for the reference TNG300-1, i.e. for each simulation the filament catalogue was split in thin bins of length having the same number of segments, and the S and L populations were defined from the subset profiles that deviated by more than 2σ from the total average profile. Note that the significance of the deviations D subset-tot (defined in Eq. 4.2) strongly depends on the statistics of the corresponding filament catalogue, as the errors on the average profiles are sensitive to the number of In order to take into account these effects and to be able to compare the deviations of catalogues with different statistics, the errors of the simulations were thus rescaled to those of TNG300-1 by replacing σ with σ × N/N ref in Eq. 4.2. Here, N denotes the number of segments either in the subset bin or in the total catalogue of the corresponding simulation, and N ref corresponds to the same quantities in TNG300-1, the reference simulation. The resulting galaxy density profiles with rescaled errors are presented in Fig. 4.9, and the derived lengths defining the S and L populations for each simulation are shown in Table 4.1. As expected, the length boundaries for the TNG300-2 profiles (14.4 and 27.2 Mpc) differ the most from the reference values (9 and 20 Mpc), and this is due to the significantly different filament length distributions of these simulations (as discussed in Sect. 3.2.)

A surprising result was found in the case of the Illustris-2 filaments, that is that their galaxy densities showed no dependency whatsoever with filament length. Indeed, the splitting of this catalogue in thin bins of length resulted in profiles that closely followed the total average (see lower right panel of Fig. 4.9). The shortest and longest bins did not show the expected trend (clearly exhibited by all the other simulations) and all the corresponding deviations displayed an oscillation around zero. This result is not due to the lower statistics of the Illustris-2 box, as the populations of filaments were clearly detected in the TNG100-2 simulation, whose box contains almost the same number of filaments as Illustris-2. Most likely, this surprising finding might be related with the specific model of baryonic physics of this simulation [START_REF] Shy | Introducing the Illustris project: the evolution of galaxy populations across cosmic time // Mon[END_REF][START_REF] Haider | Large-scale mass distribution in the Illustris simulation // Mon[END_REF], which was already discussed in Sect. 4.1.1. This may be a hint that different populations of filaments are not only a natural result of cosmological accretion, but they also rely on the physics of baryons, which shapes the distribution of matter around filaments to a certain extent. Note that the interplay between DM and baryons in filaments will be discussed in details in Sect. 4.2.

That being said, Fig. 4.10 presents the derived S and L profiles of filaments in the TNG300-1, TNG300-2, Magneticum and TNG100-2 simulations. Orange and blue colours denote respectively short and long filaments. The S and L profiles of these four simulations are remarkably compatible, modulo the broader cores of the Magneticum profiles, and some resolution 2.1, and these related with the filament catalogues can be found in Table 3

.1. Simulation Short [Mpc] Long [Mpc] TNG300-1 L f < 9.0 L f ≥ 20.0 Magneticum L f < 10.7 L f ≥ 16.5 TNG300-2 L f < 14.4 L f ≥ 27.2 TNG100-2 L f < 8.0 L f ≥ 18.8
effects in the TNG300-2 filaments (as previously discussed in Sect. 4.1.1). In addition, the Magneticum profile also shows slightly higher density values at the core of the short filaments, which might be due to the different (but compatible) physical models of Magneticum with respect to the TNG suite (see Sect. 2.1 and particularly Table 2.2). Finally, the small deviations of the TNG100-2 filaments with respect to the other profiles may be caused by the very reduced statistics in this simulation box. Indeed, the short and long profiles in TNG100-2 result from the average of only ∼ 200 segments (vs 2200 in the reference TNG300-1), so the mean values may not be representative of the underlying density distribution.

Finally, let us present some characteristic radial scales for the TNG300-1 profiles. First, the radial extent of the L profile, r L e ∼ 19 Mpc, computed with respect to the corresponding null-test, is found to be almost twice as small as that of the S profile, r S e ∼ 35 Mpc. Likewise, the radius r 2 , defined as the radius for which the galaxy density is twice the value of the background density n b , is smaller for long (r L 2 ∼ 3 Mpc) than for short filaments (r S 2 ∼ 5 Mpc). Qualitatively, similar results were found in the other simulations, namely that long filaments are radially less extended than short filaments, and thinner at all radial scales.

Analytical models

As mentioned previously, galaxies are the most direct (and accessible) tracers of the density field in observations. With the aim of having an analytical expression of the radial distribution of galaxies around cosmic filaments that can be useful in observational studies, this section presents the results of the fitting of the density profiles of the previous subsection to different analytical models. The following results focus on the TNG300-1 profiles, the reference.

Several analytic models can be proposed for the radial profiles of galaxy densities. Some of these are borrowed from the cluster literature, like the generalised Navarro, Frenk and White model (GNFW, [START_REF] Hernquist | An Analytical Model for Spherical Galaxies and Bulges[END_REF][START_REF] Julio | A Universal Density Profile from Hierarchical Clustering[END_REF][START_REF] Nagai Daisuke | Effects of Galaxy Formation on Thermodynamics of the Intracluster Medium[END_REF][START_REF] Arnaud | The universal galaxy cluster pressure profile from a representative sample of nearby systems (REXCESS) and the Y S Z -M 500 relation[END_REF], presented in Eq. 4.3 ,

n GNFW (r) = n 0 r r f α 1 + r r f γ β-α γ + n b , (4.3) 
the Einasto model [START_REF] Einasto | On the Construction of a Composite Model for the Galaxy and on the Determination of the System of Galactic Parameters // Trudy Astrofizicheskogo Instituta Alma-Ata[END_REF][START_REF] Aaron | Einasto profiles and the dark matter power spectrum // Mon[END_REF] of Eq. 4.4,

n Einasto (r) = n 0 exp - r r f a + n b (4.4)
and β models of Eq. 4.5 (Cavaliere, Fusco-Femiano, 1976;[START_REF] Arnaud | The β-model of the intracluster medium. Commentary[END_REF][START_REF] Stefano | Mass Profiles of Galaxy Clusters from X-ray Analysis[END_REF]. 

n β (r) = n 0 1 + r r f α β + n b . (4.5)
n 0 [Mpc -3 ] r f [Mpc] α β γ χ 2 ν GNFW 1.15
n PL2 (r) = n 0 r r f α + r r f β + n b (4.6)
or simply a single power law (PL1) of Eq. 4.7 [START_REF] Jörg | Intercluster filaments in a ΛCDM Universe // Mon[END_REF],

n PL1 (r) = n 0 1 + r r f β + n b . (4.7)
These models usually describe two regimes: small (r r f ) and large (r r f ) radii (where r f is a characteristic radius), with a possibility of a transitional region between them in the GNFW case determined by the parameter γ. Each model listed above is characterised by slopes describing the small and large radii regimes. Notice that the names of the exponents in the formulae above have been chosen with the aim of easing the comparison of the models, and may not correspond to the usual labelling.

The average galaxy density profiles obtained for the total filament population, as well as those for the short and long filaments were fitted to these analytic models using Monte Carlo Markov Chains (MCMC). Figure 4.11 displays the reduced chi-squared values, χ 2 ν , resulting from the fit. First, one can observe that the fit to the Einasto profile (purple dashed line) always yields the highest χ 2 ν values indicating that it is not an adequate model to describe the galaxy density profiles of filaments. Also, note that the fits perform always worse (χ 2 ν ∼ 9) for the entire filament set than for the short or the long filament populations considered separately (with respectively χ 2 ν ∼ 1.9 and ∼ 1.2), as expected for the two different filament populations. We point out that all the tested models perform equally well, in terms of their χ 2 ν values in Fig. 4.11, for the short or the long filaments populations.

Let us now focus on the parameters of the fits for the short, long and total populations. In the following, the Einsato model is discarded and the n b parameter is fixed to the background galaxy density of the simulation box. The results of the MCMC exploration are presented in the Table 4.4: Results of the MCMC fits on the total population of filaments. The total galaxy density profile is adjusted using the models described in Eq. 4.3, 4.5, 4.6 and 4.7. form of corner plots in Fig. 4.12 (orange is for short, blue for long, and black for all filaments). Overall, the parameters are rather well constrained except for the GNFW, where several degeneracies are observed (as expected for the model with the highest number of parameters). Note that fitting short and long filaments separately yields different and distinct parameters, confirming that these are two very different populations.

n 0 [Mpc -3 ] r f [Mpc] α β γ χ 2 ν GNFW 1.67
More quantitatively, the best-fit parameters (namely the median values of the posterior distributions) are presented in Tables 4.2 and 4.3 for the short and long filaments respectively. The parameters fitting the entire population are shown in Table 4.4. For all the models, short filaments have always lower r f values than long filaments, meaning that the transition between the two radial regimes occurs at smaller scales for the short population. Moreover, long filaments have in general steeper slopes, especially at large radii, indicating a faster drop of the galaxy density with radial distance. This is in qualitative agreement with the findings of the previous subsections. As an example, I quantified the differences between the two populations for the case of the double power law model. Applying Eq. 4.2 to the n 0 , r f , α and β best-fit values yielded, respectively, on a 5.7, 3.3, 2.7 and 7.2 σ difference between short and long filaments. (2021), where it is shown that the DM density follows a power law of slope -2 at the outskirts of the filament. In this work, the density of galaxies around short and long filaments is found to follow outer slopes of roughly -1.82 and -2.14, suggesting that, at the outskirts of the filament, galaxies follow the DM skeleton. This will be proven in the next Section (Sect. 4.2) with the study of DM density profiles of short and long filaments.

Finally, the upper panel of Fig. 4.13 displays the data points and the models obtained using the best-fit parameters of the double power law and the GNFW model plotted in dotted and solid lines, respectively. These two models illustrate a case where parameters are well constrained (double power law) and another with significant degeneracies (GNFW). In the lower panel of this figure, the relative difference between the data and the model, defined as ∆n/n(r) = [n data (r)n model (r)]/n data (r), is presented. Note that both models fit well the data, in agreement with the χ 2 ν values of Fig. 4.11. The largest relative difference reaches 8% and is observed in the inner part of the filament. Beyond 2 Mpc from the spine of the filaments, the relative difference is less than 4% for both the GNFW and the double power law models, which additionally agree together quite well at these radii.

DM, gas, and stars

The study of the galaxy distribution around filaments presented in the previous Section has shown that the galaxy number density is the highest near the core of filaments, and that the density decreases with increasing radial distance. Two filament populations were identified: the short (L f < 9 Mpc), which are denser and puffier (r 2 ∼ 5 Mpc), and the long ones (L f ≥ 20 Mpc), less dense, thinner (r 2 ∼ 3 Mpc).

Given that galaxies are biased tracers of the density field, it is natural to investigate what is the profile of filaments in terms of the total distribution of matter. Thus, this Section presents a study of the densities of DM, gas, and stars around the cosmic filaments of the TNG300-1 simulation. In a similar fashion as for galaxy number densities (Sect. 4.1), the distribution of matter is probed by computing radial profiles centred on the filament spines. The resulting DM, gas and stellar density profiles are shown in Sect. 4.2.1. Moreover, the relative distribution of these matter components around filaments is also investigated, and a special focus is given to the fraction of baryons. This study is presented in Sect. 4.2.2.

Radial densities

Method

The full snapshot of the TNG300-1 box at z = 0 contains 14, 454, 722, 210 DM particles, the same number of gas cells, and 711, 967, 677 star particles. Running the analysis on this extremely large amount of information is computationally very expensive and time consuming, so in order to compute the density profiles in reasonable computing time, the DM, star particles, and the gas cells were sampled by randomly selecting one out of 1000 (the resulting densities were then rescaled by this factor). This sub-sampling factor turned out to be a good compromise between computational speed and precision. For example, radial density distributions of stars in filaments computed from a dataset with a sub-sampling factor of 50 differ by no more than 4%. Moreover, performing the analysis on different random extractions gave stable results, so this sub-sampling does not undermine the statistical conclusions presented in the following.

The density profiles of the matter component i (i = DM, gas, or stars) around filaments were computed by averaging the profiles of individual filaments so that, for a number N fil of filaments, the average density of i at a distance r from the filament spines is given by:

ρ i (r) ≡ 1 N fil N fil f =1 ρ fil, f i (r). (4.8)
Here ρ fil, f (r) denote the individual profiles, which are obtained as follows. For a given filament f , the density of the matter component i is computed by summing its mass enclosed in hollow cylinders around all the N seg segments belonging to the filament. Then, this mass is divided by the corresponding volume, as shown by:

ρ fil, f i (r k ) = N seg s=1 M s i (r k , r k-1 ) π(r 2 k -r 2 k-1 ) N seg s=1 l s , (4.9)
where, for the filament segment s, the quantity M s i (r k , r k-1 ) is the mass enclosed within the cylindrical shell of outer radius r k and of thickness r kr k-1 , centred on the segment axis, and N seg s=1 l s corresponds to the total length of the filament. Therefore, the total density of matter at a distance r k from the filament spine can be simply computed by summing the individual contributions of DM, gas and stars, such that:

ρ TOT (r k ) = ρ DM (r k ) + ρ gas (r k ) + ρ * (r k ).
(4.10)

Moreover, since this study focuses on the main stem of filaments and not on their connection with nodes, all the filament segments lying closer than 3 × R 200 to the centre of the CPmax points, the topological nodes found by DisPerSE, are excluded from the following analysis. Section 4.1 showed that filaments can be classified into two populations: short (L f < 9 Mpc) and long (L f ≥ 20 Mpc) filaments. From the total of 5550 filaments of the TNG300-1 catalogue (details in Table 2.1), 2846 are short and 632 are long. In the following, only the filaments whose density profile is complete (i.e. whose density profile does not have empty bins) are kept. Due to the sampling of the DM particles and gas cells described above, this selection results on respectively 969 and 446 short and long filaments. Though strongly reduced, the final number of filaments of each population is still large enough to perform a statistical analysis. Moreover, in order to estimate the statistical variance of the densities around these limited samples of filaments, all the error bars are computed by using the bootstrap method over the final number of filaments in each population.

DM, gas and stellar density profiles

The density profiles of DM, gas and stars around short and long filaments, from their spine up to large radial distances of ∼ 100 Mpc are presented in Fig. 4.14. First of all, note that, at large radial scales, all the curves of Fig. 4.14 reach their respective background density (gray horizontal lines) computed as Similarly to the galaxy number density profiles of Sect. 4.1, when approaching the cores of filaments, the densities of these three matter components increase, as expected, and peak at the innermost region of the filaments. Moreover, as in Sect. 4.1, a clear difference is seen between the densities in the different filament populations. For example, at their centre, short filaments are respectively 3.2, 3.6, and 3.1 denser than long filaments in DM, gas and stars. The exact density values in this first bin in short and long filaments are reported in Table 4.5.

ρ box i = M TOT i /V TOT box .

Over-densities

Let us now focus on the relative distribution of DM, gas and stars around filaments by looking at their over-density profiles. These are computed by dividing the densities of Fig. 4.14 by their respective background value:

1 + δ i (r) = ρ i (r) ρ box i . (4.11)
The over-density profiles of DM, gas and stars are presented in Fig. 4.15. Qualitatively, the overlap between the three 1+δ i profiles is striking at large distances from the cores of filaments. This shows that, at these distances, gas and stars closely follow the DM distribution and fall, unperturbed, into the DM gravitational potential wells. Nevertheless, when approaching the cores of filaments, gas and stars clearly depart from the DM over-density. This departure happens at r ∼ 0.7 Mpc in both short and long filaments. Section 4.2.2 will show that this radial scale marks a well defined regime in the baryon fraction profiles of filaments. Notice that this scale is smaller than the typical filament thickness at the outskirts of clusters (which are excluded in this work) of [START_REF] Agustin | The ThreeHundred: the structure and properties of cosmic filaments in the outskirts of galaxy clusters // Mon[END_REF], showing that the filamentary structures connected to clusters of galaxies are different from the main stems of cosmic filaments, as expected for structures in those extremely dense environments of cluster outskirts.

A special attention is given to the slopes of the profiles. Figure 4. 15 shows that, at intermediate distances from the spines (r ∼ 0.7 -3 Mpc) where they all lie on top of each other, the DM, gas, and stellar profiles exhibit very similar slopes. Indeed, the slopes of the profiles of these three matter components in the r ∼ 0.7 -3 Mpc radial regime are encompassed within the thin intervals of [-1.62, -1.57] (short filaments) and of [-1.33, -1.32] (long filaments). Note that the intervals of the short and long populations do not overlap and that the slopes of short filaments are always steeper than those of long. This will be interpreted in Sect. 4.3 by looking at the environment of these different filament populations.

From r ∼ 0.7 Mpc and down to ∼ 0.2 Mpc, the profiles of stars deviate, and they become steeper as their slope approaches a function ∝ r -2 . Figure 4.16 compares the over-density profile of stellar mass to these of galaxy mass (stellar and total), showing that the mass distribution of stars around filaments is essentially the same as that of galaxies (as expected since stars trace the position of galaxies). Therefore, the observed -2 slope is easily explained by looking at the results of the distribution of galaxies around filaments of Sect. 4.1.3 (see e.g. the PL1 and PL2 slopes of Tables 4.2 and 4.3). This is also in agreement with the analyses of Aragón-Calvo et al. (2010b) in N-body and hydro-dynamical simulations, and [START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF] in observations.

The profiles of DM and gas of Fig. 4.15, however, do not exhibit the same -2 slope in All the results presented in this Section are independent from the resolution of the simulation. This was checked by running the same analysis in the TNG300-2 box, that corresponds to the medium resolution run of the TNG300 series. The comparison between the TNG300-1 and TNG300-2 profiles is shown in Fig. 4.17. Note that the mean profiles presented in this figure were computed by taking into account the totality of short and long filaments available in the TNG300-1 and TNG300-2 catalogues, i.e. the filaments having profiles with empty bins were also included. This prevents the comparison to be biased by filament selection effects coming from the initial sampling of DM particles, gas cells, and stars, see the method above. Apart from the (expected) slight enlargement of the filament cores due to the DisPerSE uncertainty in finding the position of the filament spines (see Sect. 4.1.1), the radial profiles of the TNG300-2 filaments are essentially the same as those of TNG300-1, i.e. the 1 + δ i the values at the first radial bins of the two simulations are remarkably close, and the gas and stars departure from the DM over-density also happens at r ∼ 0.7 in the TNG300-2 filaments.

Baryon fractions of cosmic filaments

Baryons (gas + stars) account for ∼ 15.7% of the total budget of matter (Planck Collaboration et al., 2016a). Under the effect of gravity, they fall into the gravitational potential wells created by DM, following the cosmic skeleton. Nevertheless, due to their nature, baryons are subject to a variety of other processes besides gravity (e.g. feedback events and star formation). These processes taking place at smaller scales can sometimes alter the large scale distribution of baryons with respect to the underlying DM density field. In order to further investigate the relative distribution between dark and baryonic matter in filaments, this Section presents the study of the radial distribution of the baryon fraction, f b (r), in these structures.

The radial profiles of the baryon fraction in filaments are computed by combining the densities presented in Sect. 4.2.1 in the following way: As expected, the baryon fraction profiles of filaments converge to the cosmic value, f cosmic = Ω b /Ω m = 0.157 (Planck Collaboration et al., 2016a) at very large radii. A deviation from f cosmic arises as we approach the cores of filaments. The departure from the cosmic value begins at a specific radial scale of r ∼ 7 Mpc (outer gray vertical line) hereafter called r ext . While at the large radial distances of r > r ext matter is essentially ruled by gravity and simply falls into the filament potential wells, at distances r ≤ r ext baryons stop following the cosmic fraction, showing that their distribution is altered by the mere presence of the filament. Moreover, it is interesting to note that the r ext scale coincides well with the sharp increase of gas temperature in the filament temperature profiles of Fig. 5.10a. All this allows us to interpret r ext as the radial extent to which baryonic processes taking place in filaments can affect the large-scale distribution of baryons. This interpretation is checked by computing the total baryon fraction (normalised to the cosmic value) enclosed within a cylinder of radius r ext centred on the filament axis. This quantity is defined as:

f b (r) ≡ ρ b (r) ρ TOT (r) = ρ gas (r) + ρ * (r) ρ DM (r) + ρ gas (r) + ρ * (r) . ( 4 
F(r < r ext ) ≡ f b (r < r ext ) f cosmic = r ext 0 r ρ gas (r) + ρ * (r) dr f cosmic × r ext 0 r ρ TOT (r) dr , (4.13)
and the resulting values for the average short and long filaments are respectively 1.01 +0.08 -0.07 and 1.01 +0.06 -0.06 , i.e. compatible with one.

Remarkably, short and long filaments exhibit the same value of r ext ∼ 7 Mpc and quite overlapping baryon fraction profiles at these large distances. This means that, at r > r ext , the distribution of gas and stars with respect to that of DM is independent from the specific absolute density ranges (Fig. 4.14 and Sect. 4.2.1), also from the large scale environments particular to each filament population (see Sect. 4.3). Potentially, this similarity between filament populations suggests that the baryonic processes responsible for modifying the baryonic density profile from that of the DM are mostly environment independent, i.e. likely depend on the galaxy properties. This is in line with previous studies showing that AGN feedback can modify the distribution of baryons up to several Mpc away from the AGN (see e.g. [START_REF] Chisari | The impact of baryons on the matter power spectrum from the Horizon-AGN cosmological hydrodynamical simulation[END_REF].

At radii r ≤ r ext , i.e. inside the filaments, the baryon fraction profiles show two very different regimes. Let us identify them from the inner to the outer regions. Firstly, a clear baryon depletion is seen at the cores, as shown by the sharp decrease of the baryon fractions. This depletion is quantified by a factor of Y b ≡ f b / f cosmic ∼ 0.68 and 0.63 respectively in the innermost region of short and long filaments. Note the similar Y b values between the two different filament populations. For comparison, these values are much lower than the usual depletion factor in cores of clusters of galaxies, Y b ∼ 0.85 (e.g. [START_REF] Andrey | Effects of Cooling and Star Formation on the Baryon Fractions in Clusters[END_REF][START_REF] Planelles | Baryon census in hydrodynamical simulations of galaxy clusters[END_REF]. Secondly, an excess of baryons with respect to the cosmic value is observed. This excess is characterised by a bump in the profiles. The transition between these two regimes happens at a radius of ∼ 0.7 Mpc, that is hereafter called r int and that is identified as the intersection point between f b and Ω b /Ω m (inner gray line in Fig. 4.18). Note that this distance is also consistent with the radius where the DM and gas over-density profiles of Fig. 4.15 separate. The two different regimes identified above can be understood by focusing only on the gas component. Indeed the fraction of gas f gas in filaments (second panel of Fig. 4. 18) shows the same features as the total fraction of baryons, i.e. a depletion at the cores (r < r int ), and a bump in the [r int , r ext ] radial range. This resemblance between the total fraction and that of gas is not surprising, given that gas represents on average ∼ 78% of the baryonic mass in the innermost bin, and ∼ 96% in the [r int , r ext ] interval, thus corresponding to the most abundant form of baryonic matter in filaments.

Before analysing the two regimes identified above, let us comment on the stellar fractions of filaments, f * (the third panel of Fig. 4.18). These show a flat trend in the profiles at large distances from the spines of filaments, and contrary to gas, f * increases at the filament cores (r < r int ). This increase of the fraction of stars at the cores reflects well the results of previous studies of galaxies which have found that cores of filaments are more populated by massive galaxies than more remote regions [START_REF] Malavasi | The VIMOS Public Extragalactic Redshift Survey (VIPERS): galaxy segregation inside filaments at z 0.7 // Mon[END_REF][START_REF] Laigle | COSMOS2015 photometric redshifts probe the impact of filaments on galaxy properties[END_REF][START_REF] Kraljic | Galaxy evolution in the metric of the cosmic web[END_REF][START_REF] Kraljic | Galaxies flowing in the oriented saddle frame of the cosmic web[END_REF][START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF]. Note that further studies of the properties of galaxies in filaments will be presented in Chapter 6.

Analysis of the gas depletion at r < r int Gas depletion can be easily understood by analogy with the case of clusters of galaxies (e.g. [START_REF] Andrey | Effects of Cooling and Star Formation on the Baryon Fractions in Clusters[END_REF][START_REF] Puchwein | Simulations of AGN Feedback in Galaxy Clusters and Groups: Impact on Gas Fractions and the L X -T Scaling Relation[END_REF][START_REF] Planelles | Baryon census in hydrodynamical simulations of galaxy clusters[END_REF][START_REF] Le Brun Amandine | Towards a realistic population of simulated galaxy groups and clusters // Mon[END_REF][START_REF] David | The Cluster-EAGLE project: global properties of simulated clusters with resolved galaxies[END_REF][START_REF] Mccarthy Ian | The BAHAMAS project: calibrated hydrodynamical simulations for large-scale structure cosmology[END_REF][START_REF] Chiu | Baryon content in a sample of 91 galaxy clusters selected by the South Pole Telescope at 0.2[END_REF]Henden et al., 2020, and references therein). In these structures, the decrease of the gas fraction is due to the conversion of gas into stars (that lowers the gas fraction and enhances the stellar one), and the ejection of gas due to feedback events (which displace, disperse, and redistribute the gas, e.g. [START_REF] Renyue | Where Are the Baryons? II. Feedback Effects[END_REF]. The following paragraphs investigate whether feedback effects from AGNs are potentially powerful enough to deplete the cores of filaments by ejecting their gas away. A funda-Figure 4.19: Gravitational potential (Eq. 4.17) felt by a test mass inside short (orange) and long filaments (blue). The limit between inside and outside for the computation of the gravitational potential is set to R lim = r ext = 7 Mpc. The outside regions are hatched in gray. mental requirement for filamentary gas ejection is that the injected energy (coming from the feedback of AGNs inside filaments) be higher than the gas gravitational potential energy (i.e. competition between pushing and pulling of gas).

Firstly, the gravitational potential energy of a test particle of mass m part falling towards the filament is:

E p (R) = m part φ(R). (4.14)
In this equation, φ(r) denotes the gravitational potential felt by the particle at a distance R from the spine of the filament. The gravitational potential is computed by applying the Gauss theorem to the total matter over-density, ∆ρ TOT = ρ TOT -ρ bkg , in the closed volume defined by a cylinder whose axis corresponds to the filament spine. In the following, let us assume that the matter density is invariant by rotation around the axis of the filament, and by translation along this axis, so that ∆ρ TOT depends only on the radial coordinate. Within this hypothesis, the result of the Gauss theorem in polar coordinates reads

- → g = -2G r r 0 dr r ∆ρ TOT (r ) - → e r , (4.15) 
where -→ g is the gravitational field, and G is the universal gravitational constant. The gravitational field -→ g is just the gradient of the potential φ. Therefore the expression above (Eq. 4.15), allows us to compute φ by numerically integrating the equation

- → g = - - → ∇φ, (4.16)
which yields the following expression:

φ(R) = 2 G R 0 dr 1 r r 0 dr r ∆ρ TOT (r ) + φ 0 . (4.17)
The integration constant, φ 0 , is chosen so that the potential at the limit between the interior and the exterior of the filament is zero, such that φ(R lim ) = 0. Thus, Eq. 4.17 gives:

φ 0 = -2 G R lim 0 dr 1 r r 0 dr r ∆ρ TOT (r ). (4.18)
Based on the studies of the baryon fractions profiles presented above (see Fig. 4.18), the limit between the interior and the exterior of the filament is set to R lim = r ext = 7 Mpc. The resulting φ(R) profiles for short and long filaments are shown in Fig. 4.19. As expected, the gravitational potential of short filaments is deeper than that of the long filaments. This is due to the higher density values of the former with respect to the later, e.g. three times higher at the cores, see Fig. 4.14. Note that this factor of three between the densities of short and long filament cores is also reflected in the values of the gravitational potential. Physically, the calculations presented above show that, in order to be displaced outside of filaments, baryonic gas particles need to acquire a kinetic energy that is bigger than their potential energy in the depth of the gravitational

well |∆φ| ≡ |φ(0) -φ(R lim )| = |φ 0 |. (4.19)
By construction, the values of |∆φ| can by read directly from the first bin of Fig. 4.19.

Secondly, the amount of energy (per unit of gas mass) injected by AGN feedback events into a cylindrical shell of thickness |r k-1r k | around the axis of the filament is defined as

ε AGN (R) ≡ E inj AGN (R) M gas (R) , (4.20) 
where R ∈ [r k-1 , r k ]. Assuming that filaments are cylinders of length L fil , homogeneous along their axis, the numerator in this equation is given by:

E inj AGN (R) = L fil 0 dl 2π 0 dθ r k r k-1
dr r e kin AGN (r), (4. 21) where e kin AGN is the energy per unit volume, which corresponds to the cumulative amount of kinetic AGN feedback energy (total over the entire lifetime of the corresponding black-holes) injected into the surrounding gas, divided by the volume of the cylinder centred on the filament axis. For reference, the e kin AGN profiles are presented in the first panel of Fig. 4.20. Note that, from the two possible AGN energy injection modes available in the TNG model (i.e. thermal and kinetic), only the kinetic mode (field BHCumEgyInjectionRM in the PartType5 catalogue) is studied here. It was indeed shown that it is the only mode able to expel gas away from the centre of galaxies [START_REF] Rainer | Supermassive black holes and their feedback effects in the IllustrisTNG simulation // Mon[END_REF][START_REF] Bryan | The relationship between black hole mass and galaxy properties: examining the black hole feedback model in IllustrisTNG // Mon[END_REF][START_REF] Salvatore | Interacting galaxies in the IllustrisTNG simulations -III: (the rarity of) quenching in post-merger galaxies // Mon[END_REF] thanks to the release of mechanical energy into the gas (via winds in random directions). On the other hand, as shown by [START_REF] Rainer | Supermassive black holes and their feedback effects in the IllustrisTNG simulation // Mon[END_REF], the AGN thermal injection mode does not efficiently couple with the gas in the galaxy environment, and thus it does not alter its spatial distribution (see also [START_REF] Bryan | The relationship between black hole mass and galaxy properties: examining the black hole feedback model in IllustrisTNG // Mon[END_REF][START_REF] Salvatore | Interacting galaxies in the IllustrisTNG simulations -III: (the rarity of) quenching in post-merger galaxies // Mon[END_REF]. Of course, this thermal injection mode contributes to heating the gas in the inter-galactic medium in the filament.

The denominator of Eq. 4.20 is just the integral of the gas density over the cylindrical volume: Thus, the final expression of ε AGN is:

M gas (R) =
ε AGN (R) = r k r k-1
dr r e kin AGN (r)

r k r k-1
dr r ρ gas (r) , (4.23)

The resulting ε AGN profiles are presented in the second panel of Fig. 4.20. Overall, the two filament populations have very similar profiles. This is due to the fact that the differences between short and long filaments shown by the e kin AGN profiles (first panel) are compensated by the different gas masses of the two populations. This means that the potential efficiency of AGN feedback events relative to the gas distribution is quite the same in short and long filaments. Note, however, the slightly higher ε AGN value at the inner cores of long filaments.

Let us finally investigate whether these feedback processes are potentially powerful enough to contribute to the gas depletion observed at the cores of filaments (see Fig. 4.18). This is done by comparing the values of ε AGN to |∆φ|, the depth of the gravitational potential well (see Eq. 4.19). The ratio between these two quantities, ε AGN /|∆φ| is presented in Fig. 4.21. In short filaments, this ratio is greater than one at distances close to r int and reaches the maximum value of ∼ 13 at the innermost bin. At distances larger than ∼ r int , AGN feedback energy is negligible with respect to the gravitational potential of short filaments. On the other side, due to their shallower gravitational potential, long filaments possess a ratio ε AGN /|∆φ| that is always larger than one, reaching the maximum value of ∼ 69. These results show that AGN feedback processes most probably affect more the cores of long filaments than those of short filaments, revealing once again a difference between the two populations. These findings are interpreted in analogy with clusters of galaxies, where the link between gas depletion and density has been thoroughly studied, finding that AGN feedback effects are efficient enough to displace large amounts of gas outside the potential wells of the small-scale structures (groups), but barely affect the more massive (larger-scale) clusters of galaxies (e.g. [START_REF] Planelles | Baryon census in hydrodynamical simulations of galaxy clusters[END_REF][START_REF] Le Brun Amandine | Towards a realistic population of simulated galaxy groups and clusters // Mon[END_REF][START_REF] Mccarthy Ian | The BAHAMAS project: calibrated hydrodynamical simulations for large-scale structure cosmology[END_REF][START_REF] David | The Cluster-EAGLE project: global properties of simulated clusters with resolved galaxies[END_REF]Henden et al., 2020, and references therein). Regarding filaments, similar trends with density are observed in this work. It is important to recall that not all the kinetic energy deposited into the medium by AGN feedback processes is necessarily transferred to the gas. Indeed, this depends on several factors such as the AGN jet geometry and orientation, their stability, and the coupling between the energetic jets and winds and the gas, which is not the focus of this study. The main result of this study is that the feedback from AGNs can potentially inject enough energy into the medium to contribute to the gas depletion observed in Fig. 4.18, with an efficiency that also depends on the filament population. Note that these results agree well with those of [START_REF] Gheller | Evolution of cosmic filaments and of their galaxy population from MHD cosmological simulations[END_REF] and Gheller, Vazza (2019).

Analysis of the bump at r ∈ [r int , r ext ]

Let us now focus on the bump of the profiles, observed at r ∈ [r int , r ext ] in Fig. 4. 18. In order to understand this feature, it is crucial to disentangle between the different 'types' of gas that co-exist in the cosmic web, e.g. the diffuse inter-galactic medium, the warm-hot intergalactic medium (WHIM), the hot gas, etc. Based on its position in the density vs temperature phase-space, gas is separated into different phases as defined by [START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF], and the respective gas fraction profiles around filaments are computed. Note that these different gas phases will be properly introduced in the following Chapter, and the reader can refer to Sect. 5.1 for further details. The resulting gas fractions are shown in Fig. 4.22. It is evident that the observed bump is specific to gas in the WHIM, with temperature T ∼ 10 5 -10 7 K (warm), and density n H < 10 -4 cm -3 (diffuse). Indeed, diffuse gas is accreted towards the cores of filaments by gravitational attraction, and due to its collisional nature, it is shock heated and converted into WHIM gas. Unable to efficiently cool down, WHIM gas assembles at the outskirts (r ∼ 1 Mpc) of filaments. These results are in agreement with the study of gas properties around filaments, which will be presented in Chapter 5.

Interestingly, the work of Rost et al. ( 2021), focusing on the filaments at the outskirts of clusters and their connection to these structures, has also detected a bump in the gas fraction profiles of filaments connected to the clusters of The ThreeHundred simulation (Cui et al., 2018a). In that work, this feature was exclusively interpreted as the turbulent fuelling of clusters with filament gas (i.e. filaments acting as highways of gas towards clusters). However, since the outskirts of clusters are not included in my analysis (regions within 3 × R 200 from cluster centres are excluded), the bump highlighted here is rather found to be an intrinsic property of radial accretion shocks of WHIM gas at the boundaries of filaments. Of course, this intrinsic radial feature can be enhanced by other processes, like the turbulent motions for the filamentary structures at the outskirts of clusters detected by [START_REF] Agustin | The ThreeHundred: the structure and properties of cosmic filaments in the outskirts of galaxy clusters // Mon[END_REF].

Masses by unit length

Finally, let us compute the DM, gas, and stellar mass content of the two populations. Their enclosed mass by unit length is computed by integrating the radial profile of matter (DM, gas, or stars, as presented in Fig. 4.14) up to a given radius R, such that:

m R ≡ M(R) L fil = 2π R 0 r ρ(r ) dr L fil . (4.24)
This quantity is computed for the 969 and 446 selected short and long filaments (see Sect. The mass by unit length distribution of short filaments peaks at higher values than that of long ones, regardless of the matter component. The maximum values of the distributions of short filaments are respectively log m r ext = 14.17, 13.38 and 12.18 M /Mpc for DM, gas and stars, which is on average 4.7 times higher than the maximum masses exhibited by the distribution of the long population (i.e. log m r ext = 13. 48, 12.72 and, 11.53). The mean mass values, reported in Table 4.6 and marked by the vertical dashed lines in Fig. 4.23, of short and long filaments are also distinct. 

Different environments for short and long filaments

Sections 4.1 and 4.2 presented a comprehensive analysis of the radial distribution of matter around cosmic filaments at z = 0. From these studies, it appeared that matter is not distributed in the same way around filaments of different lengths. This led us to the identification of the two different populations of filaments: the short (L f < 9 Mpc) and long ones (L f ≥ 20 Mpc). Short filaments show higher densities than the long population at all radial distances (e.g. a factor of ∼ 3 between the DM, gas, and stellar densities of short and long filaments, as seen in Table 4.5). Given these results, it is only natural to investigate whether the differences seen between the two populations are related with the possibly different environments of these largescale structures.

First, let us plot the positions of short and long filaments in an arbitrarily chosen sub-box of the TNG300-1 simulation. This is shown in Fig. 4.24, where orange and blue lines denote respectively the position of the spines of short and long filaments in the xy, xz and yz DM projections of the sub-box. Here, one can already see that the positions of the two populations in the cosmic web are not random. Clearly, short filaments are found at the vicinity of clusters of galaxies (densest regions, shown by the darker colours), while long filaments, connecting more distant regions, seem to live in visually less dense environments.

Galaxy density excess

The environment of these two different populations is probed in a more quantitative way by looking, once again, at the distribution of galaxies. The galaxy density excess, hereafter noted 1 + δ r<R , corresponds to the excess of density of a filament with respect to the background density, summed up to a radial distance of R, in Mpc. It is defined as:

1 + δ r<R = 1 R R 0 n fil (r) n b dr. (4.25)
In this equation, n fil (r) is the filament galaxy density profile, which corresponds to the average profile of its segments, and n b corresponds to the background density of the simulation.

The resulting 1 + δ r<2 probability distributions of the short and long TNG300-1 filaments are shown in Fig. 4.25. The radial scale of integration, R = 2 Mpc, was chosen to correspond to the radius of filaments found in other studies (see for example Aragón-Calvo et al., 2010b;[START_REF] Jörg | Intercluster filaments in a ΛCDM Universe // Mon[END_REF][START_REF] Roberto | Automated detection of filaments in the large-scale structure of the Universe // Mon[END_REF][START_REF] Nicholas | Crawling the cosmic network: identifying and quantifying filamentary structure[END_REF][START_REF] Marius | Evolution of the cosmic web // Mon[END_REF][START_REF] Iris | Identification of filamentary structures in the environment of superclusters of galaxies in the Local Universe[END_REF], although other analyses have found different filament radii (e.g. [START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF]Tanimura et al., 2020a). The distribution for the total population of filaments is also displayed for comparison. It is important to note that the area under each histogram is normalised to one by dividing the counts by the number of measurements times the bin width.

First, the density excess of filaments spans almost 5 orders of magnitude, from very underdense filaments 1 + δ r<2 ∼ 1.9 × 10 -2 , to filaments with densities of the order of clusters 1 + δ r<2 ∼ 8.5 × 10 2 . These results are in good agreement with those of [START_REF] Marius | Evolution of the cosmic web // Mon[END_REF] where the densities of filaments, detected in a DM simulation, are also found to span a large range, similar to our findings.

Let us now focus on the specific features of the distributions of the S and L populations. These share a common regime at 1 + δ r<2 ∼ [2 -300], but they are different at lower values. Indeed, the distribution of long filaments exhibits a clear excess towards the lowest values (peak at 1 + δ r<2 ∼ 0.03) whereas the distribution of short filaments is shifted towards higher values (peak at 1 + δ r<2 ∼ 0.2) and its minimum is 0.07, which is more than twice the value for long filaments, 0.02. Similarly, towards the highest values, the distribution for the short filaments reaches a maximum density of 848, which is a factor of two larger than the maximum of long ones, 415. The mean values are 41 and 34, respectively for the S and L populations, and the medians are 13 and 14. These results indicate that, statistically, short filaments are on average denser than long ones.

Mass of the nodes connected to short and long filaments

In addition to the galaxy density excess, let us study the connection of short and long filaments to the nodes of the cosmic web. Recall that, within the DisPerSE network, the position of the , are defined and computed as the total DM mass enclosed in a sphere of radius R 200 . The resulting mass distribution is displayed in Fig. 4.26 for short and long filaments, respectively in orange and blue. For comparison, the results for all the filaments of the TNG300-1 catalogue are presented in gray. The M CPmax 200 mass distributions of short and long filaments overlap in the ∼ 10 12 -10 13.5 M mass range. This is due to the fact that CPmaxs may be connected to more than one filament (3.25 filaments on average in the TNG300-1 skeleton, in agreement with [START_REF] Gouin | The shape and connectivity of groups and clusters: Impact of dynamical state and accretion history[END_REF], regardless of its population. Nevertheless, these distributions show differences at the lowest and highest masses. Short filaments are statistically connected to more massive objects (maximum mass ∼ 10 14.65 M ) than long filaments (max ∼ 10 14.05 M ). The mean values of the M CPmax 200 distributions also reflect this trend. These are 10 12.71 and 10 12.85 M for the case of long and short populations, respectively.

Discussion

In the agreement with the the density profiles derived in this Chapter (Figs. 4.10 and 4.14), these studies suggest that short and long filaments trace different environments of the cosmic web. Short filaments are always radially more extended (r 2 ∼ 5 Mpc from the galaxy distribution), denser, on average more massive, and likely to be connected to more massive structures than long filaments. They may thus be embedded in over-dense environments of the cosmic web, and might correspond to elongated bridges of matter between over-dense structures. On the contrary, long filaments are thinner (r 2 ∼ 3 Mpc), less dense, less massive, and connected on average to less massive objects. This long and thinner population may represent the cosmic filaments shaping the structure of the cosmic web and lying in under-dense regions. Note that the relation between filament length and density is expected given the DisPerSE framework (which defines filaments based on the topology of the density field). Indeed, a region showing many local over-densities (e.g near clusters) will naturally present a larger number of critical points, and thus shorter filaments with respect to emptier zones, where the density field is locally smoother. Therefore, filaments of different lengths trace indeed different environments.

Belonging to different environments, the short and long filaments populations may be governed by different dynamical processes. In over-dense regions the dynamics of matter at the largest scales might be dominated by gravitational forces that pull matter from the lowest to the highest density zones. Therefore, short filaments might become shorter with cosmic time, as they might merge with the over-dense structures around them, e.g. clusters and super-clusters. On the other hand, in under-dense regions, the dark energy forces responsible for the cosmic accelerated expansion and stretching of the cosmic web might be dominant over the gravitational forces driving mergers, so long filaments might become even longer and thinner with cosmic time.

Longitudinal distribution of matter in filaments

The previous sections focused on the radial distribution of matter around cosmic filaments. For a complete characterisation of filaments, it is important to also study the distribution of matter in the longitudinal direction of filaments, i.e. in the direction parallel to their spine. Using Nbody simulations, [START_REF] Jörg | Intercluster filaments in a ΛCDM Universe // Mon[END_REF] computed the average longitudinal over-density profile of filamentary structures between pairs of clusters. By normalising each filament by its length (only filaments of length > 5 h -1 Mpc were selected), they found that the over-density of DM increases towards the extremes of the filaments, as expected from regions directly connected to clusters. Similar results were found by [START_REF] Iris | Identification of filamentary structures in the environment of superclusters of galaxies in the Local Universe[END_REF], who, using observations from the SDSS, analysed the longitudinal density of galaxies in bridges of matter of supercluster environments. These authors estimated a density contrast of ∼ 10 between the extremities and the main stem of filaments. Moreover, by performing 2D and 3D stacks of the galaxy distributions around DisPerSE filaments in the Horizon-AGN simulation [START_REF] Dubois | Dancing in the dark: galactic properties trace spin swings along the cosmic web[END_REF], [START_REF] Kraljic | Galaxies flowing in the oriented saddle frame of the cosmic web[END_REF] also showed a clear gradient of the number density of galaxies (and of their stellar mass), which was positive in the direction of saddles to nodes. As expected, saddle points were found to be local density minima along filaments, with respect to the local maxima corresponding to the nodes.

The longitudinal distribution of galaxies in filaments was investigated in this thesis using the TNG300-1 simulation, and the preliminary results, presented in Fig. 4.27, are found to be in good agreement with the previously cited works. These longitudinal profiles were computed by counting the number of galaxies in cylinders of radius 1 Mpc centred on the axis of the filament, from the CPmax (x = 0 in the horizontal axis) to the saddle, and dividing this number by the corresponding volume. Filaments were divided in thin bins of length, and the resulting profiles were normalised so that the position of the saddle point corresponds to x = 1. In agreement with the results discussed in the previous Sections of this thesis, the longitudinal density of shorter filaments (green colours) is higher towards the CPmax than that of longer filaments (blue colours). It is interesting to note that the shortest filaments of our catalogue show a density contrast of ∼ 10 at the CPmax, in agreement with the work of [START_REF] Iris | Identification of filamentary structures in the environment of superclusters of galaxies in the Local Universe[END_REF] in observations of the SDSS.

Let us conclude this section by mentioning that the way cosmic filaments connect to the clusters at their extremities is a broad and active field of study. For example, the statistical study of the outskirts of clusters by multipole harmonic decomposition performed by e.g. [START_REF] Gouin | Probing the azimuthal environment of galaxies around clusters. From cluster core to cosmic filaments[END_REF] detected a significant level of anisotropy in the galaxy distribution at these regions, which might be related to the average number of filaments connected to the clusters (3-4). The connectivity of clusters to the filaments of the cosmic web was further investigated in [START_REF] Gouin | The shape and connectivity of groups and clusters: Impact of dynamical state and accretion history[END_REF], finding a larger number of filaments connected to the more massive clusters and groups, and a lower connectivity for less massive structures. Finally, filaments seem to play a key role in the accretion of matter to clusters, since the accretion seems to be preferentially fuelled by matter flowing in the longitudinal direction of filaments, instead of coming from isotropic directions. This was shown by, e.g. the analysis of matter densities and velocity fields in the [2 -7] × R 200 regions around simulated clusters (Rost et al., 2021, and references therein).

Conclusions

This Chapter presented a comprehensive analysis of the radial distribution of matter around cosmic filaments. Based on the study of the distribution of galaxies (Sect. 4.1), cores of filaments were found to be ∼ 20σ denser at their cores than the background density distribution (in agreement with the results using the WISExCOSMOS galaxies, [START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF]. Two different filament populations were identified by analysing how the galaxy density profiles varied as a function of filament length. These populations are the short (L f < 9 Mpc) and the long (L f ≥ 20 Mpc) filaments, and showed significant (> 2σ) differences of galaxy density with respect to the average profile of all the filaments.

The study of DM, gas, and stellar densities of Sect. 4.2 also showed a gap between the densities of the two populations (a factor of three between short and long filaments), and the analysis of the environment in Sect. 4.3 led to the conclusion that short and long filaments trace in fact different regions of the cosmic web. Short filaments were found to be always denser, puffier (r 2 ∼ 5 Mpc), statistically more connected to massive objects and tracers of over-dense regions. They may be interpreted as bridges of matter between over-dense structures like clusters. Long filaments, on the contrary, were found to be less dense, thinner (r 2 ∼ 3 Mpc), statistically connected to less massive objects, and tracers of less-dense environments. They may correspond to the filaments shaping the large scales of the cosmic web. Recent studies have also made a connection between filament properties and the large-scale environment of these structures. For example, the works of [START_REF] Marius | Evolution of the cosmic web // Mon[END_REF][START_REF] Veena Punyakoti | The Cosmic Ballet II: spin alignment of galaxies and haloes with large-scale filaments in the EAGLE simulation // Mon[END_REF], 2021) have shown that the thickness of filaments, as defined by the NEXUS+ filament finder [START_REF] Marius | NEXUS: tracing the cosmic web connection // Mon[END_REF], is also a tracer of the environment, since thick filaments are embedded in over-dense regions connecting the nodes of the cosmic web, and thinner structures are mostly found in under-dense locations. Qualitatively, this relates well with the relative radial extents shown by the density profiles (of the number of galaxies, DM, gas and stars) around the two populations found in this thesis. Also, in [START_REF] Tuominen | An EAGLE view of the missing baryons[END_REF], the authors classified filaments based on their luminosity over-density (which was firstly introduced in [START_REF] Nevalainen | Missing baryons traced by the galaxy luminosity density in large-scale WHIM filaments[END_REF]. As expected, their results showed that high-and low-luminosity filaments trace respectively denser and less-dense environments. A clear parallel can thus be drawn between the relative locations of the filament categories mentioned above, and these of short and long filaments. Of course, an analysis of the velocity field around short and long filaments, and a study at higher redshift might will be useful to unveil the dynamics and the evolution of these two different populations.

Contrary to absolute densities, the relative distribution of baryons (gas + stars) with respect to DM showed a more universal behaviour around filaments, as it was found to be independent from the large-scale environments traced by the short and long populations. The baryon fraction profiles of Sect. 4.2.2 revealed common radial scales (r ext ∼ 0.7 and r ext ∼ 7 Mpc), and showed that cores (r < r int ) of both short and long filaments are baryon depleted (with similar depletion factors of Y b ∼ 0.68 and 0.63, respectively). An analysis of the feedback from AGNs in filaments showed that these objects can inject enough energy into the medium to potentially expel the gas outside of the gravitational potential induced by filaments, contributing to the observed gas depletion. On the other hand, an excess of baryons with respect to the cosmic fraction was found at radial distances of r ∈ [r int , r ext ]. These baryons were identified as gas in the WHIM phase: unable to cool, WHIM gas assembles at these distances from the filament cores, creating a signature of its radial accretion in the baryon fraction profiles of filaments (i.e. a bump).

These deviations of gas with respect to DM can also be interpreted in terms of gas 'bias' in filaments. Previous works such as Cui et al. (2018b[START_REF] Weiguang | The large-scale environment from cosmological simulations II: The redshift evolution and distributions of baryons // Mon[END_REF], have argued that the cosmic skeleton traced by the gas is not biased with respect to the DM one, and that the baryonic processes have almost no impact on large-scale structures. Here this statement is strongly nuanced by showing that gas follows DM in an 'un-biased' way only down to a certain filament radius, r ext . Although the bias is small at the intermediate distances of r ∈ [r int , r ext ] (where the bump lies), it is definitely non-negligible at the cores of filaments, i.e. at distances lower than r int .

In conclusion, in this Chapter, I have shown that the distribution of matter around cosmic filaments strongly depends on the large-scale environment in which these structures are em-bedded. Tracers of denser and less-dense environments, the short and long filaments identified in this Chapter present clear differences in terms of their galaxy number density, and of their DM, gas, and stellar radial densities. Further differences between short and long filaments will be revealed in the following Chapters of this thesis, and more specifically with the study of the physical properties of gas (Chapter 5), and galaxies (Chapter 6).

Chapter 5

Properties of gas in cosmic filaments After characterising the distribution of matter around cosmic filaments, let us now investigate the physical properties of baryons in these structures. The properties of gas are thus studied in this Chapter, around the cosmic filaments of the TNG300-1 box of the TNGsimulation.

In this study, gas is separated into five different phases, which are states defined by their density and temperature. These gas phases are introduced in Sect. 5.1, along with the results on their spatial distribution around short (L f < 9 Mpc) and long filaments (L f ≥ 20 Mpc). For the sake of completeness, the present analysis also considers "medium"-length filaments (9 ≤ L f < 20 Mpc). Finally, Sects. 5.2 and 5.3 of this Chapter focus on the temperature and pressure around filaments. This is done by exploring the variations of these two gas thermodynamic parameters as a function of the distance to the filament spine.

Not all gas is the same

Along with gravity and because of its collisional nature, gas is subject to several complex and interconnected physical processes, which can be essentially summarised by accretion, ejection, heating, and cooling, caused by, for example, stellar and AGN feedback, galactic winds, and radiation. These processes form a complex cycle in which gas is pushed into different physical states, or phases, which co-exist in the cosmic web, and are spatially associated with different structures at different cosmic scales, as shown e.g. by [START_REF] Ursino | Effect of Metallicity on X-ray Emission from the Warmhot Intergalactic Medium[END_REF]; [START_REF] Shull | The Baryon Census in a Multiphase Intergalactic Medium: 30% of the Baryons May Still be Missing[END_REF][START_REF] Renyue | Where Are the Baryons? II. Feedback Effects[END_REF]; [START_REF] Haider | Large-scale mass distribution in the Illustris simulation // Mon[END_REF][START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF][START_REF] Daniela | Properties of gas phases around cosmic filaments at z = 0 in the IllustrisTNG simulation[END_REF][START_REF] Ramsøy ; Marius | Rivers of gas -I. Unveiling the properties of high redshift filaments[END_REF]. After presenting first considerations in 5.1.1, the five gas phases examined in this thesis are introduced in Sect. 5.1.2, and analysed in Sect. 5.1.3 by means of their phase space distribution, density, and mass fraction profiles around filaments.

First considerations

Let us first begin by explaining the gas selection performed prior to the study presented in the next sections. Since it represents a contamination in the study of the main stems of filaments, gas in the nodes of the cosmic web is removed from the following analysis. This corresponds to the gas cells located within spheres of radius 3 × R 200 centred on the position of the CPmax (the topological nodes of the skeleton). The fraction of removed gas cells is ∼ 11% of the total.

Also, the contribution of massive galactic haloes is explicitly identified with the aim of focusing this study on the gas in filaments that is not associated (within 3 × R 200 ) with these collapsed structures. Massive galactic haloes are defined as the haloes of mass M tot > 10 12 M that host at least one galaxy of 10 9 ≤ M * ≤ 10 12 M in stellar mass. The fraction of gas cells lying within these structures is 13% of the total.

For illustration, the gas cells within 1 × R 200 of the CPmax and of the massive haloes are represented respectively by the red and green points in the xy slice of Fig. 5.1. After discarding nodes and haloes, the TNG300-1 gas dataset is composed by cells that are not associated (within 3 × R 200 ) with these massive structures, and contains 76% of the initial cells. The gas left for the study, i.e. that located inside, around, and between filaments, is hereafter referred to as the inter-filament medium.

Definition of gas phases

Phases can easily be identified with the help of a phase-space diagram, showing the relation between gas temperature and gas density (e.g. [START_REF] Ursino | Effect of Metallicity on X-ray Emission from the Warmhot Intergalactic Medium[END_REF][START_REF] Shull | The Baryon Census in a Multiphase Intergalactic Medium: 30% of the Baryons May Still be Missing[END_REF][START_REF] Renyue | Where Are the Baryons? II. Feedback Effects[END_REF][START_REF] Haider | Large-scale mass distribution in the Illustris simulation // Mon[END_REF][START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF]. The five phases considered in this study are presented in the normalised 2D histogram of Fig. 5.2, and correspond to those of [START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF]: the diffuse intergalactic medium (diffuse IGM), WHIM, warm circumgalactic medium (WCGM), halo gas, and hot gas. These phases are defined according to their hydrogen number density, n H , and their temperature. Note that the hydrogen number density is a direct tracer of the total gas mass density ρ cell , as n H = X H ρ cell /m p . The main characteristics of each phase are described in the following:

• The diffuse intergalactic medium (IGM) corresponds to intergalactic gas, which is cold (T < 10 5 K), diffuse (n H < 10 -4 cm -3 ), and, by definition, located in regions of the cosmic web with small overdensities. Indeed, the selection in n H can be translated into a gas density limit of ρ cell < 25 ρ crit , where ρ crit corresponds to the critical density of the Universe.

• The warm-hot intergalactic medium (WHIM) is defined as warm (10 5 < T [K] < 10 7 ) and diffuse (n H < 10 -4 cm -3 ) gas. This phase corresponds to IGM gas that has been accreted onto cosmic structures like nodes or filaments and heated to such temperatures by shocks. 2021). .

• Halo gas corresponds to the coldest (T < 10 5 K) and densest (n H > 10 -4 cm -3 ) gas phase.

It is associated with the interstellar medium of galaxies, hence this phase is found inside or near galactic haloes.

• The warm circumgalactic medium (WCGM) features the same temperature range as the WHIM (10 5 < T [K] < 10 7 ), but is characterised by the same densities as Halo gas (n H > 10 -4 cm -3 ). The WCGM phase is located in the surroundings of galaxies, where it has been heated by shocks and feedback effects. Therefore, the physics shaping this gas is closely tied with these of galaxies.

• Hot gas represents the hottest phase of all (T > 10 7 K), mixing both diffuse and dense phases (no selection in n H ). Hot gas is mainly present in the densest regions of the cosmic web, like the most massive haloes, where shocks have heated gas to these very high temperatures.

Table 5.1 summarises the temperature and densities defining each phase, and further details are available in Sect. 2.3 of Martizzi et al. (2019). Note, however, that this analysis does not consider star-forming gas, which is defined as gas with densities higher than n H > 0.13 cm -3 , temperatures lower than T < 10 7 K, and star formation rate SFR > 0. This is motivated by the fact that the ElectronAbundance field (see Sect. 2.1.1) of star-forming cells is altered by the subgrid model of star formation [START_REF] Volker | Cosmological smoothed particle hydrodynamics simulations: a hybrid multiphase model for star formation[END_REF] employed in the simulation. Indeed, this model implicitly assumes a multi-phase interstellar medium, composed of a warm volume-filling gas, and dense cold clumps containing most of the mass of the gas cell [START_REF] Volker | Cosmological smoothed particle hydrodynamics simulations: a hybrid multiphase model for star formation[END_REF]. The values of ElectronAbundance of these cells are thus computed as the Table 5.1: Definition of the five different gas phases studied in this thesis. Further details can be found in [START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF]. average between the hot and cold ISM phases, and so this quantity presents a contribution, or 'contamination', of cold clumps that does not allow the calculation of physical (thermal) quantities. A clear example of this point can be found in [START_REF] Rüdiger | Faraday rotation maps of disc galaxies[END_REF]. It is worth noting that gas cells with SFR > 0 account for only a tiny fraction of the total gas budget (∼ 0.1%).

For visualisation, a slice of the TNG300-1 simulation box showing the spatial distribution of the gas phases studied in this thesis is presented in Fig. 5.3. This figure is a clear illustration that the properties of gas are associated with the different structures of the cosmic web. Particularly, the filamentary structure traced by WHIM gas (yellow points) is already discernible.

Before moving to the next sections, the reader should remember that the frontiers between these phases are somewhat artificial and should not be considered as sharp limits. Gas cells in the neighbourhood of these limits may suddenly move from one phase to another under the influence of even the tiniest perturbation; for example WCGM gas just needs to be heated up to temperatures beyond 10 7 K to be counted as hot gas. Similarly, gas cells at a given place in the phase diagram may have reached their location through a large variety of processes. For instance, gas within the boundaries of the WCGM phase may correspond to WHIM gas that has been accreted and has become denser, to halo gas that has been heated by feedback effects, or to hot gas that has cooled down. Therefore these density and temperature limits defining the gas phases should simply be considered as guiding references.

Spatial distribution of gas phases around filaments

This section describes how the various gas phases are distributed around the filaments of the TNG300-1 catalogue (see Sect. 3.2). This is assessed through the building of mass density radial profiles, from which I derived the mass fraction of each phase as a function of the distance to the spine of the filament.

Radial profiles of the mass fraction of gas phases (hereafter called ϕ i ) were computed along the direction perpendicular to the filament spine, r. These mass fractions are defined by

ϕ i (r) = ρ gas,i (r) ρ gas,tot (r) , (5.1)
where ρ gas,i (r) corresponds to the mass density of the gas phase i (i = WHIM, WCGM, etc.) at a given location around filaments, and ρ gas,tot (r) is the total mass density of gas (all phases included) at this location. These densities, ρ gas , are computed as mass averages in volumes of concentric cylindrical shells (denoted by the index k) around the axis of filaments. For all the N seg filament segments, for a given distance r k from their axes, I summed the masses of the gas cells m cell located inside the cylindrical shells of outer radius r k and of thickness r kr k-1 to get the total enclosed gas mass at this location. This result was then divided by the corresponding volume, that is the volume of the hollow cylinder of thickness r kr k-1 and of height the total segment length. This is given by

ρ gas (r k ) = N seg s=1         N(k) j=1 m cell, j         s π(r 2 k -r 2 k-1 ) N seg s=1 l s , (5.2)
where, N(k) corresponds to the number of cells within the k-th shell around the segment s of length l s . Note that, similarly to the study of galaxies around filaments, the radial distance r is binned in k = 20 equally spaced logarithmic bins, starting from the filament spine up to distances large enough (100 Mpc) to probe the outskirts of filaments and beyond. For illustration, the resulting gas mass density profiles are displayed by Fig. 5.4. The error-bars in this figure are obtained using the bootstrap method (i.e. by computing the standard deviation of 1000 density profiles, obtained by applying Eq. 5.2 to a set of N seg = 1000 randomly extracted (with replacement) filament segments). These errors thus quantify the statistical variance of the density around the limited sample of filaments.

The mass fraction profiles ϕ i of each phase are presented in Fig. 5.5a for short (L f < 9 Mpc), medium-length (9 ≤ L f < 20 Mpc), and long filaments (L f ≥ 20 Mpc) in the left, middle, and right panels, respectively. The error bars in this figure are obtained by propagating these of the density measurements. In this figure, three different regimes can be distinguished for all the filaments:

(i) At distances r > 10 Mpc from the filament spine, gas is mainly in a diffuse state (more than 95% of the total budget). This is shown by the fractions of diffuse IGM and WHIM gas, which are the highest for all the filaments; as expected, diffuse IGM is the most representative phase (∼ 50%) at such large distances. In the case of short filaments (left panel), from the outside to the inside, a decline of the diffuse IGM fraction is observed, starting at distances of ∼ 20 Mpc from the spine. This goes along with a rise of the fraction of WHIM. This feature can be interpreted as the accretion of diffuse gas to filaments, which starts at these large distances in the short population. Accreted gas is gravitationally heated (as will be explicitly shown by the temperature profiles later on in this Chapter), and diffuse IGM gas is thus converted to WHIM, which becomes the dominant phase at r ∼ 20 Mpc from the spine of the filament (see intersection point). However, in long filaments (right panel), this accretion feature happens at distances much closer to the spine because the diffuse IGM and WHIM fractions intersect only at r ∼ 5 Mpc. These differences are likely due to the fact that short and long filaments reside in different environments of the cosmic web (Sect. 4.3). Short filaments are in denser regions, where the heating of the gas due to accretion happens at larger radii from the spine than in less dense environments, which are traced by long filaments. Finally, the fractions of WCGM, halo, and hot gas are only tiny (< 6%) at these large distances from the spines.

(ii) At intermediate distances (1 < r ≤ 10 Mpc) from the filament spine, the accretion of cold and diffuse gas to the core continues. A very significant decrease of the fraction of diffuse IGM is observed, along with an abrupt increase of that of the WHIM phase. The fraction of WHIM reaches its maximum (∼ 88% of the total baryon budget in short and ∼ 80% in long filaments) at distances of r ∼ 1 Mpc from the spine. This radial distance of 1 Mpc is independent of the length of the filament and does not depend on the resolution of the simulation either, as shown by the analysis of the lower resolution simulation, TNG300-2, presented by Fig. 5.5b. This radial distance can be put in regard with the results of the baryon fraction profiles of the previous Chapter (see Fig. 4.18), showing again the presence of a radial extent at which the baryonic processes in filaments (e.g. shocks, feedback effects, mergers) start counteracting the pure gravitational infall of gas. Moreover, in this radial range of 1 < r ≤ 10 Mpc, almost all the diffuse IGM gas has been heated and turned into another phase, thereby becoming negligible (less than 5% and decreasing) in the total baryon budget, which is completely dominated by WHIM. There are no significant changes in the denser phases (WCGM, halo and hot gas), whose fractions remain constant and tiny on the outskirts of filaments.

(iii) The cores of filaments (r ≤ 1 Mpc) are characterised by a very sharp decrease of the fraction of WHIM and the increase of the WCGM and hot gas, which remained negligible so far. Precisely, Table 5.2 reports the fractions of each gas phase in the first radial bin, that is r = 0.05 Mpc. Notice that, despite the observed decrease, WHIM remains the dominant phase in all types of filaments (accounting for ∼ 70% of the baryons), which is in qualitative agreement with previous findings at z = 0, using different simulations and filament finders (e.g. [START_REF] Nevalainen | Missing baryons traced by the galaxy luminosity density in large-scale WHIM filaments[END_REF]Cui et al., 2018b[START_REF] Weiguang | The large-scale environment from cosmological simulations II: The redshift evolution and distributions of baryons // Mon[END_REF][START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF][START_REF] Tuominen | An EAGLE view of the missing baryons[END_REF]. Cores of filaments are also composed of hotter and denser gas (WCGM and especially hot gas). This can be explained by the fact that, as WHIM gas approaches or falls into the filament, it is subject to a variety of baryonic processes (shocks, feedback effects, and mergers) whose rates and efficiencies are higher in these inner regions of filaments of higher densities than the outskirts (as shown in Chapter. 4). These baryonic processes alter the density and temperature of WHIM gas, thus pushing this phase into hotter and denser states. Note that the contribution of gas in haloes to the content of filament cores is studied later on in this Section (see Fig. 5.8).

Before continuing with the analysis, let us discuss the impact of the resolution of the simulation on the previously presented results. As argued above in this Section, the profiles of the TNG300-1 and TNG300-2 (lower resolution) simulations shown in Fig. 5.5b are found quite Table 5.2: Mass fractions ϕ i of the different gas phases at the core of short, medium-length and long filaments. The values here are given in %, and correspond to the first radial bin of the ϕ i profiles of Fig. 5.5a, that is r = 0.05 Mpc .

Short

Medium Long Diffuse IGM (3 ± 1)% (6 ± 1)% (10 ± 1)% WHIM (67 ± 1)% (73 ± 1)% (67 ± 2)% WCGM (9 ± 1)% (7 ± 1)% (6 ± 1)% Halo Gas (6 ± 1)% (5 ± 1)% (5 ± 1)% Hot Gas (15 ± 1)% (9 ± 1)% (12 ± 2)% Figure 5.6: Distribution of the volumes of the gas cells in the TNG300-1 box (colour-filled histograms) and in the TNG300-2 simulation (dashed lines). The different colours correspond to the different gas phases considered in this work.

Table 5.3: Fractions of cells in the five different gas phases considered in this work, for the full TNG300-1 and TNG300-2 simulations. These numbers exclude the gas cells lying within spheres of radius 3 × R 200 centred at the positions of CPmax (i.e. the topological nodes) and of galactic haloes, and thus focus only on the inter-filament gas of the simulation. The 68% and 99% contours correspond to results of short (orange) and long filaments (blue), to galactic haloes (dotted green lines), and CPmax (dashed-dotted red contours).

similar, except for a very slight difference in the ϕ i amplitudes, that is most noticeable at the core of filaments (r ≤ 1 Mpc). This difference is explained by the coarser Voronoi grid of the TNG300-2 box. Indeed, Fig. 5.6 clearly shows that the distribution of the cell volumes in the TNG300-2 simulation is considerably shifted towards the larger values with respect to the TNG300-1 distributions, and this is the case for all the gas phases. As a consequence, the coarser grid of the TNG300-2 box leads to a slightly different distribution of the gas cells in the phase-space plane, meaning that, unsurprisingly, the classification of the gas cells into the different phases is less precise in this simulation. For quantitative purposes, Table 5.3 shows the total fractions of the five different gas phases in the two simulations (the full simulation boxes, excluding nodes and haloes, are considered here). This table shows that, indeed, the TNG300-2 box possesses slightly different fractions of cells with respect to the reference TNG300-1, with larger fractions in the hotter phases (e.g. hot gas and WHIM), and reduced ones in the cooler phases (e.g. Diffuse IGM, halo gas). Nevertheless, the differences between the TNG300-1 and TNG300-2 simulations have an effect on the results that remains very tiny, concluding that the main findings presented here are resolution-independent.

Phase-diagrams

After characterising the general trends of how the different gas phases are distributed around filaments, let us now present a more refined study focusing on the distribution of gas in filaments at the cell level.

The study of mass fraction profiles has shown that the proportions of the different phases are not the same in filaments of different populations. In order to have a clearer picture of the physical properties of gas in the core of filaments, their gas content, at the cell level, is now analysed by means of phase diagrams. Such study at the cell level is necessary because, as previously mentioned, the frontiers between the five phases used in Fig. 5.5a must not be considered as sharp boundaries. This is particularly the case in cores of filaments (and in haloes and nodes) due to the numerous physical processes affecting the gas in these dense regions.

The phase diagrams of gas were built by considering cylinders of radius 1 Mpc around the spine of filaments. This radius was chosen following the results of Fig. 5.5a, as it corresponded to the distance from which the WHIM fraction starts decreasing, giving room to the other hotter and denser baryonic phases. The phase diagram of cells in filaments is presented in the 2D histogram of Fig. 5.7 (first panel). For the sake of comparison, the phase diagram of gas inside galactic haloes (see definition in the introduction of this Chapter) and around the nodes of the skeleton (i.e. the DisPerSE CPmax points) were also analysed. These are presented respectively in the second and third panels of Fig. 5.7, where the gas cells within spheres of radius 1 × R 200 centred on galactic haloes and on CPmax are displayed. Note that, as mentioned in the introduction of this Chapter, gas in these structures is not counted in the phase diagram of filaments.

The phase diagram of gas in filaments shows that most of the gas cells in these structures have temperatures and densities corresponding to the WHIM phase, which is in agreement with the previous results of Fig. 5.5a and Table 5.2. The contours of short and long filaments (orange and blue lines) are rather circular and share the common region around n H = 10 -5.3 cm -3 and T = 10 6.1 K. However, their overall distribution is significantly different, showing that these two populations of filaments are not made of exactly the same gas.

Indeed, contours of long filaments are shifted towards the cooler values with respect to short filaments, and they present a contribution of cold and diffuse IGM gas. The latter corresponds to primordial gas that has never been heated by baryonic processes, and whose temperature is regulated by the competition between radiative heating (by the UV background) and the expansion of the Universe (e.g. [START_REF] Patrick | The phase diagram of the intergalactic medium and the entropy floor of groups and clusters: are clusters born warm? // Mon[END_REF]. On the other hand, short filaments present larger contributions of hot gas, as expected from these puffy and dense structures.

Let us now comment on the small, but non-negligible, presence of cold and dense gas (halo gas), in the bottom right of the phase portrait of filaments, as it might play a major role in the star formation of galaxies in filaments. Indeed, it is known that cores of filaments are mainly populated by quiescent galaxies, that have ceased forming stars (e.g. [START_REF] Malavasi | The VIMOS Public Extragalactic Redshift Survey (VIPERS): galaxy segregation inside filaments at z 0.7 // Mon[END_REF][START_REF] Kraljic | Galaxy evolution in the metric of the cosmic web[END_REF][START_REF] Kraljic | Galaxies flowing in the oriented saddle frame of the cosmic web[END_REF][START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF]. However, recent studies have claimed the detection of a slight increase of star formation in galaxies located in cores of filaments, at distances lower than r < 1 Mpc [START_REF] Shihong | Impact of filaments on galaxy formation in their residing dark matter haloes // Mon[END_REF][START_REF] Singh Ankit | Study of galaxies on large-scale filaments in simulations // Mon[END_REF]. According to [START_REF] Shihong | Impact of filaments on galaxy formation in their residing dark matter haloes // Mon[END_REF], this burst of star formation might be explained by the presence of filaments, that can feed galaxies residing at their cores with cool and dense gas, acting as a reservoir of star formation for galaxies in these regions (see in particular [START_REF] Singh Ankit | Study of galaxies on large-scale filaments in simulations // Mon[END_REF]. This gas might correspond to the halo gas revealed in this work, and in the following paragraph it is shown that the presence of this cold and dense gas in the phase diagram of filaments is not a contribution of massive galactic haloes residing in these cosmic structures. Indeed, Fig. 5.8 presents the phase-space of gas in filaments (within 1 Mpc from their spine), including the contribution from gas in galactic haloes residing in these core regions. Note substantial differences in the filament contours with respect to those of Fig. 5.7. The contours are now in elliptical shapes that follow exactly those of galactic haloes towards the hottest and densest values at the boundaries between the WHIM, WCGM, and hot phases. The comparison of this phase-space to the first panel of Fig. 5.7 explicitly shows the contribution of gas associated with galactic haloes residing in filaments. As previously mentioned, halo gas is also present in Fig. 5.8, with essentially the same significance as in Fig. 5.7, meaning that this phase cannot be interpreted as a contribution from massive galactic haloes in filaments.

The gas content of filaments is now compared with gas in galactic haloes and around CPmax The 68% and 99% contours correspond to results of short (orange) and long filaments (blue), to galactic haloes (dotted green lines), and gas around the maximum density critical points of the field (CPmax, in dash-dotted red contours).

(second and third panels of Fig. 5.7). Galactic haloes show a large amount of their cells in an elliptical pattern at temperatures from 10 6.5 K to 10 7 K, that forms an elongated contour from WHIM to hot gas. As expected, there is also a significant contribution of cold and dense gas (halo gas) in these structures.

Gas around the CPmax, the tracers of nodes in this work (last panel) also exhibits the elliptical contour mentioned above, but the most striking feature of this phase portrait is the significant excess towards the hottest and densest parts of the plot, in the hot gas domain. This hot gas is expected around these critical points, that coincide with the densest structures of the universe where the shock-heating processes are the most efficient. Note that only a tiny fraction of gas in the WHIM region is detected around the CPmax, and that diffuse IGM gas is absent near these points, as well as in galactic haloes.

These results are found to be independent from the resolution of the simulation. The same analysis was run on the (lower resolution) TNG300-2 simulation, and the results on the phasespace of gas at cores of filaments (r ≤ 1 Mpc) are presented in Fig. 5.9. In a similar way as for the mass fraction profiles, the impact of the simulation resolution is only tiny. The main difference highlighted by this figure is that the contours corresponding to the gas content of short and long filaments of the TNG300-2 box are slightly shifted in comparison to these of TNG300-1. This small difference is explained by the lower precision of the classification of the gas cells into the different phases, as previously shown in Fig. 5.6 and Table 5.3.

Finally, the phase diagrams presented here are compared with the existing literature, namely with the study of filaments and nodes of [START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF], who also analysed the TNG300-1 simulation (see their Fig. 4). In that paper, the phase portrait of filaments exhibits a large number of cells aligned in the elliptical pattern (from WHIM to Hot medium) specific to collapsed structures. This is similar to that of Fig. 5.8 where the elliptical shape in the phase-space of filaments is due to the contribution of gas in haloes. Moreover, the phase portrait of nodes in [START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF] shows a mixture of contributions from both the galactic haloes, and the gas around the CPmax points identified in this thesis. These differences can be explained by the very different cosmic classification method of [START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF], where the association of gas to the different structures of the cosmic web (nodes, sheets, filaments and voids) is performed with an algorithm based on the Hessian of the density field. On the contrary, filaments are here detected using the DisPerSE algorithm and, since they are defined as the ridges of the Delaunay tessellation (see Sect. 3.1), one is able to locate the position of the filament spines as well as those of the CPmax points. In this thesis, galactic halo signatures have been identified in the phase portraits of filaments and nodes, and the gas content of different populations of filaments has been shown to be different. Such results are thus an interesting complement to those of Martizzi et al. (2019).

Temperature of gas in filaments

The previous Section presented the analysis of the distribution of the different gas phases around the filaments of the cosmic web. In what follows, the focus will be on a couple of thermodynamic parameters of gas, namely temperature and pressure. How do these quantities vary when approaching the filament spine? Do the different gas phases described in Sect. 5.1.2 vary in the same way? How does the picture change from one type of filament to the other? Gas temperature will be analysed in this Section, while the study of gas pressure is left for the next, Sect. 5.3.

One way to probe the radial evolution of gas temperature as a function of the distance to the spine of the filament is to build radial temperature profiles. These were computed as volumeweighted averages of the temperature of the different gas cells, as shown by Eq. 5.3:

T (r k ) = N seg s=1         N(k) j=1 T cell, j × V cell, j         s N seg s=1         N(k) j=1 V cell, j         s , (5.3) 
At the distance r k from the spine of the filament, I summed the products between temperature and volume (T cell × V cell ) of the N(k) cells inside the k-th cylindrical shell around the segment s. This procedure was repeated for the same k-th cylindrical shell of all the segments, and all the contributions were summed. This result was then divided by the sum of the volumes of all cells in the corresponding k-th shell of each segment. The aim of this method (volumeweighted profiles) is to retrieve results that are independent of the Arepo grid, i.e. independent of the irregular volumes of the simulation's Voronoi gas cells. More explicitly, the cell refinement criterion of the moving-mesh Arepo code is based on a fixed mass threshold [START_REF] Rainer | The AREPO Public Code Release[END_REF], leading to a broad distribution of cell volumes. Therefore, the more conventional mass-weighted average profiles would have been biased by the different volumes of the gas cells. Finally, the error bars in all the following plots are estimated using the bootstrap method applied on the distribution of filament segments. As explained in Sect. 5.1.3, these error bars quantify the statistical variance of the different quantities around our limited sample of filaments.

Average profiles of all the gas

Figure 5.10a shows the temperature profiles for short (L f < 9 Mpc), medium-length (9 ≤ L f < 20 Mpc), and long filaments (L f ≥ 20 Mpc) respectively in orange, green and blue. Note that these profiles present the temperature of all the gas, regardless of the phase. The following discussion focuses on the thick solid lines with circles, given that the thin dotted lines with squares correspond to the results when contributions of galactic haloes are included (these will be discussed in a dedicated paragraph at the end of this Section). The horizontal gray lines in this figure represent the mean temperatures of all the gas cells in the box (CPmax excluded), in each case.

The temperature profiles exhibit the main feature of an isothermal core up to r core = 1.5 Mpc from the axis of the filament. This trend is present in profiles of all three filament types (short, medium-length and long). It is worth noticing that the radial scale of r core = 1.5 Mpc is independent from the resolution of the simulation, as shown in Fig. 5.10b. Most likely, a more fundamental physical reason is behind this characteristic scale (for example, an equilibrium between the gas pressure, volume and density), but any conclusion is still premature at this stage and would require further investigations that are not addressed in this thesis. Note, however, that isothermal filament cores have already been observed in the temperature profiles of single simulated filaments in e.g. [START_REF] Klar | Filaments and sheets of the warm-hot intergalactic medium // Mon[END_REF] and Gheller, Vazza (2019). Here, this property is retrieved in a statistically significant way, despite the very different approach of filament detection (in Gheller, Vazza, 2019, the authors use an algorithm based on fixed density thresholds to detect filaments in the gas density field).

(a) Gas temperature profiles of short (L f < 9 Mpc), medium-length (9 ≤ L f < 20 Mpc), and long filaments (L f ≥ 20 Mpc) respectively in orange, green and blue colours. Thick solid lines with circles correspond to the temperature profiles of gas cells in the inter-filament medium, while thin dotted lines with squares show the results where contributions of galactic haloes are included. For each case, the horizontal gray lines represent the average temperatures of all the gas cells (CPmax points excluded) in the box. These profiles clearly show the isothermal cores of filaments. Table 5.4: Temperature T core [K] at the cores of short (L f < 9 Mpc), medium-length (9 ≤ L f < 20 Mpc), and long filaments (L f ≥ 20 Mpc). These values are computed as the average temperature of the points at r < 1.5 Mpc.

Inter-filament gas only Inter-filament gas + haloes Short 1.3 × 10 6 1.5 × 10 6 Medium 6.8 × 10 5 8.4 × 10 5 Long 4.1 × 10 5 4.9 × 10 5

Interestingly, the value of the plateau, T core , strongly depends on the length of the filament (e.g. orange vs blue curves). For quantitative purposes, Table 5.4 reports the different values of T core , computed directly from the profiles as the average temperature of the points at r < 1.5 Mpc. In the left side of this table, it is clearly seen that cores of short filaments are more than three times hotter than those of long filaments. Indeed, the gravitational heating efficiency is likely stronger in the short population, due to the deeper potential wells of these denser regions. Moreover, this result is independent of the presence or the absence of galactic haloes. Note that the temperature ranges of cores of filaments found in the present analysis are in agreement with the work of [START_REF] Tuominen | An EAGLE view of the missing baryons[END_REF], that studied filaments detected with the Bisous algorithm [START_REF] Tempel | Bisous model-Detecting filamentary patterns in point processes[END_REF] in the EAGLE simulation [START_REF] Joop | The EAGLE project: simulating the evolution and assembly of galaxies and their environments // Mon[END_REF].

At distances larger than r = 1.5 Mpc from the filament spine, the gas average temperature drops sharply. This drop is monotonic in short filaments, where the minimum of T ∼ 1.1 × 10 5 K is reached in the most distant regions from the filament (> 50 Mpc). This value represents the average temperature in regions that are very distant from the spine, so gas from other structures (namely other, distant filaments) is included in this average. By masking the gas cells from other filaments (at r ≤ 2 Mpc from the spine) and removing their contribution to the temperature at large distances, a lower background average (T ∼ 8.5 × 10 4 K) was found. Unlike for short filaments, the temperature profiles of the long filaments do not follow a monotonic trend. They exhibit a global minimum at r ∼ 10 Mpc, followed by a slight increase of the temperature, to finally reach the same background level as short (and medium-length) filaments. These dissimilarities between populations of short and long filaments at distances larger than r = 1.5 Mpc might come from their different environments in the cosmic web. Indeed, since short filaments statistically reside in denser regions (see Sect. 4.3), they are more likely to be immersed in already hot environments that contribute to the relatively high average temperature on the r > 1.5 Mpc outskirts. On the contrary, long filaments, tracers of less dense environments, extend into under-dense regions (voids) where the gas is cooler, which explains the dip at r ∼ 10 Mpc, before the temperature reaches the average value of the entire box. Note that these differences in temperature between short and long filaments reflect well the phase portraits of Fig. 5.7.

Temperature profiles by gas phase

Let us now isolate the different gas phases to see how their temperatures behave around filaments. The five panels of Fig. 5.11 present the temperature profiles of the five different phases. Here, the same colour code as in Fig. 5.10a is adopted, and only the thick solid curves are discussed (corresponding to gas in the inter-filament medium, without the contribution of massive haloes). First of all, note that these profiles span a very broad temperature range, from cold temperatures of T ∼ 10 4 K exhibited by the diffuse IGM (upper right panel), to the very hot 5.1), for short (L f < 9 Mpc, orange curves), medium-length (9 ≤ L f < 20 Mpc, green curves), and long filaments (L f ≥ 20 Mpc, blue curves). Thick solid lines with circles correspond to the temperature profiles of gas in the inter-filament medium, while thin dotted lines with squares show the results where contributions of galactic haloes are included. For each case, the horizontal gray lines represent the average temperatures of all the gas cells (CPmax points excluded) of each phase in the box. values, of the order of T ∼ 2 × 10 7 K, reached by the hot gas (lower right panel). This broad range simply reflects the definition of the gas phases.

Very different shapes and behaviours, depending on the phase and on the type of filament, are exhibited. All the gas phases around the short population show a rise in temperature from the outskirts to the core, except the hot gas (last panel) that remains flat. The same trend is followed by gas around medium-length filaments, but in this case the temperature rise of the profile of WHIM is only very mild. Finally, the temperature profiles of the phases around long filaments exhibit a broader diversity.

The fact that the temperature profile of the hot gas phase remains essentially flat is easily understood by looking at Fig. 5.7, where the vast majority of the gas cells in filaments occupy only a limited and rather flat region that extends into the Hot gas phase domain. Moreover, these results concerning hot gas are in agreement with recent findings from X-ray ROSAT observations. Indeed, Tanimura et al. (2020b) detected a significant X-ray emission from hot gas at temperatures of 1.0 +1.1 -0.7 × 10 7 K (= 0.9 +1.0 -0.6 keV) in filament cores, and this range is compatible with the mean temperature values of hot gas in filaments presented in this thesis.

Contrary to all phases, diffuse IGM gas (upper right panel) exhibits the most significant temperature increase, from the background to the core of filaments. For example, cores of short filaments are up to seven times hotter than their background temperature. The increase of temperature from background to core is smaller in long filaments (for which the temperature is only multiplied by three), and this might once again be related to their location in less dense environments of the cosmic web (see Sect. 4.3). For all filaments, this significant temperature increase in the diffuse IGM profile may be due to the gravitational heating resulting from the accretion of this diffuse gas into the filament (as discussed in Sect. 5.1.3). Note that the maximum temperature is not higher than 10 5 K, given that beyond this threshold gas is counted as part of the WHIM phase.

Concerning the WHIM (middle left panel), notably different temperature profiles for short, medium-length and long filaments are observed. The temperature of WHIM gas around short filaments increases with decreasing distance to the core, while in long filaments, the WHIM temperature shows a decrease in the outskirts (r ∼ 6 -10 Mpc). Once again, this can be seen as a consequence of the different cosmic web environments of the short and long filaments. Gas accreted towards short filaments is likely rapidly heated by shocks taking place in the denser environments that characterise these structures. On the contrary, due to its shallower potential wells, gas falling into long filaments is subject to less efficient gravitational interactions as gas falling into the short population.

Interestingly enough, the temperature profiles of the two phases corresponding to gas in and around haloes, respectively halo gas and WCGM, do not appear to be sensitive to the different types of filaments (and therefore to the large scale environment). As approaching the spine, circumgalactic gas gets heated by shocks and feedback processes near galaxies in fairly the same way for short and long filaments, as shown by their very similar profiles (see the WCGM and halo gas panels of Fig. 5.11). The profiles of these phases rather present a notable difference in the mean temperature levels (gray horizontal lines) weather galactic haloes are included (dotted lines) into the temperature estimation or not (solid lines). This feature is expected, given that halo gas and WCGM are tracers of haloes, and that these collapsed structures can be located in background and foreground filaments, thus contributing to the rise of the mean temperature. Further details on the part that galactic haloes contribute to the temperature of filaments are now discussed.

Contribution of galactic haloes in filaments

The results of Sect. 5.2.1 and 5.2.2 presented the properties of gas in the inter-filament medium, that is excluding the contribution of collapsed structures. Here, these findings are compared to the temperature profiles obtained when the galactic haloes (i.e. massive M tot > 10 12 M haloes containing at least one galaxy of 10 9 ≤ M * ≤ 10 12 M in stellar mass; see the introduction of this Chapter) are retained. The profiles of filaments including the contribution of gas in haloes are presented by the thin dotted lines with squares in Fig. 5.10a and 5.11.

In general, the inclusion of the gas associated with haloes has the consequence of raising the temperature at the filament cores. These new temperature values are reported in the right side of Table 5.4, which shows that the cores of filaments appear on average ∼ 1.2 times hotter when gas in haloes is included in the computation. This rise is expected as the previous Section has shown that galactic haloes (statistically located in cores of filaments) contribute with hotter and denser gas (see the phase-spaces of Fig. 5.7 and 5.8).

The contributions of galactic haloes are also disentangled in the temperature profiles of each of the five different gas phases. The profiles of the WHIM, WCGM, halo, and hot gas are clearly sensitive to the presence of galactic haloes, as solid and dotted curves are significantly different. However, the inverse trends are shown by the diffuse IGM phase. Indeed, the temperature profiles of the diffuse IGM phase are essentially the same whether galactic haloes are included or not. This simply reflects that this phase is absent in galactic haloes (as also shown in Fig. 5.7).

Scaling relations with gas density

As shown by the phase-space diagrams of Sect. 5.1.4, the temperature of gas in the different structures of the cosmic web is related to its density. This Section further studies the scaling relation T -ρ gas of different populations of filaments. With the aim of comparing the results of filaments to those of other cosmic structures, the T -ρ gas relations are also computed for clusters of galaxies, the densest structures of the cosmic web.

These structures were selected from the publicly available friend-of-friend (FoF) halo catalogue of the TNG300-1 simulation box. The most massive haloes of this catalogue were separated into three classes according to the mass: 10 13 ≤ M 200 < 10 14 (2369 haloes), 10 14 ≤ M 200 < 10 14.5 (138), and M 200 ≥ 10 14.5 M /h (15 haloes), corresponding respectively to groups of galaxies, clusters, and massive clusters. Note that a few details on the FoF algorithm were presented in Sect. 2.1.3.

The mean temperature value (hereafter T ) of each filament was computed from its temperature profile, up to the radial distance r ext . Recall that this radius was defined in Sect. 4.2.2 as the radial extension of baryons in filaments (Fig. 4.18). The same was done for gas density, ρ gas , using the gas density profiles presented in Sect. 4.2.1. This yielded one ρ gas and T value for each filament of the TNG300-1 catalogue. Note that in the case of clusters, the corresponding average quantities were computed up to the R 200 radial scale.

The ρ gas and T distributions of filaments and clusters are presented in Fig. 5.12a. For comparison, this figure also shows the specific distributions of extreme filaments, i.e. the highdensity (HD) short, and low-density (LD) long filaments. These filaments correspond respectively to the 25 and 75 percentiles of the short and long populations, and account for a number of 242 (short HD) and 112 (long LD). The distributions of Fig. 5.12a highlight the hierarchical Clusters 0.32 ± 0.03 6.69 ± 0.08 0.01 Groups 0.54 ± 0.01 6.02 ± 0.02 0.01 Short filaments -HD 0.61 ± 0.07 6.13 ± 0.05 0.07 Short filaments (all) 0.70 ± 0.03 6.09 ± 0.01 0.10 Long filaments (all) 0.70 ± 0.03 6.04 ± 0.02 0.06 Long filaments -LD 0.30 ± 0.20 5.71 ± 0.17 0.08 structure of the cosmic web, with the densest structures (i.e. clusters) being hotter and with higher pressure values than the least dense ones (i.e. long filaments).

The scaling relations between gas density and temperature for filaments and clusters were obtained by fitting the following function in the ρ gas -T plane: log T = α log ρ gas /ρ c + β.

(5.4)

The resulting scaling relations are presented in Fig. 5.12b, and the values of the fitting parameters are reported in Table 5.5.

As for the 1D distributions, the 2D contours in the ρ gas -T and plane clearly reflect the hierarchy between the considered structures: clusters are found in the upper right corner of the plots (where the density, temperature, and pressure values are the highest), and groups, short, and long filaments are distributed in a decreasing diagonal (in this respective order) down to the lower left corner, where the values are the lowest. Nevertheless, a closer inspection to the resulting fitting parameters shows that the structures do not follow a perfect diagonal in the ρ gas -T plane. Indeed, each structure possesses a different value of their slope α. Despite the values being encompassed in a tight range (α ∈ [0.30, 0.70] see Table 5.5), a clear steepening of the slope is seen in structures with decreasing density. Note the large uncertainties in the α value of the low density long filaments (Long -LD). These are due to the rather broad temperature and pressure ranges exhibited by this sub-set of 112 filaments (see Fig. 5.12a), leading to 2D asymmetrical distributions that are harder to constrain. The differences highlighted above indicate that it is possible to differentiate between the types of cosmic structures by their relation in the ρ gas -T plane.

Pressure of gas in filaments

Following the previous study of the temperature of gas, let us now focus on the gas pressure in cosmic filaments. This analysis is motivated by the fact that gas in filaments can be observed via the Sunyaev-Zel'dovich (SZ) effect, as shown by the recent studies of stacked SZ signal around filaments of de [START_REF] De Graaff | Probing the missing baryons with the Sunyaev-Zel'dovich effect from filaments[END_REF]; Tanimura et al. (2020a,c). Nevertheless, it is difficult to constrain the properties of gas in these observations (for example, the degeneracy between density and temperature complicates the interpretation of the SZ signal). Thus studies in simulations are needed in order to better understand and calibrate the results from observations. Table 5.6: Pressure P core [keV.cm -3 ] at the cores of short (L f < 9 Mpc), medium-length (9 ≤ L f < 20 Mpc), and long filaments (L f ≥ 20 Mpc) of the TNG300-1 box. These numbers correspond to the read from the first radial bin of the profile, that is at r = 0.05 Mpc.

Inter-filament gas only Inter-filament gas + haloes Short 1.2 × 10 -6 5.1 × 10 -6 Medium 6.4 × 10 -7 2.8 × 10 -6 Long 3.8 × 10 -7 1.3 × 10 -6

The pressure profiles of gas in filaments are presented in Sects. 5.3.1, and 5.3.2, respectively for all the gas (all phases included), and for each individual phase. The derived pressure profiles are then used in Sect. 5.3.3 to estimate the Sunyaev-Zel'dovich signal of cosmic filaments in the TNG300-1 simulation.

Pressure profiles of all the gas

The profiles of gas pressure around filaments were computed using the same method as for temperature, i.e. by performing volume-weighted averages of the cells located in concentric hollow cylinders, as shown by:

P(r k ) = N seg s=1         N(k) j=1 P cell, j × V cell, j         s N seg s=1         N(k) j=1 V cell, j         s .
(5.5)

The notations in this equation are the same as in Eq. 5.3.

Before showing the results for each gas phase, let us first focus on the general pressure profiles, computed considering all the gas cells. These are shown in Fig. 5.13a for short, mediumlength, and long filaments. As expected from the previous results of this thesis, filaments of different lengths have significantly different pressure profiles. At the core (r ≤ 1 Mpc) and on the outskirts (1 < r ≤ 10 Mpc), short filaments show values that are more than three times those of long filaments, as reported on the left side of Table 5.6 (where the values correspond to the pressure read from the first radial bin). The same trends as for the temperature profiles of Fig. 5.10a are observed in Fig. 5.13a; these trends are the monotonic decrease of short filament profiles and the presence of a global minimum in the pressure at the outskirts of long filaments. As for temperature, these differences might be related to the different environments traced by the two populations (see Sect. 4.3).

When the contribution of gas in galactic haloes is included in the computation of the pressure profiles (thin dotted lines with squares), the pressure at the filament cores of all the filament types is multiplied by about a factor of three. These new pressure values (including haloes) are reported on the right side of Table 5.6. Note that the pressure gap between the two columns can be explained by the fact that galactic haloes and clusters reach pressures that are several orders of magnitude higher (see below) than findings in the intra-filament medium, thus raising the average values. Long filaments (all) 1.69 ± 0.06 -5.71 ± 0.03 0.22 Long filaments -LD 1.11 ± 0.39 -6.09 ± 0.32 0.31 A comparison of the pressure of filaments to that of groups and clusters is presented in Fig. 5.14. Here, the pressure distributions (left panel) show that filaments and clusters have well defined and distinct pressure ranges. Interestingly, the median values are 1.15 × 10 -6 and 3.98×10 -7 keV.cm -3 respectively for short and long filaments, and these are found to be overall 1000 times smaller than the medians of the distributions of groups and clusters (respectively 1.97×10 -4 and 3.69×10 -3 keV.cm -3 ). This difference of three orders of magnitude between the pressure of these two types of cosmic structures is not surprising given that the galaxy clusters are the densest and hottest structures of the cosmic web. Note that these findings are in good agreement with [START_REF] Arnaud | The universal galaxy cluster pressure profile from a representative sample of nearby systems (REXCESS) and the Y S Z -M 500 relation[END_REF], who showed that pressure in the cores of galaxy clusters lies in the range of P = 1 -300 × 10 -3 keV.cm -3 . Following Sect. 5.2.4, the right panel of Fig. 5.14 presents the scaling relations between gas density and pressure. The resulting parameters, determined by the fit of Eq. 5.4 to the 2D distributions in the ρ gas -P plane, are presented in Table 5.7. As for temperature, each structure possesses a different value of their slope α in the ρ gas -P (here α ∈ [1.11, 1.81]), whose steepening in structures with decreasing density is also apparent.

As for temperature, the pressure of the TNG300-2 filaments is analysed in order to test the effects of resolution on the results. The corresponding profiles, shown in Fig. 5.13b, are overall in good agreement with the results of the higher resolution TNG300-1. Nevertheless, some small discrepancies can be spotted, like the fatter core of the TNG300-2 profiles. These can be explained by the reduced precision in the detection of filaments by the DisPerSE algorithm, coming from the smaller number of tracers (i.e. galaxies) in the lower resolution simulation, TNG300-2. These resolution effects, that increase the uncertainty in the position of filaments, were thoroughly studied in the study of galaxy density profiles of Sect. 4.1.

Pressure profiles by gas phase

Figure 5.15 presents the pressure profiles of each gas phase. Similar to the results on gas temperature, pressure exhibits a very broad range of values, that are particular to each of the different gas phases. Notably, the WCGM and hot phases reach maximum values of P ∼ 10 -4 keV.cm -3 , which are comparable to pressures on the outskirts of clusters of galaxies [START_REF] Arnaud | The universal galaxy cluster pressure profile from a representative sample of nearby systems (REXCESS) and the Y S Z -M 500 relation[END_REF]. Interestingly, the pressure profiles of the latter phases, along with those of halo gas, do not show a strong dependence on the type of filament (i.e. the coloured curves are essentially the same), showing that the pressures of WCGM, halo, and hot gas are quite insensitive to the large-scale environment in the cosmic web (i.e. denser v.s. less-dense regions). This is expected for phases that are associated with collapsed structures such as haloes. The opposite trend is observed in the pressure profiles of diffuse IGM and WHIM phases (first and second panels of Fig. 5.15). They present significant differences for short, medium-length, and long filaments, showing that the properties of these phases are mainly ruled by the different environments in the cosmic web (traced by short and long filaments). This dependencies were already pointed out by the diffuse IGM and WHIM temperature profiles of Fig. 5.11.

The same qualitative results as for temperature are obtained when the contribution from massive galactic haloes is included in the pressure analysis (thin dotted lines with squares). Indeed, the pressure of all the gas phases is enhanced except for that of the diffuse IGM, which is basically the same as when haloes are excluded from the computation. Again, this just reflects the fact that diffuse IGM gas is absent in haloes. Note the different background levels between the solid and dotted profiles of the WHIM, WCGM, halo and hot gas. This shows that haloes contribute to the rise of the pressure values not only at the cores of filaments, but also at large distances from their spine, where other structures (e.g. other filaments) are likely to be found.

Let us now specifically focus on the WHIM phase, as some interesting features are exhibited by its pressure profiles. First, note that WHIM pressures increase by almost two orders of magnitude from the outskirts to the cores of filaments. Almost all the profiles show a lowpressure zone at r ∼ 3 Mpc (with respect to the mean value, see the dip), and this is most marked in the results of long filaments, which are tracers of cosmic regions with low and moderate densities. This dip was already visible in Figs. 5.10a and 5.13a and is probably due to the under-dense environment around the longer filaments, where the gas is cooler and less dense. This decrease of pressure happens at the same distance (r ∼ 3 Mpc) from the cores of all the filaments regardless of their length, exhibiting a characteristic radius of WHIM pressure around filaments. This common feature shows that WHIM gas might be ruled by the same physical processes (gravity and baryonic effects) in all types of filaments, although with different efficiencies since the pressure values are different. Moreover, WHIM gas pressure does not follow the distribution of galaxies. Indeed, using the same simulations, in Sect. 4.1 it was shown that galaxies are statistically closer to cores of long filaments than to short (with characteristic radii of r 2 ∼ 3 and 5 Mpc, respectively). These different scales are not exhibited by the pressure of WHIM gas, which instead highlights the existence of different populations by the very marked hierarchy in the values of the pressure profiles.

Estimation of SZ signal

Gas pressure can be measured via the thermal Sunyaev-Zel'dovich (SZ) effect [START_REF] Zeldovich Ya | The Interaction of Matter and Radiation in a Hot-Model Universe // Ap&SS[END_REF][START_REF] Sunyaev | Small-Scale Fluctuations of Relic Radiation // Ap&SS[END_REF][START_REF] Sunyaev | The Observations of Relic Radiation as a Test of the Nature of X-Ray Radiation from the Clusters of Galaxies // Comments on Astrophysics and Space Physics[END_REF]. From the mean pressure profiles presented in this thesis (Fig. 5.13a), Compton y-profiles of gas around filaments were computed. Two extreme cases of filament orientation with respect to the line of sight (l.o.s.) are presented in this thesis: the filament is perpendicular to the l.o.s., which gives a lower limit of SZ signal; and the filament is parallel to the l.o.s. (upper limit of SZ signal). In the following, the assumption that filaments are far enough from the observer is made, thus all l.o.s. are be parallel.

For the perpendicular orientation, the Compton-y value at the distance R from the spine of the filament (R is the projected distance on the sky) was computed using the following equation:

y(R) = σ T m e c 2 +∞ 0 2 P √ R 2 + l 2 dl, (5.6) 
where σ T , m e , and c are the Thomson scattering cross-section, electron mass, and speed of light in vacuum, P is the mean pressure profile of Fig. 5.13a, and l denotes the distance from the filament to the observer along the l.o.s.. In the second case, the filament is parallel to the l.o.s. and the Compton-y parameter depends on filament length L f , as shown by

y(R) = σ T m e c 2 P(R) L f .
(5.7)

Given in this computation mean profiles of each filament population are used, the corresponding filament length values that are the average lengths L f = 5.7, 13.3, and 27.1 Mpc for short, medium-length, and long filaments, respectively. The resulting Compton-y profiles are shown in Fig. 5.16 for short (left panel), mediumlength (middle), and long filaments (right panel). The curves corresponding to the lower and 5.1), for short (L f < 9 Mpc, orange curves), medium-length (9 ≤ L f < 20 Mpc, green curves), and long filaments (L f ≥ 20 Mpc, blue curves). Thick solid lines with circles correspond to the pressure profiles of gas in the inter-filament medium, while thin dotted lines with squares show the results where contributions of galactic haloes are included. For each case, the horizontal gray lines represent the average pressure computed from all the gas cells (CPmax points excluded) of each phase in the box. The dark colours show the SZ signal from inter-filament gas, that is gas that excludes the contribution of galactic haloes (massive M tot > 10 12 M haloes hosting at least one galaxy of stellar mass 10 9 ≤ M * ≤ 10 12 M ). The light colours correspond to the SZ signal in filaments, where the contributions of galactic haloes are included. The lower and upper limits are computed with Eq. 5.6 and 5.7, respectively, using the mean filament lengths of each population: L f = 5.7 (short), 13.3 (medium), and 27.1 Mpc (long filaments).

upper signal limits are computed with Eq. 5.6 and 5.7, respectively, and so the expected SZ signal from the various orientations should be bracketed between these curves in the colour-filled regions. The dark colours show the results from inter-filament gas excluding galactic haloes, while light colours correspond to the results including the contributions of these structures.

At cores of filaments, we see that the values of the SZ signal for the perpendicular orientation are the largest in short filaments. This is due to the high pressures and the wider shape of the pressure profile of this population with respect to the other medium-length and long filaments. Concerning the parallel orientation, in the case in which the contribution from galactic haloes is removed (dark colours), the maximum SZ signal of the inter-filament medium is associated with long filaments, with y = 4.1 × 10 -8 at their core (see dark blue upper limit), as expected from a signal that is proportional to filament length (Eq. 5.7). Interestingly, note that the upper values in cores of short and medium-length filaments, y ∼ 2 -3 × 10 -8 , are close to that of the long-filament population; this is a result of the larger pressure values of these populations (see Fig. 5.13a), which compensate the smaller filament lengths.

It is worth noticing that the inclusion of gas in galactic haloes (light colours) increases significantly, by a factor three, the SZ signal, which is expected since these structures are hotter and denser and might be strong SZ sources by themselves. Indeed, when galactic haloes are taken into account, the resulting SZ signal at filament cores is around y ∼ 1.2 × 10 -7 for the short population, y ∼ 1.5 × 10 -7 for medium-length, and y ∼ 1.4 × 10 -7 in long filaments. Maximum values are proportional to both pressure and filament length, so the similar y values in medium-length and long filaments are due to the higher pressures in the former, and to the longer lengths of the latter.

The SZ signal between pairs of clusters has been measured in Planck data, but the comparison of these results to these findings from simulations faces intrinsic limitations (e.g. instrumental noise, density of sources, foregrounds, etc.). It is however remarkable that the ranges of expected y values from filaments including haloes are of the same order of magnitude as SZ Figure 5.17: Mean ∆y profile of long filaments (L f ≥ 20 Mpc), convolved with the Planck beam at z = 0.4. The dark purple shows the results of gas in the inter-filament medium (i.e. excluding the contribution of galactic haloes), while light purple presents our findings when galactic haloes are included. The lower and upper boundaries (solid purple lines) are computed using Eq. 5.6 and 5.7, respectively. We compare our results from simulations with observations from Tanimura et al. (2020a), which are shown in grey (line and 1σ errors). measurements around luminous red galaxies of mass M * > 10 11.3 M [START_REF] Hideki | A search for warm/hot gas filaments between pairs of SDSS Luminous Red Galaxies // Mon[END_REF]. Also, these results can be compared to the measured SZ signal from the bridge between the clusters A399-A401 of [START_REF] Bonjean | Gas and galaxies in filaments between clusters of galaxies. The study of A399-A401[END_REF]. The signal in this filament was found to be remarkably high, with a value of the Compton-y parameter of ∼ 10 -5 . This is about two orders of magnitude higher than the predicted ranges in filaments (including the contribution of haloes), which is not surprising from this exceptional bridge.

Finally, a more complete comparison was performed with the recent measurements at 4.4σ significance of SZ signal from hot ionised gas around large-scale filaments presented in Tanimura et al. (2020a). In that paper, the authors built an average Compton-y profile by stacking the Planck 2015 (Planck Collaboration et al., 2016b) y map, after removing the contribution of known groups and clusters, around filaments detected in the Sloan Digital Sky Survey (SDSS) by Malavasi et al. (2020a). To reproduce the observational constraints of Tanimura et al. (2020a), the mean y profile obtained for the long filament population was used. This is the closest possible to the sample of long (30 -100 Mpc) filaments used in Tanimura et al. (2020a). Notice that within the DisPerSE framework, filament lengths strongly depend on the density of tracers. The filament catalogue in Malavasi et al. (2020a), from SDSS, and in this thesis are derived with 4 × 10 -4 and 10 -2 galaxy/Mpc 3 respectively. As a consequence, the filament length distribution of the SDSS catalogue misses a lot of short filaments and thus peaks at 20 -30 Mpc. The mean y profile of long filaments was rescaled to the average redshift of z = 0.4 of the observed filament sample. This was performed by multiplying the pressures by the factor (1 + z) 3 , so that the underlying electron densities measured today are closer to their values at z = 0.4. Notice that the implicit assumption that that the expansion of the Universe is negligible in the gas temperature is made here, since at first order temperature is ruled by the baryonic interactions of the local (over-dense) environments. Of course, a more precise comparison should be done by performing the analysis on a simulation at the same redshift as (Tanimura et al., 2020a), but this is beyond the scope of this analysis. Moreover, the y profile was convolved by a Gaussian beam of 10 arcmin at redshift z = 0.4, corresponding to resolution of the SZ Planck map analysed in Tanimura et al. (2020a). Finally, following their approach, the excess of SZ signal ∆y with respect to the background was obtained by dividing the y profile derived from simulations by its background value, defined as the mean value at distances r > 25 Mpc from the spine.

The resulting ∆y profiles are shown in Fig. 5.17 in light and dark purple, while the measurement from Tanimura et al. (2020a) is shown in grey (lines and shaded regions of 1σ errors). For the inter-filament gas, that the maximum SZ signal derived from the TNGsimulation is expected to be ∆y = 2.6 × 10 -8 , which is compatible within the 1σ with the Tanimura et al. (2020a) profile. Given that these values correspond to upper bounds and that the observed filaments have a distribution of orientations, a small contribution from the galactic haloes is expected in the measured signal, as suggested by the predicted signal of filaments including haloes (light purple curve) peaking at ∆y = 8.0 × 10 -8 . Moreover, the differences in the radial extent of the profiles could be explained by the reduced number of tracers in the SDSS catalogue (as mentioned above). The low galaxy density increases the uncertainties on the position of the filament spines, thus broadening the cores of the DisPerSE filaments (as shown in Sect. 4.1). However at this stage, it is not possible distinguish this effect from possible thicker filament cores that would be expected at higher redshifts.

Conclusions

This Chapter presented an analysis of the gas distribution and properties around the filamentary structures of the cosmic web. Throughout this analysis, gas was separated into five different phases according to their density and temperature in the phase-space diagram. The following conclusions were derived from the study of the TNG300-1 simulation at redshift z = 0, and by performing the same analysis in the TNG300-2 box, these are find to be independent from the resolution of the simulation.

Cores of filaments (r ≤ 1 Mpc) essentially contain WHIM gas, in agreement with [START_REF] Nevalainen | Missing baryons traced by the galaxy luminosity density in large-scale WHIM filaments[END_REF]; Cui et al. (2018b[START_REF] Weiguang | The large-scale environment from cosmological simulations II: The redshift evolution and distributions of baryons // Mon[END_REF]; Martizzi et al. ( 2019); [START_REF] Tuominen | An EAGLE view of the missing baryons[END_REF]. Nevertheless, the hotter and denser phases of hot gas and WCGM are also significantly present in these innermost regions. Interestingly, cores of short and long filaments were found to host different proportions of gas phases. Short filaments contain hotter gas than the long filaments, and the latter possess a contribution of cold and diffuse IGM gas at their cores that is absent in the former. Following Sect. 4.3, these differences are explained by the different large-scale environments, which are denser and less-dense for short and long filaments, respectively. The average temperature and pressure at cores of filaments (r ≤ 1 Mpc) is estimated to be T = 4-13×10 5 K, and P = 4 -12 × 10 -7 keV.cm -3 , and depends on the filament population, since short filaments have temperature and pressure values that are three times those of long filaments. Moreover, all filaments present isothermal cores up to distances of r core = 1.5 Mpc, which agrees with previous studies [START_REF] Klar | Filaments and sheets of the warm-hot intergalactic medium // Mon[END_REF]Gheller, Vazza, 2019). Finally, pressures in filament cores were found to be ∼ 1000 times lower than those in cores of clusters (in agreement with [START_REF] Arnaud | The universal galaxy cluster pressure profile from a representative sample of nearby systems (REXCESS) and the Y S Z -M 500 relation[END_REF], and well defined pressure ranges are observed between filaments and clusters.

At larger distances from the cores, r ∼ 1 Mpc from the spine of filaments, WHIM gas is found to completely dominate (> 80%) the entire gas budget, and the other phases are negligible. This reflects very well the results of the baryon fraction profiles analysed in Sect. 4.2.2.

In order to build a clearer picture of the different temperatures and pressures of cosmic structures, scaling-relations were computed for gas in filaments, and the results were compared to the findings in groups and clusters of galaxies. The scaling relations of temperature and pressure showed to be different between the filaments and clusters, indicating that it is possible to differentiate between the types of cosmic structures by their relation in the ρ gas -T and ρ gas -P planes.

Regarding the different gas phases, this study showed that diffuse phases (diffuse IGM and WHIM) are extremely sensitive to the large-scale cosmic environment, traced by short and long filaments. These phases are the most present at the outskirts of filaments (r > 1 Mpc) and in more remote regions, and as already hinted in Sect. 4.2.2, they might be shaped by the gravitational pull towards filament cores: due to its collisional nature, the diffuse IGM that is accreted towards the cores of filaments by gravitational attraction is shock heated and converted into WHIM gas. On the contrary, the hotter and denser phases (WCGM, halo and hot gas) were found to be almost insensitive to the environment of short and long filaments. Given that these phases are associated with haloes, their properties might be rather shaped by processes at smaller-scales (e.g. accretion onto haloes and halo mergers) and by galactic physics (e.g. feedback effects).

Finally, this Chapter presented an estimation of the SZ signal associated with gas in fila-ments. This signal is found in the range y = 0.5 -4.1 × 10 -8 , depending on the type of filament. When gas from galactic haloes is included, the expected SZ signal increases significantly. In this case, the Compton-y parameter is in the range y = 0.1 -1.5 × 10 -7 . The expected SZ signal of gas was found to be compatible with the results of recent observations of gas in filaments [START_REF] Bonjean | Gas and galaxies in filaments between clusters of galaxies. The study of A399-A401[END_REF][START_REF] Hideki | A search for warm/hot gas filaments between pairs of SDSS Luminous Red Galaxies // Mon[END_REF]Tanimura et al., , 2020a)).

Chapter 6

Shaping the properties of galaxies The previous Chapters of this thesis presented a characterisation of the properties of matter around cosmic filaments. The focus was put on the distribution of galaxies, on the relative distribution of DM, gas, and stars, and on the physical state of gas around these cosmic structures. This Chapter, the final of this Thesis, focuses on some properties of galaxies at z = 0, and on how the different environments in the cosmic web, and more precisely the different filament populations drive these properties. A general overview of how galaxies are shaped by the cosmic web is given in Sect 6.1, some prospective studies concerning the different filament populations are presented in Sect. 6.2, and Sect. 6.3 concludes this Chapter with a final discussion.

Galaxies in their cosmic web environment

Galaxies, the building blocks of the observed cosmic web, grow, evolve and flow from the less dense to the denser cosmic structures. During their lifetime, they thus experience strong changes of cosmic environments, and these changes affect their properties, such as their masses, star-formation activities, and spins (their angular momenta).

While it is now well established that galaxies located in cluster environments are more massive, less star forming, redder, and with more elliptical morphologies than those in less dense regions (see e.g. the reviews of [START_REF] Dressler | Galaxy morphology in rich clusters: implications for the formation and evolution of galaxies[END_REF][START_REF] Boselli | Environmental Effects on Late-Type Galaxies in Nearby Clusters[END_REF], 2014), the study of the properties of galaxies around cosmic filaments has become feasible only in the past few years, thanks to the advent of large galaxy surveys (e.g. GAMA, SDSS, VIPERS, COS-MOS2015, SAMI) and to the development of filament detection techniques, e.g. DisPerSE, T-ReX, NEXUS, and BISOUS [START_REF] Sousbie | The persistent cosmic web and its filamentary structure -II. Illustrations[END_REF][START_REF] Sousbie | The persistent cosmic web and its filamentary structure -I. Theory and implementation[END_REF][START_REF] Tony | T-ReX: a graph-based filament detection method[END_REF][START_REF] Marius | NEXUS: tracing the cosmic web connection // Mon[END_REF][START_REF] Tempel | Bisous model-Detecting filamentary patterns in point processes[END_REF]. Analysis in observations such as Alpaslan et al. ( 2016 In parallel to observations, the properties of galaxies around filaments have also been studied in numerical simulations (e.g. [START_REF] Laigle | COSMOS2015 photometric redshifts probe the impact of filaments on galaxy properties[END_REF][START_REF] Kraljic | Galaxy evolution in the metric of the cosmic web[END_REF][START_REF] Kraljic | Galaxies flowing in the oriented saddle frame of the cosmic web[END_REF][START_REF] Veena Punyakoti | The Cosmic Ballet: spin and shape alignments of haloes in the cosmic web // Mon[END_REF], 2019, 2021). Offering larger statistical samples and the possibility to have access to all galaxy properties, the results in these virtual laboratories have not only been helpful to consolidate the trends observed in actual data, but also to further explore signals that are only difficultly detected in observations. For example, galaxies are formed with their spin parallel to the filaments of the cosmic web [START_REF] Sandrine | Spin alignments within the cosmic web: a theory of constrained tidal torques near filaments // Mon[END_REF][START_REF] Laigle | Swirling around filaments: are large-scale structure vortices spinning up dark haloes?[END_REF] 2021), as galaxies grow and build-up their mass, their spin orientation flips to become perpendicular to the axis of filaments, until probably adopting a random orientation when galaxies reach the nodes, where they stay. Thus, along with mass and star-formation activity, spin gradients might also be present in the cosmic web and probably depend on the position of the galaxy with respect to to the cosmic structures.

With the aim of better understanding how the galaxy properties are shaped by their relative location with respect to the filaments and the nodes of the cosmic web and, conversely, in order to determine if these different cosmic structures can be traced (and differentiated) by the gradients of galaxy properties, Malavasi et al. (2021) studied the variations of galaxy properties (mainly mass, star-formation activity, and spin) along the three different distances presented in Fig. 6.1. These are: (i) the radial distance to the spine of the filament (d fil , corresponding to the coordinate r employed in this Thesis), (ii) the distance to the closest over-dense critical point (d CP ), and (iii) the distance to the closest over-dense critical point but following the filament (d skel ). I collaborated to this study, which used the galaxies and the skeleton of the TNG300-1 box detected and analysed in this Thesis (and respectively introduced in Sect. 3.1.1 and 3.2).

In agreement with the studies in observations and simulations cited above, the stellar mass M * of galaxies was found to increase when approaching the cosmic structures, whereas the star-formation rate (SFR) decreased instead. This simply reflects the fact that the inner regions of structures host more massive galaxies, and are probably the places where the star-formation is the most efficiently quenched (maybe because of the reduced amount of cold gas fuelling the galaxies in these regions). Quantities related to the spin of galaxies showed only small to no variation, with flat trends with respect to the distances to nodes and filaments. The comparison of the M * and SFR gradients between the three considered distances (d fil , d CP , and d skel ) yielded similar M * variations between nodes and filaments. This differs from the SFR results, which showed that the SFR variation is not the same whether the galaxy is closer to nodes or to filaments, thus meaning that this quantity can be a good tracer of the different cosmic structures.

One important goal of this study was to disentangle the effects of the local environment (i.e. the local over-density in the close surroundings of the galaxy) from these generated by the global one (i.e. the position of the galaxy relative to filaments or nodes). The local environment of a galaxy was identified by the value of the Delaunay density, ρ DTFE , at the position of the galaxy. Note that these values are computed by the Delaunay Tessellation Field Estimator [START_REF] Schaap | Continuous fields and discrete samples: reconstruction through Delaunay tessellations[END_REF][START_REF] Van De Weygaert | The Cosmic Web: Geometric Analysis // Data Analysis in Cosmology[END_REF] during the extraction of the DisPerSE skeleton (see Sect. 3.1.2). Unsurprisingly, smaller values of ρ DTFE are associated with smaller values of mass and SFR, exhibiting a relation between galaxy properties and their local density (note that no relation for spin was found). Since galaxies belonging to different large-scale structures can in fact experience the same kind of local environment (because of the partly overlapping density distributions between e.g. filaments and clusters), one can ask the following question: Are the observed gradients only a result of local density? Or does the large-scale environment also play a role?

This question was addressed by performing a reshuffling of the mass, SFR and spin values within bins of local densities, which allowed to conserve the relation between galaxy properties and local environment while completely breaking the dependency with the distances to the cosmic structures. The results from this reshuffling proved that one can not rule out that the observed mass and SFR gradients are driven by local density effects, and that the spin of galaxies is in fact a property more sensitive to the large-scale environment of the different structures of the cosmic web. Thus, although the signal of spin gradients with respect to the distances to cosmic structures is much fainter than those of mass and SFR, this quantity could probably be a better tracer of the cosmic, independent from the local density of galaxies.

All the trends discussed above can be put in regard with the results presented in this Thesis. For example, the study of Malavasi et al. (2021) analysed the properties of galaxies along the distances to different cosmic structures, but without distinguishing between the short and long filament populations identified in this Thesis. The following Section will thus explore the variations of galaxy star-formation activity and mass as a function of the filament populations.

Galaxies in different populations of filaments

Based on the studies presented in Chapters 4 and 5, it is now well established that the different populations of filaments, identified in Sect. 4.1.2, are tracers of different environments of the cosmic web. Corresponding to bridges of matter between over-dense structures, short filaments are denser, puffier, and hotter than the long population, which is embedded in less dense environments. As discussed in the previous section, galaxies are strongly shaped by their environment, so it is natural to investigate whether the different environments traced by the filament populations play also a role in the galaxy properties, i.e. if galaxies in short filaments are different from these in long.

This study is performed by focusing on the most usually explored galaxy properties, the specific star-formation rate (sSFR) and mass. Note that, since there is a relation between the star-formation activity and the mass of a galaxy (massive galaxies are 'older' and thus less starforming), the sSFR, defined as the ratio between the SFR and stellar mass M * , was preferred in this study over the (standard) SFR.

Method

The radial evolution of some galaxy properties around the spines of short and long filaments is probed by building mean profiles. For each filament, the mean value (hereafter X ≡ X ) of the galaxy quantity x (e.g. x = M * , SFR, etc.) at a distance r k from the axis of the filament is computed by summing the values of x in cylindrical shells centred on each of the N seg segments of the filament, and by dividing the result by the number of galaxies enclosed in the total volume, such that, for the k-th shell of outer radius r k and thickness r kr k-1 :

X(r k ) ≡ X (r k ) = N seg s=1           N s gal ∈ k g=1 x s g           N seg s=1 N s gal ∈ k . (6.1)
In this equation , the indices s and g denote respectively the filament segments and the galaxies, and N s gal ∈ k corresponds to the number of galaxies enclosed in the k-th cylindrical shell centred on the segment s. Note that the galaxies residing in the surroundings of the nodes of the skeleton, i.e. within spheres of radius 3 × R 200 centred on the CPmax, are excluded in this analysis. This set up is complementary to the work of Malavasi et al. (2021) that focused on the relative trends between filaments and nodes, while here the focus lies solely on the main filament stems.

Let us recall that the TNG300-1 galaxies have been previously selected to have a stellar mass in the range 10 9 ≤ M * [M ] ≤ 10 12 (see Sect. 3.1.1). For this study no other selection was made (e.g. more refined mass bins, a separation between active and passive galaxies, or between centrals and satellites, etc.). Indeed, since the present analysis aims at determining global trends of how cosmic filaments shape the main galaxy properties, the specific refinements (of low/high mass, active/passive, centrals/satellites, etc.) can be overlooked at first order. Of course, for detailed conclusions on how the different filament populations affect a specific galaxy type, one would need a more precise study, but this is beyond the scope of this Thesis.

The following sections present the X(r) profiles of galaxies around the short and long populations of the TNG300-1 filaments at z = 0. In order to draw a quantitative comparison between the trends in long filaments with respect to these in short, the deviation D S-L is computed by:

D S-L (r) = X S (r) -X L (r) σ 2 X S (r) + σ 2 X L (r) , (6.2)
where σ X S and σ X L correspond respectively to the bootstrap errors of the short and long filament profiles, X S and X L . short and long filaments of the TNG300-1 simulation (Eq. 6.1). The thin horizontal lines correspond to the mean values in the full simulation box (CPmax excluded). Bottom: Deviation of long filaments with respect to long, as defined in Eq. 6.2.

Galaxy sSFR

The mean sSFR profile of galaxies around filaments is presented in Fig. 6.2. In agreement with the studies cited above, (e.g. [START_REF] Malavasi | The VIMOS Public Extragalactic Redshift Survey (VIPERS): galaxy segregation inside filaments at z 0.7 // Mon[END_REF][START_REF] Laigle | COSMOS2015 photometric redshifts probe the impact of filaments on galaxy properties[END_REF][START_REF] Sarron | Pre-processing of galaxies in cosmic filaments around AMASCFI clusters in the CFHTLS[END_REF][START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF][START_REF] Nico | The Imprint of Cosmic Web Quenching on Central Galaxies[END_REF] in observations, and e.g. [START_REF] Kraljic | Galaxy evolution in the metric of the cosmic web[END_REF], 2019, and Malavasi et al. 2021 in numerical simulations), the profiles of Fig. 6.2 show a decrease of sSFR with decreasing distance to the filaments. For example, at the filament cores (first bin), they reach sSFR values that are twice as low as the background level. It is interesting to notice that the sSFR starts dropping at the characteristic radius r ext ∼ 7 Mpc (outer vertical line). Recall that this radius was interpreted as the radial extent of gas in short and long filaments (as it marked the beginning of the deviation of the baryon fractions with respect to the cosmic value, Fig. 4.18). A clear difference between filament populations is detected, as the average sSFR values in short filaments are smaller, at all radii, than those in the long population. From the deviation D S-L profiles (lower panel), one can see that the deviation of the mean profile of long filaments with respect to that of short is on average D S-L = 2.16 σ in the r < r ext region. These findings show that the denser and hotter environments of short filaments most probably accentuate the decrease of star-formation activity (e.g. by disconnecting the galaxy from the cold gas supply, thermal evaporation, or maybe ram pressure stripping) of galaxies with respect to those lying in the less dense and colder environments of long filaments.

Galaxy stellar and total mass

Let us now focus on the stellar and total mass of galaxies. The radial evolution of the mean stellar mass M * of galaxies as a function of the distance to the filament spine is shown in Fig. 6.3 (left panel). Apart from the trends already discussed in Sect. 6.1, that more massive galaxies are found near the cores of filaments than in more remote regions, differences are found between the two filament populations. Indeed, the stellar mass increase is more important towards the cores of long filaments, meaning that more massive galaxies inhabit these long structures than the short ones. While the significance of this trend is only D S-L = 0.94 σ in the r < r ext regime, a stronger signal is found when analysing the total galaxy mass M tot (i.e. the mass including DM, gas, stars, and black holes). Indeed, the mean profiles of total galaxy mass around filaments are presented in the right panel of Fig. 6.3, and in this case the M tot excess of galaxies in long filaments with respect to these in short rises to the average of D S-L = 1.82 σ in the r < r ext region.

Note that at this stage it is not possible to draw any conclusive interpretation of the differences between short and long filaments detected in Fig. 6.3. Mass is the result of the assembly of matter through cosmic time, and galaxies build-up their mass while flowing from one cosmic structure to the other. Since this study focuses on a snapshot of the Universe at z = 0, one can only raise hypotheses that could explain the observed trends, but a study at higher redshifts would definitely be needed to test them. Bearing that in mind, the following idea might provide an interpretation of the trends of Fig. 6.3, but absolutely needs to be tested for any conclusive assertion.

An important aspect one can consider is the flow of galaxies from cosmic filaments to nodes. The different masses of galaxies in short and long filaments at z = 0 might then be due to possibly different matter accretion flows towards the over-dense structures at the filament ends. For example, a bridge of matter connecting two merging clusters might be drained as galaxies fall towards one of these denser structures. Indeed, throughout their evolution, filaments and clusters merge (e.g. [START_REF] Cadiou | When do cosmic peaks, filaments, or walls merge? A theory of critical events in a multiscale landscape[END_REF], so the lower masses of galaxies in short filaments might be related to a more advanced merging processes. In this scenario, the low star-formation activity of galaxies in this population might not be due to their mass (mass quenching, see e.g. [START_REF] Ying-Jie | Mass and Environment as Drivers of Galaxy Evolution in SDSS and zCOSMOS and the Origin of the Schechter Function[END_REF] but rather to the high density and gas temperature, which might be increased by these processes.

Discussion

This last Chapter briefly discussed the properties of galaxies at z = 0, the building blocks of the cosmic structures, in relation with their environment in the cosmic web. First, a general overview of how the galaxy properties are related to cosmic filaments and nodes was presented in Sect. 6.1. Then, the specific effect of the short and long filaments (identified in this Thesis) on the mass and sSFR of galaxies was explored in Sect. 6.2.

In agreement with the literature [START_REF] Mehmet | Galaxy And Mass Assembly (GAMA): stellar mass growth of spiral galaxies in the cosmic web[END_REF][START_REF] Yen-Chi | Detecting effects of filaments on galaxy properties in the Sloan Digital Sky Survey III // Mon[END_REF][START_REF] Malavasi | The VIMOS Public Extragalactic Redshift Survey (VIPERS): galaxy segregation inside filaments at z 0.7 // Mon[END_REF][START_REF] Laigle | COSMOS2015 photometric redshifts probe the impact of filaments on galaxy properties[END_REF][START_REF] Kraljic | Galaxy evolution in the metric of the cosmic web[END_REF][START_REF] Kraljic | Galaxies flowing in the oriented saddle frame of the cosmic web[END_REF][START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF][START_REF] Agustín | A comparison of cosmological filaments catalogues // Mon[END_REF][START_REF] Welker | The SAMI Galaxy Survey: first detection of a transition in spin orientation with respect to cosmic filaments in the stellar kinematics of galaxies // Mon[END_REF], the analysis of Sect. 6.2 showed that the innermost regions of both filament populations host more massive and less star-forming galaxies than regions located further away from the filament spines. Nevertheless, the absolute value of these trends is found to depend on the filament population, as significant differences between short and long filaments are detected. Indeed, galaxies inhabiting the short population are less massive (Fig. 6.3) and possess lower star-formation activity (Fig. 6.2) than those residing in long filaments.

The physical interpretation of these results is not straightforward, given that this study focused on a snapshot of galaxies and filaments at z = 0 only. A deeper analysis is therefore required to build a more complete picture of galaxy evolution around the different populations 6.3. DISCUSSION of cosmic filaments.

First, as discussed above, one would need to perform this study at different redshifts in order to better understand the observed trends of e.g. galaxy mass. For example, the results of [START_REF] Marius | Evolution of the cosmic web // Mon[END_REF] have shown that galaxies residing in filaments at z = 2 might either stay in filaments or migrate into clusters, and be found in these denser structures by z = 0. During their migration flows, these galaxies thus experience significant variations of their environment and dynamics, which can definitely affect the properties of these objects, such as their masses and SFR.

Also, it would be interesting to further explore the relation between galaxy SFR and the properties of filament gas. Indeed, the different densities and temperatures of gas in short and long filaments might play an important role in the quenching of the SFR of galaxies. These properties determine the large-scale environment in which galaxies live, evolve, and interact with their environment (see e.g. [START_REF] Ying-Jie | Mass and Environment as Drivers of Galaxy Evolution in SDSS and zCOSMOS and the Origin of the Schechter Function[END_REF][START_REF] Peng | Strangulation as the primary mechanism for shutting down star formation in galaxies[END_REF][START_REF] Gabor | Hot gas in massive haloes drives both mass quenching and environment quenching[END_REF]Winkel et al., 2021, and references threin). Moreover, recent works show that galaxies at higher redshifts are supplied by cold gas via smaller-scale (few kpc thick) cold filaments that are directly connected to these objects (e.g. [START_REF] Ramsøy ; Marius | Rivers of gas -I. Unveiling the properties of high redshift filaments[END_REF]. The disconnection of the galaxies from these filaments would stop the accretion of cold gas, the main fuel of star formation, thus provoking a quenching of the SFR [START_REF] Aragon Calvo | Galaxy Quenching from Cosmic Web Detachment[END_REF]. All these effects might play a role, more or less important, in the shaping of the properties of galaxies around different populations of filaments.

Despite the several studies in simulations and observations cited in this Chapter, a clear picture of galaxy evolution in the cosmic web, and more particularly in cosmic filaments, has not been reached yet. On one side, this problem is intrinsically related with the fact that galaxy properties are inter-dependent (e.g. spin and SFR quantities depend on stellar mass, as shown for example in Malavasi et al. 2021), resulting on different results or signal strengths as a function of the different selection criteria. This is clearly illustrated by the study of weak signals such as galaxy spin alignments (or non-alignments) performed in the MaNGa and SAMI surveys by [START_REF] Krolewski | Alignment between Filaments and Galaxy Spins from the MaNGA Integral-field Survey[END_REF]; [START_REF] Welker | The SAMI Galaxy Survey: first detection of a transition in spin orientation with respect to cosmic filaments in the stellar kinematics of galaxies // Mon[END_REF]; [START_REF] Katarina | SDSS-IV MaNGA: 3D spin alignment of spiral and S0 galaxies // Mon[END_REF].

On the other side, the study of the galaxy properties is also affected by the difficulty in defining the different cosmic web environments. These are often detected using specialised web finders, like the DisPerSE algorithm used in this Thesis, or other codes, each with a different approach, such as SpineWeb (Aragón-Calvo et al., 2010a), NEXUS (Cautun et al., 2013), BISOUS (Cautun et al., 2013), T-Rex (Bonnaire et al., 2020), among others. The resulting cosmic skeletons can vary between different web finders, thus impacting the studies of galaxies in the different large-scale environments. For example, several works in the literature have tried to determine the transition mass at which the spin changes from parallel to perpendicular, finding results that can vary by more than an order of magnitude. Nevertheless, Ganeshaiah Veena et al. ( 2018) has explicitly showed that these differences can be due to the fact that this mass depends on the nature of filaments, finding higher transition mass values for galaxies in thicker filaments than in thin ones. In line with the results of this Thesis, the discussion above shows that a clearer picture of how galaxies are shaped by filaments cannot be reached without taking into account the properties specific to these cosmic structures (e.g. their length and width) that have been shown to be related with the environments traced by these structures.

Chapter 7 Conclusions

Cosmic filaments are thought to contain half of the total mass in the Universe (e.g. [START_REF] Marius | Evolution of the cosmic web // Mon[END_REF][START_REF] Veena Punyakoti | The Cosmic Ballet II: spin alignment of galaxies and haloes with large-scale filaments in the EAGLE simulation // Mon[END_REF]) so their study is crucial to understand the distribution of matter in the large scales. However, due to the low densities that characterise these structures (sometimes orders of magnitude lower than those of clusters of galaxies), the observation of filaments represents a major challenge today. In this context, this Thesis offers the first comprehensive analysis of cosmic filaments and of the matter around them at redshift z = 0 performed in the true virtual laboratories of large-scale hydro-dynamical simulations. I studied the properties of the cosmic filaments that I detected in the distribution of galaxies of the TNG300-1, TNG300-2, TNG100-3, Illustris-1 and Magneticum simulations, using the publicly available DisPerSE code. I first characterised how galaxies are distributed around the detected filaments. I showed that filaments of different lengths have notably different radial galaxy density profiles, and this led me to the first quantitative and unambiguous identification of two different populations of filaments, that do not share the same physical properties. Short filaments of length L f < 9 Mpc are puffier and denser structures that inhabit denser environments of the cosmic web. On the contrary, long filaments (L f > 20 Mpc) are thinner structures that trace less-dense regions of the web, and they are connected to less massive objects than their short counterparts. This was confirmed by the study of the mass densities of DM, gas, and stars around these two populations. I found again a clear density difference for all the matter components, with short filaments exhibiting on average three times higher densities than long filaments. The former may be interpreted as bridges of matter between over-dense structures like clusters, while the latter may correspond to the filaments shaping the large scales of the cosmic web.

The study of the properties of gas around populations of filaments further showed differences between these structures. I separated gas into different phases (i.e. diffuse IGM, WHIM, WCGM, halo and hot gas) and I performed the first statistical analysis of their spatial distribution, temperature and pressure profiles around the cosmic structures. I started by quantifying, at different distances from the spine of the filament, the part that each gas phase contributes to the total gas budget available. My results showed that, around filaments, gas is mostly in the warm-hot intergalactic medium (WHIM) phase, especially at ∼ 1 Mpc from their spines. This is in agreement with [START_REF] Nevalainen | Missing baryons traced by the galaxy luminosity density in large-scale WHIM filaments[END_REF]; Cui et al. (2018b[START_REF] Weiguang | The large-scale environment from cosmological simulations II: The redshift evolution and distributions of baryons // Mon[END_REF][START_REF] Davide | Baryons in the Cosmic Web of IllustrisTNG -I: gas in knots, filaments, sheets, and voids[END_REF]; [START_REF] Tuominen | An EAGLE view of the missing baryons[END_REF]. At cores of filaments, other hotter and denser gas phases are also present and, as expected, their part in the total budget reflects the density of the large scale environment, traced by the short and long populations. I thus showed that all the filaments are not made of the same proportions of different types of gas.

With the aim of characterising the temperature and pressure, I computed average radial profiles of these quantities, for each gas phase, around the different types of filaments. I found a large diversity of trends and ranges in both the temperature and pressure profiles. For example, at the core of filaments (r ≤ 1 Mpc), I estimated that the average temperature and pressure is T = 4 -13 × 10 5 K, and P = 4 -12 × 10 -7 keV.cm -3 , with values that are roughly three times higher in the short population than in the long one. Moreover, in agreement with previous studies [START_REF] Klar | Filaments and sheets of the warm-hot intergalactic medium // Mon[END_REF]Gheller, Vazza, 2019), I found that filaments possess isothermal cores. This feature was apparent for all the filaments regardless of their parent population, up to distances of ∼ 1.5 Mpc from their spines. Finally, pressures in filament cores were found to be ∼ 1000 times lower than those in cores of clusters, showing different and well defined pressure ranges are observed between these two types of cosmic structures.

In order to relate the results from simulations with actual observed data, from the derived pressure profiles I computed the expected Sunyaev-Zel'dovich (SZ) signal from gas in cosmic filaments. My results were found to be in good agreement with recent observations of filaments (Tanimura et al., 2020a,b), showing not only the consistency between the simulated and observed baryonic properties, but also the capacity to push the analysis forward in the calibration and preparation of future observations of hot and diffuse baryons. In line with the latter, I computed scaling-relations between gas density, temperature and pressure in filaments, and I compared the results to those in groups and clusters of galaxies. I found that the relations in the ρ gas -T and ρ gas -P planes can be a way to differentiate between different types of cosmic structures (i.e. groups, clusters, short and long filaments). Finally, with the aim of providing a model for the radial distribution of matter useful for observations, I performed MCMC fits of the radial galaxy density profiles, finding that single and double power laws, β-profiles, and generalised Navarro, Frenk and White (GNFW) models are suitable descriptions of the galaxy density around short and long filaments.

Contrary to the absolute densities and properties of matter, the relative distribution of baryons with respect to the underlying DM radial densities does not depend, as I have shown, on the filament population, and seems to be universal instead. By computing baryon fraction radial profiles I found that, regardless the population, baryons exactly follow the DM distribution only down to r ∼ 7 Mpc to the filament spines. At smaller distances (r ∼ 0.7 -7 Mpc) I found an excess of baryons with respect to the cosmic value Ω b /Ω m (created by the radial accretion of WHIM gas towards the filaments), and observed a clear depletion of baryons at the filament cores (r < 0.7 Mpc). With the aim of better understanding this depletion, I analysed the efficiency of AGN feedback events in filaments, revealing that these astrophysical processes can potentially be powerful enough to eject gas outside of the gravitational potential wells induced by these structures.

Finally, I performed an inspection of how the different populations of filaments shape their population of galaxies. This preliminary study already showed that the properties of galaxies, namely their mass and sSFR, are not the same in short and long filaments. In the future, I plan to push forward this analysis in order to explicitly study the link between galaxy properties, gas properties (i.e. density and temperature), and the denser and less-dense environments traced by the different populations. Such study needs to be performed at different redshifts, in order to follow the evolution of galaxies and their properties in relation with those of their hosting filament. This study will definitely contribute to the understanding of the galaxy properties observed today in filaments, and will probably help disentangling between the different mechanisms quenching the star formation in galaxies by observing how these objects actually interact with their environment.

Continuing with the perspectives, this Thesis naturally leads to the investigation of the emergence of the two filament populations, a question that I would like to explore. I thus plan on analysing the formation and evolution of the two filament populations in numerical simulations, from initial conditions to the evolved structures observed today. The observed differences in the distributions and state of baryons around short and long filaments at z = 0 might probably be the result of a different evolution in time, driven by e.g. different processes and interactions with their respective cosmic environments. For example, short filaments might be dominated by the gravitational force driving the collapse, so the observed short filaments at z = 0 might be merging structures, or bridges of matter resulting from these processes, in a more or less advanced merging state. Concerning long filaments, given that they trace less-dense regions, their evolution might rather be ruled by the Hubble flow, thus following the stripping of the cosmic web caused by the cosmic expansion. In addition to following the evolution of the different populations from initial conditions, I would like to analyse them within the theoretical framework of Feldbrugge et al. ( 2018) that predicts, based on the caustics of dark matter, the emergence of two populations of filaments.

The results presented in this Thesis have allowed a comprehensive understanding of the distribution and properties of matter around these cosmic structures. They also provide invaluable tools for the future in the context of preparing for the forthcoming surveys, like Euclid and Vera Rubin on the galaxy side and, on the side of diffuse baryons, Athena, Simons Observatory, and the ongoing eROSITA surveys. Résumé : La matière dans l'Univers s'assemble sous l'action de la gravité pour former un gigantesque réseau composé de noeuds, de filaments, de murs et de vides, appelé la toile cosmique. Cette structure est principalement définie par la dynamique de la matière noire, qui forme le squelette sur lequel la matière baryonique (ou ordinaire) est accrétée. Alors que les structures cosmiques les plus denses, tracées par les amas de galaxies les plus massifs, ont été minutieusement étudiées, en raison de leurs densités plus faibles et de leurs morphologies complexes, les filaments cosmiques et les propriétés de la matière qui les entoure sont encore mal connus. Or, étant donné que ces structures sont censées contenir près de la moitié de la matière de l'Univers, l'étude de la matière aux plus grandes échelles est inévitablement liée à celle des filaments.

Cette thèse propose la première étude complète des filaments cosmiques au décalage spectral z = 0. Les filaments analysés sont détectés dans la distribution des galaxies de simulations hydrodynamiques cosmologiques. Ces structures cosmiques sont tout d'abord caractérisées par leurs profils radiaux de densité de galaxies, révélant que la distribution des galaxies autour des filaments varie avec la longueur de ceux-ci. Deux populations différentes sont ainsi identifiées: les filaments courts (L f < 9 Mpc) et les longs (L f ≥ 20 Mpc). Je montre que ces deux populations tracent des environnements différents de la toile cosmique. Les filaments courts sont plus denses, plus épais, et plus chauds que les longs. Ils correspondent aux ponts de matière entre des structures sur-denses, alors que les filaments longs sont à la base du squelette cosmique, souvent enchâssés dans des régions sous-denses.

Les propriétés du gaz autour des filaments cosmiques sont ensuite caractérisées en distinguant dif-férentes phases en fonction de la température et de la densité de gaz. Je montre que les filaments cosmiques sont essentiellement constitués de gaz associé au milieu intergalactique chaud (WHIM), et que leurs parties centrales hébergent également d'importantes contributions de phases gazeuses plus chaudes et plus denses, dont les fractions dépendent du type de filament. En construisant des profils radiaux de température et de pression, je trouve que les filaments cosmiques possèdent des coeurs isothermes et des valeurs de pression environ mille fois inférieures à celles des amas. De plus, la population de filaments courts est caractérisée par des valeurs de densité, de température, et de pression du gaz qui sont trois fois supérieures à celles des filaments longs. Étant donné que certaines propriétés des galaxies sont intimement liées aux propriétés de leur environnement à grande échelle, j'étudie également l'influence des différents environnements tracés par les populations de filaments sur la masse et l'activité de formation d'étoiles des galaxies, en trouvant différentes tendances pour les filaments courts et longs.

Contrairement aux propriétés physiques du gaz et des galaxies, la distribution relative de la matière noire, du gaz et des étoiles autour des filaments s'avère universelle, indépendante de la population de filaments. En obtenant des profils de fraction de baryons, je montre que la distribution de la matière baryonique s'écarte de celle de la matière noire à des distances inférieures à ∼ 7 Mpc aux axes des filaments, indiquant un rayon caractéristique du profil des baryons dans ces structures. Enfin, les coeurs des filaments sont fortement appauvris en baryons, tandis que leurs périphéries présentent un excès par rapport à la fraction cosmique, correspondant au gaz dans le WHIM.

Title: Characterising cosmic filaments and their surroundings in large-scale hydro-dynamical simulations Keywords: Astrophysics; cosmology; Large-scale structure (astronomy); Cosmic web; Filaments; Dark matter (astronomy); Baryons; Numerical simulations Abstract: Matter in the Universe is assembled under the action of gravity to form a gigantic network of nodes, filaments, walls, and voids, called the cosmic web. This structure is mainly set by the dynamics of dark matter (DM), which forms the skeleton onto which baryonic (or ordinary) matter is accreted. While the denser cosmic structures, traced by the most massive clusters of galaxies, have been thoroughly studied, because of their lower densities and complex morphologies, cosmic filaments and the properties of matter around them are still poorly known. However, these structures are believed to contain almost half of the matter in the Universe. The study of matter at the largest scales is therefore inevitably linked to that of filaments.

This thesis offers the first comprehensive study of cosmic filaments at redshift z = 0. The analysed filaments are detected in the distribution of galaxies of large-scale hydro-dynamical simulations. These cosmic structures are firstly characterised by their radial profiles of galaxy density, revealing that the distribution of galaxies around filaments varies with filament length. Two different filament populations are thus identified, the short (L f < 9 Mpc) and the long (L f ≥ 20 Mpc). I show that these two populations are tracers of different environments of the cosmic web. Short filaments are denser, puffier, and hotter than long filaments. The former correspond to the bridges of matter between overdense structures, whereas the latter are at the basis of the cosmic skeleton, often embedded in under-dense regions.

The properties of gas around cosmic filaments are then characterised by distinguishing different phases according to temperature and density. I show that cosmic filaments are essentially made of gas in the warm-hot intergalactic medium (WHIM) phase, and that their cores also host large contributions of hotter and denser gas phases whose fractions depend on the filament population. By building radial temperature and pressure profiles, I find that cosmic filaments possess isothermal cores and pressure values that are ∼ 1000 times lower than those of clusters. Moreover, the population of short filaments is characterised by values of gas density, temperature, and pressure that are a factor of three larger than these of long filaments. Since many properties of galaxies are intimately linked to the properties of their large scale environment, I also investigate the influence of the different environments traced by the filament populations on the mass and star-formation activity of galaxies, finding different trends in short and long filaments.

Contrary to the properties of gas and galaxies, the relative distribution of DM, gas, and stars around filaments is found to be universal, independent from the filament population. By deriving baryon fraction profiles, I show that baryonic matter deviates from the DM density field at distances closer than ∼ 7 Mpc to the filament spines, indicating a characteristic radius of baryons in filaments. Finally, cores of filaments are strongly baryon depleted, and their outskirts present an excess of baryons with respect to the cosmic fraction, made essentially of WHIM gas.
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Figure 1 . 1 :

 11 Figure 1.1: Illustration of the DM cosmic skeleton (top panel) as seen in a slice of the Illustris-1 simulation[START_REF] Nelson | The illustris simulation: Public data release[END_REF]. The bottom panel shows the distribution of baryons (green) around the corresponding DM density field (blue). It is worth mentioning that the distribution of baryons with respect to DM is particularly wider due to the strong feedback prescriptions used in this simulation (see Sect. 2.1.1).

Figure 1 . 2 :

 12 Figure 1.2: Volume and mass fractions of the nodes, filaments, walls and voids of the cosmic web (identified by the NEXUS code of Cautun et al. 2013 in the EAGLE simulation, Schaye et al. 2015). These results are reproduced from Ganeshaiah Veena et al. (2019).

  Figure 1.3: DM over-density PDF of the nodes, filaments, walls and voids of the cosmic web (identified by the NEXUS code of Cautun et al. 2013 in the Millenium simulation, Springel 2005, Boylan-Kolchin et al. 2009). This plot is reproduced from Cautun et al. (2014).
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 21 Figure 2.1: Visual impression of some of the current hydro-dynamical simulations. This figure is extracted from Vogelsberger et al. (2020).

Figure 2 . 2 :

 22 Figure 2.2: Comparison between current hydro-dynamical simulations. This diagram presents the place of a given simulation in the resolution vs volume (or number of galaxies) plane. This figure is extracted from Nelson et al. (2019a).

Figure 2 . 3 :

 23 Figure 2.3: Overview of the main astrophysical processes implemented in current hydrodynamical simulations. This figure is extracted from Vogelsberger et al. (2020).

Figure 2 . 4 :

 24 Figure 2.4: Example of a 2D density field, ρ, and its gradient. The red, green, and blue points correspond respectively to the CPmax, saddles, and minima critical points. This figure is extracted from Sousbie (2011).

Figure 2 . 5 :

 25 Figure 2.5: Left: Ascending and descending manifolds of the density field of Fig.2.4, reproduced from[START_REF] Sousbie | The persistent cosmic web and its filamentary structure -I. Theory and implementation[END_REF]. Right: Intersection between the ascending and descending manifolds presented in the left panels. The intersection lines that connect CPmaxs (red) to saddles (green) correspond to the filaments (black lines). The minima of the density field are marked by the blue points.
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 26 Figure 2.6: Application of Morse theory to a 3D density field. The different panels are extracted from Sousbie (2011).

Figure 2 . 7 :

 27 Figure 2.7: Main steps of the Delaunay tessellation field estimator (DTFE). This figure is extracted from van de Weygaert, Schaap (2009).

Figure 2 . 8 :

 28 Figure 2.8: Illustration of the application of persistence theory to a function in 1D. The different panels are based on the figures of Sousbie (2011).

Figure 2 . 9 :

 29 Figure 2.9: Persistence diagram of pairs of critical points. This figure is extracted from Sousbie et al. (2011).

Figure 3 . 1 :

 31 Figure 3.1: Galaxy distribution and associated DisPerSE filaments of the TNG300-1, TNG300-2 and simulation boxes. Left: xy projection of the galaxy distribution in the same slice of thickness 25 Mpc. Right: Filaments (black solid lines), CPmax (red points), and saddles (green triangles) in the slice. The dashed lines show the limit of the analysed volume of of 250 3 Mpc.

Figure 3 . 2 :

 32 Figure 3.2: Galaxy distribution and associated DisPerSE filaments of the TNG100-2 and Illustris-2 simulations. Left: xy projection of the galaxy distribution in a slice of thickness 60 Mpc. Right: Filaments (black solid lines), CPmax (red points), and saddles (green triangles) in the slice. The dashed lines show the limit of the analysed volume of 90 3 Mpc.

Figure 3 . 3 :

 33 Figure 3.3: Galaxy distribution and associated DisPerSE filaments of the Magneticum Box2/hr box. Left: xy projection of the galaxy distribution in a slice of thickness 15 Mpc. Right: Filaments (black solid lines), CPmax (red points), and saddles (green triangles) in the slice. The dashed lines show the limit of the analysed volume of 450 3 Mpc.
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 34 Figure 3.4: From top to bottom: visualisation of three different (arbitrarily selected) regions of the TNG300-1 box showing the distribution of galaxies (black points), and the filaments extracted with one or two smoothing cycles of the density field (respectively in red and blue).The persistence threshold of these plots is fixed to 3σ.

Figure 3 . 5 :

 35 Figure 3.5: Tests of different DisPerSE parameters (smoothing of the density field and persistence threshold) in the TNG300-1 simulation. Left: Length distribution of the filament portions of skeletons with different sets of parameters. Right: Variation of the number of filament portions as a function of the value of the persistence threshold and the smoothing.

Figure 3 . 6 :

 36 Figure 3.6: Filaments resulting from different combinations of DisPerSE parameters. Red and blue filaments correspond respectively to structures arising from one and two smoothing cycles of the density field, and the value of the persistence threshold (from 3 to 7σ) is indicated in the title of each panel.

Figure 3 . 7 :

 37 Figure 3.7: Length distribution of the filament portions of the 3σ, 4σ and 5σ skeletons before (plain lines) and after removing the excess of critical points (filled histograms) located at the borders of the simulation box. In this simulation (the reference TNG300-1), the selected volume is the [250 Mpc] 3 central sub-box, shown by the black dashed lines in Fig. 3.1.
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 38 Figure 3.8: Filament length distributions of the five simulations analysed in this work, respectively in linear (left) and log space (right panel). Filaments are defined as the sets of segments connecting a CPmax with a saddle point of the density field. This figure is extracted from Galárraga-Espinosa et al. (2020).

Figure 3

 3 Figure 3.9: xy slice of the TNG300-1 simulation showing the positions of the DisPerSE CPmax (red points) in comparison with the location of the FoF haloes (coloured disks, from purple to yellow). The grey points represent the underlying DM distribution. This slice is the same as that of Fig. 3.1.

Figure 3 .

 3 Figure 3.10 shows the M 200 mass distribution of the DisPerSE CPmax and of the FoF clusters for the 3σ skeleton of the TNG300-1 simulation. The mean and median values of the distributions are marked respectively by the long thin and short thick bars.For each CPmax, I computed the M 200 mass by summing the masses of all the DM particles in a sphere centered at the position of the CPmax and of radius R 200 , the critical radius. The latter is defined as the radius of the sphere (centred on the CPmax position) whose mean enclosed density is 200 times ρ c (the critical density of the Universe). For each CPmax, the R 200 radii were determined by following the iterative scheme explained in Sect. 4.1.1.In the case of the FoF haloes, the masses were directly obtained from the simulation output (field Group_M_Crit200), and correspond to the total mass of the halo, enclosed in a sphere whose mean density is 200 times the critical value of the Universe.

Figure 3 .

 3 Figure 3.10: Mass M 200 distribution of CPmaxs and FoF haloes of the TNG300-1 simulation. The means and medians of the distributions are shown respectively by the long-thin and shortthick vertical lines. Their corresponding values for CPmaxs and FoF haloes are respectively 10 13.1 and 10 13.6 (means), and 10 12.8 and 10 13.2 M /h (medians). The histogram in very thin grey lines represents the mass distribution of all the FOF haloes hosting at least one galaxy of mass 10 9 < M * ≤ 10 12 M /h.

Figure 3 .

 3 Figure 3.11: DM density profiles of CPmaxs and FoF haloes in the TNG300-1 simulation. The radial distance r is taken from the centre of the structure outwards. The thin grey lines correspond to the average density profiles in thinner mass bins, which are, from bottom to top, [5 × 10 12 , 10 13 ], [10 13 , 5 × 10 13 ], [5 × 10 13 , 10 14 ], and [10 14 , 10 15 ] M /h. The black horizontal line shows the mean DM density of the simulation, computed as the total DM mass divided by the volume of the box.
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Figure 4 . 1 :

 41 Figure 4.1: Illustration of the method to compute radial density profiles of filaments. The concentric cylinders are shown only for one segment of the filament (black straight lines). The radial distance to the axis of the filament is called r. This figure is extracted from Galárraga-Espinosa et al. (2020).

  , for example. The remaining filament segments after this masking procedure are shown in the schematic illustration of Fig. 4.3a The final step for computing galaxy density profiles around filaments consists in dealing with the effects arising from the simulation volume limitations. With the aim of reducing them in the density profiles, I concatenated the galaxy distributions at the borders of the TNG300-1 simulation box in order to construct a [3×250 Mpc] 3 volume. The filaments, defined in the central volume of [250 Mpc] 3 , are not replicated, as is shown in the 2D illustration of Fig. 4.3b. As the study focuses only on statistical trends of the galaxy density field, this concatenation (which only affects the continuity of the field at the borders) does not undermine the results. The same replication procedure was applied to the Magneticum, TNG300-2, TNG100-2 and Illustris-2 simulations to construct [3 × 450 Mpc] 3 , [3 × 250 Mpc] 3 , [3 × 90 Mpc] 3 and [3 × 90 Mpc] 3 volumes, respectively.

Figure 4

 4 Figure 4.2: Density profiles of galaxies around filaments with different masks of the CPmax: 1×R 200 (green), 2×R 200 (blue) and 3×R 200 (pink). The gray curve represents the density profile without applying any mask. The horizontal thin lines represent the corresponding background galaxy densities after removing the masked galaxies. This figure is extracted from Galárraga-Espinosa et al. (2020).

  (a) Masking the nodes (b) Concatenating the boxes

Figure 4

 4 Figure 4.3: (a): Illustration in 2D of the remaining filament segments (black lines) after masking the segments located within the spheres of radius 3×R 200 centred on the CPmax (red points). The masked segments are shown by the gray lines. (b): Illustration in 2D of the concatenation procedure aiming at reducing the effects of a volume-limited box in the density profiles. The galaxy distribution is replicated at the borders of the central simulated volume, where the filaments are defined. The white circles correspond to the masked regions of the CPmax.

Figure 4

 4 Figure 4.4: Top: Radial density profile of galaxies around filaments of the reference catalogue (TNG300-1). The black curve shows the average galaxy density of all filaments. The blue curve presents the null-test, which is obtained by computing the density of galaxies around randomly shifted filament positions. The gray horizontal line represents the mean galaxy density of the simulation box. Bottom: Radial density profile of filaments of the TNG300-1 (black curve), Magneticum (red), TNG300-2 (blue), TNG100-2 (green) and Illustris-2 catalogues (yellow curve). For the sake of comparison, each profile n has been rescaled by its background density, n b . This figure is extracted from Galárraga-Espinosa et al. (2020).

Figure 4

 4 Figure 4.5: Galaxy density profiles in nodes (i.e. CPmax), for the Illustris-2 and the TNG300-2 simulation. This figure is extracted from Galárraga-Espinosa et al. (2020).
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 46 Figure 4.6: Study of resolution effects in the density profiles. The black and blue curves present the galaxy density profiles of the TNG300-1 and TNG300-2 simulations, as shown in Fig. 4.4. The green dashed curve with triangles corresponds to the density profiles of the thinned TNG300-1 galaxy catalogue around and the corresponding DisPerSE filaments. The pink dashed profile with squares represents the density of the thinned TNG300-1 galaxy catalogue around the reference TNG300-1 original skeleton. Left: Rescaled density profiles. Right: Density profiles at their respective galaxy backgrounds. This figure is extracted from Galárraga-Espinosa et al. (2020).
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 4 Figure 4.7: Top: Radial galaxy density profiles of filaments by bins of filament length for the reference catalogue (TNG300-1). The black curve corresponds to the average of all the filaments, regardless of their length, as presented in Sect. 4.1.1. The coloured curves correspond to the average of length-selected filaments. The gray horizontal line represents the background galaxy density of the simulation box. Bottom: Deviation from the mean D subset-tot of the lengthselected profiles (see definition in Eq. 4.2). This figure is extracted from Galárraga-Espinosa et al. (2020).
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 48 Figure 4.8: Distribution of p-values of the 1000 "bootstrap"-KS tests performed for the S and the L profiles (respectively in the left and right panels) of the TNG300-1 simulation. The bootstrap profile is computed by averaging randomly selected profiles (with replacement) among the complementary set of filaments (that is All-S and All-L, respectively for the two populations).
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 49 Figure 4.9: Same as Fig. 4.7 but for the Magneticum (upper left), TNG300-2 (upper right), TNG100-2 (lower left), and Illustris-2 (lower right panel) simulations.

Figure 4 .

 4 Figure 4.10: Top: Average galaxy density profiles around short (orange curves) and long filaments (in blue) for the reference TNG300-1 simulation, and the Magneticum, TNG300-2, and TNG100-2 simulations. The length limits defining short and long filaments in each simulation are presented in Table 4.1. For the sake of comparison, all the profiles have been rescaled by their respective background. This figure is extracted from Galárraga-Espinosa et al. (2020). Bottom: Same as top, but for clarity short and long filaments are presented separately, respectively in the left and right panels.
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 4 Figure 4.11: χ 2 ν results of the fitting of different models to short, all and long filaments in the TNG300-1 simulation. Each colour represents a different model. A segregation between the short and long populations is clearly seen: when mixed together, these populations are less well fitted than when taken separately. This figure is extracted from Galárraga-Espinosa et al. (2020).
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 4 Figure 4.12: MCMC exploration of the distribution of parameters of four different models fitting the short (orange) and long (blue) filament populations. The total population (black) is displayed for comparison. Top left: the GNFW model presented in Eq. 4.3, Top right: the β-model of Eq. 4.5, Bottom left: the double power law of Eq. 4.6, and Bottom right: the single power law model (Eq. 4.7). These corner plots are extracted from Galárraga-Espinosa et al. (2020).
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 4 Figure 4.13: Top: Fit-curves of short (orange) and long (blue) filaments. Solid and dashed lines correspond respectively to the GNFW (Eq. 4.3) and the double power law (Eq. 4.6) models. The fit curves are plotted using the parameters of Tables 4.2 and 4.3. Bottom: Relative difference of the fits with respect to the data, defined as: ∆n/n(r) = [n data (r)n model (r)]/n data (r). This figure is extracted from Galárraga-Espinosa et al. (2020).

  These results can be put in context with the radial DM density profiles of filaments of Colberg et al. (2005), González, Padilla (2010), Aragón-Calvo et al. (2010b), and Rost et al.
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 414 Figure 4.14: Radial densities of DM (solid lines with triangles), gas (dotted lines with circles) and stars (dash-dotted lines with crosses) around filaments. Results for the short and long populations are presented respectively on orange and blue. The horizontal gray lines correspond to the densities of the matter component i in the full simulation box, ρ box i .

Table 4. 5 :

 5 Density values at the cores of short and long filaments. These values correspond to the first bins of the curves of Fig. 4.14 (r = 0.05 Mpc). They are all expressed in M /Mpc 3 .Short filamentsLong filaments ρ DM (5.72 ± 0.37) × 10 12 (1.78 ± 0.16) × 10 12 ρ gas (5.46 ± 0.26) × 10 11 (1.50 ± 0.09) × 10 11 ρ * (1.43 ± 0.17) × 10 11 (4.55 ± 0.64) × 10 10
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 415 Figure 4.15: Over-density profiles of DM (solid lines with triangles), gas (dotted lines with circles) and stars (dash-dotted lines with crosses) for short and long filaments, respectively in orange and blue. The pink, green, and light blue lines denote respectively the fitting results of the DM, gas and stellar profiles in the r ∈ [0.7, 3] Mpc range (where the profiles lie on top of each other). For reference, a generic line of slope -2 is presented in gray.
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 4 Figure 4.16: Comparison of the over-density profiles of stars (same as in Fig. 4.15), to these of galaxy mass (stellar and total), for short and long filaments (respectively in orange and blue).

Figure 4 . 17 :

 417 Figure 4.17: Comparison between the matter over-density profiles of the TNG300-1 box (high resolution), and the TNG300-2 one (lower resolution).

Figure 4 . 18 :

 418 Figure 4.18: Baryon fraction radial profiles of filaments (first panel), and the individual contributions of gas and stars (second and third panels). The dashed horizontal line shows the cosmic value of f cosmic = Ω b /Ω m = 0.157.

  .12)The resulting profiles are presented in the first panel of Fig.4.18. The individual contributions of gas and stars, namely the gas fraction ( f gas ) and stellar fraction profiles ( f * ), are shown in the second and third panels of this figure. Note that the equality f b = f gas + f * holds at all radii.

  r ρ gas (r). (4.22) 

Figure 4 .

 4 Figure 4.20: Top: Average radial profiles of kinetic energy per unit volume injected by AGNs into the medium. Bottom: Radial profiles of the kinetic energy by unit of gas mass injected by AGNs into the medium (see Eq. 4.23). The inner and outer vertical dashed lines correspond respectively to the r int and r ext radii.

Figure 4 . 21 :

 421 Figure 4.21: Ratio between the AGN feedback energy by unit of gas mass, ε AGN (Eq. 4.23), and the depth of the gravitational potential, |∆φ| (Eq. 4.19). The inner and outer vertical dashed lines correspond respectively to the r int and r ext radii. The regions outside filaments (i.e. r > r ext ) are hatched in gray and must not be considered in the analysis.

Figure 4 . 22 :

 422 Figure 4.22: Gas fraction profiles separated in five different phases, according to the classification of (Martizzi et al., 2019). The vertical lines show the positions of the r int (left) and r ext (right) radial scales.

  4.2.1), and the resulting mass distributions are shown in Fig. 4.23. The choice of R was determined by the results of the baryon fraction profiles (Fig. 4.18), and it set to the r ext value of 7 Mpc. Note that smaller radii only shift the distributions towards the smaller masses, and do not change the observed trends.

Figure 4 . 23 :

 423 Figure 4.23: Distribution of masses by unit length of short and long filaments. The m rext are computed for the DM, gas, and stellar matter components (top to bottom panels). The vertical dashed lines correspond to the mean values of the mass distributions distributions.

Figure 4 . 24 :

 424 Figure 4.24: Box of 60 Mpc side length, projections onto the xy,xz, yz planes. Orange and blue lines represent the spines of short and long filaments, respectively. The black points show the underlying DM distribution. Red squares and green triangles mark respectively the positions of CPmax and saddles (the DisPerSE critical points).

Figure 4 . 25 :

 425 Figure 4.25: Probability distributions of the excess of density 1 + δ r<2 (see Eq. 4.25) of short (orange), long (blue) and the total population of filaments (gray). This quantity corresponds to the excess of density of a filament with respect to the background density, averaged up to a radial distance of R = 2 Mpc. This figure is extracted from Galárraga-Espinosa et al. (2020).

Figure 4 .

 4 Figure 4.26: Distribution of DM masses M CPmax 200 of the maximum density critical points (CPmax) in the TNG300-1 simulation. CPmax connected to short (resp. long) filaments are presented in orange (resp. blue). The vertical dashed lines correspond to the mean values of the distributions. This figure is extracted from Galárraga-Espinosa et al. (2020).

Figure 4 . 27 :

 427 Figure 4.27: Longitudinal galaxy density profiles of cosmic filaments of the TNG300-1 simulation.
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Figure 5 . 1 :

 51 Figure 5.1: Two-dimensional projection of a slice of thickness 50 Mpc in the xy plane of the TNG300-1 box. The red points correspond to gas cells within the R 200 radii of nodes. The blue points represent gas around filaments, at distances closer than 1 Mpc from the spine of the cosmic web. Finally, the green points show gas in the R 200 region of galactic haloes (i.e. within spheres of radius 1 × R 200 ). The galactic haloes residing in filaments are clearly apparent (green over blue regions). The centres of the cells are plotted as points, but the TNG300-1 simulation is described by Voronoi cells having various volumes. This figure is extracted from Galárraga-Espinosa et al. (2021).

Figure 5 . 2 :

 52 Figure 5.2: Phase-space of the gas cells in the TNG300-1 simulation, shown by the normalised 2D histogram of the cells. The five different gas phases studied in this work are delimited by the thick dashed lines. They are defined as in Martizzi et al. (2019). This figure is extracted from Galárraga-Espinosa et al. (2021)..

DensityFigure 5

 5 Figure 5.3: xy projection of the DM distribution (left), and the gas cells positions (right) in a slice of thickness 5 Mpc of the TNG300-1 simulation. The different colours denote different gas phases: green, yellow, purple, blue and red correspond respectively to diffuse IGM, WHIM, WCGM, halo and hot gas.

Figure 5 . 4 :

 54 Figure 5.4: Gas mass density profiles ρ gas,i (see Eq. 5.2) of the five different phases (labelled by the index i) around short (left panel), medium-length (centre), and long filaments (right panel). The different gas phases are presented in Sect. 5.1.2.

( a )

 a Figure 5.5: (a): Gas mass fraction profiles ϕ i (see Eq. 5.1) of the five different gas phases (labelled by the index i) around short (left panel), medium-length (centre), and long filaments (right panel) in the reference TNG300-1 box. (b): Same as (a) but including the results for the lower resolution TNG300-2 simulation (thick dashed lines). These figures are extracted from Galárraga-Espinosa et al. (2021).

Figure 5 . 7 :

 57 Figure 5.7: Phase portraits of gas, presenting the normalised 2D histograms of the gas cells in the corresponding structures. First panel: gas in filaments (within 1 Mpc from the core). Second panel: gas within the R 200 radius of galactic haloes (defined as haloes of mass M tot > 10 12 M hosting at least one galaxy of mass 10 9 ≤ M * [M ] ≤ 10 12 ). Third panel: gas within the R 200 radius of the DisPerSE maximum density critical points (CPmax), tracers of nodes.The 68% and 99% contours correspond to results of short (orange) and long filaments (blue), to galactic haloes (dotted green lines), and CPmax (dashed-dotted red contours).

Figure 5

 5 Figure 5.8: Phase-space of gas in filaments, including the contribution of galactic haloes (i.e. haloes of mass M tot > 10 12 M hosting at least one galaxy of mass 10 9 ≤ M * [M ] ≤ 10 12 ).The 68% and 99% contours correspond to results of short (orange) and long filaments (blue), to galactic haloes (dotted green lines), and gas around the maximum density critical points of the field (CPmax, in dash-dotted red contours).

Figure 5

 5 Figure 5.9: Phase-space diagram of cells at cores of filaments (r ≤ 1 Mpc) in the TNG300-2 simulation. The specific contours of short and long filaments are shown by the thick dashed lines, respectively in orange and blue. The results from TNG300-1 (presented in Fig. 5.7) are over-plotted in thin solid lines. The contribution from gas in haloes are excluded.

( b )

 b Comparison with lower a resolution simulation. The thick solid lines of (a) are overlaid with the results of the TNG300-2 simulation (in thick dashed lines). These figures are extracted from Galárraga-Espinosa et al. (2021).

Figure 5 .

 5 Figure 5.10: Gas temperature profiles around cosmic filaments.

Figure 5 . 11 :

 511 Figure 5.11: Temperature profiles of the different gas phases (see Table5.1), for short (L f < 9 Mpc, orange curves), medium-length (9 ≤ L f < 20 Mpc, green curves), and long filaments (L f ≥ 20 Mpc, blue curves). Thick solid lines with circles correspond to the temperature profiles of gas in the inter-filament medium, while thin dotted lines with squares show the results where contributions of galactic haloes are included. For each case, the horizontal gray lines represent the average temperatures of all the gas cells (CPmax points excluded) of each phase in the box.

  (a) ρ gas and T distributions of filaments and clusters. The vertical dashed lines correspond to the median values of each distribution. For reference, the critical density of the Universe, ρ c , is presented in the gas distribution by the vertical light-blue line.(b) Scaling relations for filaments and galaxy clusters. For each structure, the dashed line corresponds to the linear function of Eq. 5.4 using the parameters resulting from the fit, reported in Table5.5. Short-HD and Long-LD filaments correspond respectively to the 25 and 75 percentiles of the short and long populations.

Figure 5 .

 5 Figure 5.12: Scaling relations between gas density and temperature

  (a) Gas pressure profiles of short (L f < 9 Mpc), medium-length (9 ≤ L f < 20 Mpc), and long filaments (L f ≥ 20 Mpc) respectively in orange, green and blue colours. Thick solid lines with circles correspond to the pressure profiles of gas cells in the inter-filament medium, while thin dotted lines with squares show the results where contributions of galactic haloes are included. For each case, the horizontal gray lines represent the average pressure of all the gas cells (CPmax points excluded) in the box. (b) Comparison with lower a resolution simulation. The thick solid lines of (a) are overlaid with the results of the TNG300-2 simulation (in thick dashed lines). These figures are extracted from Galárraga-Espinosa et al. (2021).

Figure 5 .

 5 Figure 5.13: Gas pressure profiles around cosmic filaments.

Figure 5 .

 5 Figure 5.14: Left: P distributions of filaments and clusters. The vertical dashed lines correspond to the median values of each distribution. Right: Scaling relations between temperature (left) and pressure (right) with gas density, for filaments and galaxy clusters. For each structure, the dashed line corresponds to the linear function of Eq. 5.4, with the parameters of Table5.5 and 5.7 for temperature and pressure, respectively.

Figure 5 . 15 :

 515 Figure 5.15: Pressure profiles of the different gas phases (see Table5.1), for short (L f < 9 Mpc, orange curves), medium-length (9 ≤ L f < 20 Mpc, green curves), and long filaments (L f ≥ 20 Mpc, blue curves). Thick solid lines with circles correspond to the pressure profiles of gas in the inter-filament medium, while thin dotted lines with squares show the results where contributions of galactic haloes are included. For each case, the horizontal gray lines represent the average pressure computed from all the gas cells (CPmax points excluded) of each phase in the box.

Figure 5 .

 5 Figure5.16: Compton-y profiles of short (L f < 9 Mpc), medium-length (9 ≤ L f < 20 Mpc), and long filaments (L f ≥ 20 Mpc) in the left, middle, and right panels, respectively. The dark colours show the SZ signal from inter-filament gas, that is gas that excludes the contribution of galactic haloes (massive M tot > 10 12 M haloes hosting at least one galaxy of stellar mass 10 9 ≤ M * ≤ 10 12 M ). The light colours correspond to the SZ signal in filaments, where the contributions of galactic haloes are included. The lower and upper limits are computed with Eq. 5.6 and 5.7, respectively, using the mean filament lengths of each population: L f = 5.7 (short), 13.3 (medium), and 27.1 Mpc (long filaments).

  ),[START_REF] Yen-Chi | Detecting effects of filaments on galaxy properties in the Sloan Digital Sky Survey III // Mon[END_REF],[START_REF] Malavasi | The VIMOS Public Extragalactic Redshift Survey (VIPERS): galaxy segregation inside filaments at z 0.7 // Mon[END_REF],[START_REF] Laigle | COSMOS2015 photometric redshifts probe the impact of filaments on galaxy properties[END_REF],[START_REF] Kraljic | Galaxy evolution in the metric of the cosmic web[END_REF],[START_REF] Bonjean | Filament profiles from WI-SExSCOS galaxies as probes of the impact of environmental effects // Astron[END_REF][START_REF] Agustín | A comparison of cosmological filaments catalogues // Mon[END_REF],[START_REF] Welker | The SAMI Galaxy Survey: first detection of a transition in spin orientation with respect to cosmic filaments in the stellar kinematics of galaxies // Mon[END_REF] and[START_REF] Nico | The Imprint of Cosmic Web Quenching on Central Galaxies[END_REF] have shown that, similarly to clusters, the regions closer to the spine of filaments are populated by more massive and less star-forming galaxies than regions further away from the spine.

Figure 6 . 1 :

 61 Figure 6.1: Distances between between galaxies and cosmic structures, as considered in Malavasi et al. (2021).

  , and as shown by e.g. Aragón-Calvo et al. (2007b); Hahn et al. (2007, 2010); Trowland et al. (2013); Ganeshaiah Veena et al. (2018); Krolewski et al. (2019); Kraljic et al. (2020); Welker et al. (2020); Kraljic et al. (

Figure 6 . 2 :

 62 Figure6.2: Top: Radial profile of the mean sSFR around short and long filaments of the TNG300-1 simulation (Eq. 6.1). The thin horizontal line marks the mean sSFR value in the full simulation box (CPmax excluded). Bottom: Deviation of long filaments with respect to short ones. This quantity is defined in Eq. 6.2.

Figure 6 . 3 :

 63 Figure6.3: Top: Radial profile of the mean stellar mass (left), and total mass (right) around short and long filaments of the TNG300-1 simulation (Eq. 6.1). The thin horizontal lines correspond to the mean values in the full simulation box (CPmax excluded). Bottom: Deviation of long filaments with respect to long, as defined in Eq. 6.2.
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Table 2 . 1 :

 21 Overview of the five simulations used in this Thesis.

		TNG300-1 Magneticum TNG300-2	TNG100-2 Illustris-2
	Box size [Mpc 3 ]	302.6 3	500 3	302.6 3	110.7 3	106.5 3
	Cosmology	Planck 2015	WMAP7	Planck 2015 Planck 2015 WMAP7
	DM resolution [M /h]					

Table 2 .

 2 2: Brief overview of the sub-resolution models of the different sets of simulations analysed in this Thesis.

		TNG		Illustris		Magneticum	
	Radiative cooling	Wiersma et al. (2009a)	Wiersma et al. (2009a)	Wiersma et al. (2009a)
	Star-formation and multiphase struc-ture of the ISM	Springel, (2003)	Hernquist	Springel, quist (2003)	Hern-	Springel, (2003)	Hernquist
	Metals and chemi-cal enrichment	Naiman et al. (2018), Pillepich et al. (2018)	Wiersma et al. (2009b)	Tornatore et al. (2003), Tornatore et al. (2007) Wiersma et al. (2009b)
	Stellar feedback	Vogelsberger et al. (2013), Pillepich et al. (2018)	less sophisticated than TNG	Springel, (2003)	Hernquist
						Springel et al. (2005),
	Black holes and AGN feedback	Vogelsberger et al. (2013),Weinberger et al. (2017)	Same as TNG	Di Matteo et al. (2005), Fabjan et al. (2010), Hirschmann et al.
						(2014)	
	Magnetic Fields	Pakmor et al. (2011), Pakmor, Springel (2013)	Not included		Dolag, (	Stasyszyn
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	Chapter 3
	Detecting the filaments
	Contents
	3.1

Table 3

 3 

	.1: Overview of the five different galaxy catalogues and of the derived DisPerSE skele-
	tons for the five simulations. All these skeletons were extracted with one smoothing cycle of
	the density field, and a persistence threshold of 3σ. The numbers for filaments and critical
	points correspond to the values inside the analysed volume (i.e. inside the central sub-boxes
	after removing the borders).				
				TNG300-1 Magneticum TNG300-2 TNG100-2 Illustris-2
	Galaxies				
	N box gal gal [Mpc -3 ] n box	275, 818 10.0 × 10 -3 10.1 × 10 -3 5.4 × 10 -3 10.1 × 10 -3 16.9 × 10 -3 1, 266, 306 148, 369 13, 680 20, 426
	Analysed volume [Mpc 3 ]	250 3	450 3	250 3	90 3	90 3
	N gal	161, 357	928, 034	86, 856	6, 918	10, 900
	Filaments				
	N f	5,550	38,278	2,885	213	223
	L min f	[Mpc]	0.4	0.1	0.6	1.5	1.4
	L max f	[Mpc]	65.6	93.6	85.2	54.0	52.1
	L mean f		[Mpc]	10.9	12.2	14.3	10.7	11.2
	L median f	[Mpc]	8.8	9.8	11.4	8.3	9.2
	Critical points				
	N CPmax	1,731	9,610	882	73	78
	N Saddles	3,133	21,998	1,627	136	151
	N Bifurcations	1,651	14,432	911	71	100

Table 3 . 2 :

 32 Variation of the TNG300-1 skeleton with different DisPerSE parameters (smoothing of the density field and persistence thresholds). This Table focuses on the number of portions of filaments, their minimum, maximum and mean lengths. Note that portions of filaments are the raw output of DisPerSE, and since they consist in sets of segments connecting any type of critical point, they are different from the actual cosmic filaments defined inSect. 3.1.3. 

	DisPerSE parameters Number Min length [Mpc] Max length [Mpc] Mean length [Mpc]
	3σ -smooth1	14266	0.007	59.2	7.8
	3σ -smooth2	12744	0.007	68.4	10.1
	4σ -smooth1	10592	0.01	60.3	8.9
	4σ -smooth2	10029	0.02	68.4	11.2
	5σ -smooth1	5453	0.02	99.9	11.9
	5σ -smooth2	5708	0.02	85.7	13.8
	6σ -smooth1	2109	0.02	162.7	19.5
	6σ -smooth2	2724	0.06	114.6	19.0
	7σ -smooth1	863	0.05	428.9	31.2
	7σ -smooth2	1127	0.08	151.9	27.8

Table 4 . 1 :

 41 Definition of short and long filaments for the different simulations analysed in this work. The details concerning the simulations are shown in Table

Table 4 .

 4 2: Results of the MCMC fits on short filaments (L f < 9 Mpc). The S galaxy density profile is adjusted using the models described inEq. 4.3, 4.5, 4.6 and 4.7. Results of the MCMC fits on long filaments (L f ≥ 20 Mpc). The L galaxy density profile is adjusted using the models described inEq. 4.3, 4.5, 4.6 and 4.7. 

	GNFW β-profile PL2 PL1	n 0 [Mpc -3 ] r f [Mpc] 2.80 +1.36 -0.726 0.21 +0.04 -0.04 5.36 0.75 -0.65 0.15 +0.01 -0.01 6.69 +0.76 -0.71 0.13 +0.01 -0.01 6.07 +0.52 -0.48 0.14 +0.01 -0.01	α 0.41 +0.18 -0.25 2.18 +0.38 -0.28 -0.18 +0.15 -0.16 -	β 1.80 +0.02 -0.02 0.84 +0.13 -0.13 1.82 +0.02 -0.02 1.82 +0.01 -0.01	γ 3.54 +2.64 -1.03 ---	χ 2 ν 1.96 1.87 1.88 1.85
	Table 4.3:					

  Other models are empirical expressions proposed to describe filaments, like the double power law(Aragón-Calvo et al., 2010b) of Eq. 4.6, hereafter called PL2,

	β-profile PL2 PL1	+0.91 -0.35 3.15 +0.72 -0.54 1.96 +0.37 -0.35 2.50 +0.26 -0.24	0.31 +0.06 -0.06 0.21 +0.02 -0.02 0.25 +0.04 -0.03 0.21 +0.02 -0.01	0.54 +0.19 -0.31 1.60 +0.31 -0.25 0.28 +0.13 -0.14 -	2.10 +0.06 -0.04 1.35 +0.29 -0.24 2.14 +0.04 -0.04 2.09 +0.03 -0.03	2.63 +1.42 -0.79 ---	1.11 1.27 1.12 1.26

Table 4 .

 4 6: Mean enclosed mass (by unit length) up to r ext = 7 Mpc (seeEq. 4.24). These values are in units of M /Mpc.

		Short filaments Long filaments
	DM	10 13.25	10 12.93
	Gas	10 12.51	10 12.19
	Stars	10 11.12	10 10.75

Table 5 . 5 :

 55 Results of the scaling relations between pressure and gas density, log T = α log ρ gas /ρ c + β. The reduced chi-squared values, χ 2 ν , resulting from the fit are presented in the last column.

	α	β	χ 2 ν

Table 5 . 7 :

 57 Results of the scaling relations between pressure and gas density, log P = α log ρ gas /ρ c + β.

		α	β	χ 2 ν
	Clusters	1.24 ± 0.03 -5.45 ± 0.08 0.01
	Groups	1.45 ± 0.02 -6.21 ± 0.03 0.05
	Short filaments -HD 1.81 ± 0.09 -6.15 ± 0.06 0.11
	Short filaments (all) 1.63 ± 0.04 -6.05 ± 0.01 0.19
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DM particles were used instead of galaxies in order to have an unbiased description of the density field around the nodes of the skeleton. Notice that for the Magneticum simulation the R

radii were computed from the galaxy distribution instead, because the DM distribution is not publicly available.

Indeed, the TNG feedback model follows[START_REF] Rainer | Simulating galaxy formation with black hole driven thermal and kinetic feedback // Mon[END_REF], whereas the Magneticum model is described bySpringel et al. (2005) and[START_REF] Fabjan | Simulating the effect of active galactic nuclei feedback on the metal enrichment of galaxy clusters[END_REF]. See also Sect. 2.1 for details.

The physics of gas in the cosmic web is complex, and since baryonic matter is the only component that can be directly observed, it is essential to characterise its distribution and properties. In this sense, this work allowed us to build a clearer picture of the physical state of gas at any distance from the spine of filaments, and to identify more precisely the scales at which the different processes that shape gas in the cosmic web enter the game. Of course, further studies of the dynamics of gas and its evolution across redshifts are necessary to have a comprehensive understanding of the properties of gas in filaments, including dedicated mapping of the balance of power between the processes at play as function of time and environment in the cosmic web.
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