BSTRCT

The classical cooling-flow model of central cluster galaxies fails in the absence of an external heating mechanism needed to compensate for catastrophic radiative cooling in the intracluster medium. Feedback from an active galactic nucleus contributes to offset the cooling, however, some residual-cooling manages to survive into a multiphase filamentary gas, whose physical nature remains obscure. To unveil the origin and life-cycle of this filamentary network that surrounds these galaxies, we study the cold molecular and warm ionized phase of the filaments using the combination of LM and MUSE observations. Our results are consistent with the scenario where the SMBH launches out jets, uplifting the hot gas that then may locally cool forming clumpy molecular filaments, which can eventually fall back and fuel the central engine, restarting the cycle.

MOTS CLÉS

mas de galaxies -Groupes de galaxies -Rétro-alimentation GN -Milieu Intra-amas RÉSUMÉ Le modèle classique de refroidissement de flot de galaxies centrales d'amas échoue en absence d'un mécanisme externe de réchauffement nécessaire pour compenser le refroidissement radiatif catastrophique dans le milieu intra-amas. La rétroaction d'un noyau galactique actif contribue à contrebalancer le refroidissement, néanmoins, du refroidissement résiduel réussit à survivre et devient un gaz filamentaire multiphase, dont sa nature physique reste inconnue. Pour dévoiler l'origine et le cycle de vie du réseau filamentaire qui entoure ces galaxies, on étudie la phase moléculaire froide et ionisée chaude des filaments en utilisant une combinaison d'observations de LM et MUSE. Nos résultas sont en accord avec le scénario où les SMBH émettent des jets, soulevant le gaz chaud qui après peut refroidir localement formant des filaments moléculaires agglutinés, qui éventuellement retournent et alimentent le moteur central, réinitialisant le cycle.

Abstract

The classical cooling-flow model of galaxy clusters fails in the absence of an nongravitational heating mechanism needed to compensate for catastrophic radiative cooling in the intracluster medium (ICM). Feedback from an active galactic nucleus (AGN) is thought to offset the cooling via the energy released from the bubbles inflated by radio jets launched from super massive black holes (SMBH). However, it cannot completely offset the cooling as the brightest cluster galaxies (BCGs) harbors a complex multiphase medium of extended warm and cold reservoirs of gas, whose physical nature remains unknown. The aim of this thesis is to understand the life-cycle of gas in the presence of radio-mechanical AGN-feedback by studying the filamentary network surrounding nearby BCGs and Brightest Group Galaxies (BGGs). We present 15 galaxy clusters and 18 galaxy groups to investigate the origin and physical state of these gaseous filaments. By combining ALMA and MUSE data, with archival optical Hubble Space Telescope, X-ray Chandra, and radio VLA and GMRT observations, we have assembled a comprehensive picture of these enigmatic filaments.

BCGs reveal extended networks, 10-60 kpc, of Hα filaments that are likely a consequence of residual cooling from the hot ICM. ALMA observations show clumpy and massive, 10 8 -10 10 M ⊙ , molecular filaments, preferentially located beneath the radio bubbles inflated by the AGN. The optical nebula is certainly tracing the warm envelopes of cold molecular filaments. Surprisingly, the radial profile of the Hα/CO flux ratio is roughly constant for most of the objects, revealing that cold gas could be present in the faintest filaments detected in Hα, and indicating that a local process must be responsible for the excitation mechanism of the gas. To investigate where the cold gas condensed out from the ICM, we compared the radial extent of the filaments with predictions from recent numerical simulations in the literature. We found that the filaments are always inside the low-entropy region, and where the ratio of the cooling time over the free-fall time is minimum, and similarly, where the ratio of the cooling time to the eddy-turnover time is approximately unity. This is consistent with theoretical predictions, which argue that cold gas condenses from the cooling of the ICM via the top-down cascade through thermal instabilities. Finally, we found that the velocity of the molecular gas is below the escape velocity from the BCG, indicating that cold clouds must then fall back onto the black hole, feeding the central engine of the AGN, where the cycle starts again. 

Galaxy Clusters

Galaxy clusters are the largest virialized structures of the universe, and can contain typically hundreds of galaxies all gravitationally bound. These large structures are formed via the gravitational instabilities from the primordial density perturbations in the hierarchical scenario for the galaxy formation [START_REF] Peebles | Principles of Physical Cosmology[END_REF]. Galaxy clusters are composed mainly of three ingredients, the dark matter being the most abundant with ∼80%, followed by diffuse baryons (hot and warm gas ∼17%), and cooled baryons (gas and stars ∼3%) (Tozzi et al. 2006). The dynamics of the galaxy clusters is dominated by the dark matter that caught the baryon within its potential well. Besides, galaxy clusters are known to be rare since they contain only ∼10% of the galaxies of the Universe (Thuan et al. 1994).

The most massive, luminous, and giant galaxies in the clusters, also called Brightest Cluster Galaxies (hereafter BCGs, see Fig. 1.1), usually correspond to early-type elliptical galaxies, and generally sit at the bottom of the potential well of the cluster. BCGs may be the most luminous and massive galaxies of the Universe. Due to their very high stellar mass ∼10 12 M⊙ and extended envelopes (See, e.g., Fig 4 in Lidman et al. (2012)), they are believed to form through several galaxy mergers in the past history of the cluster. Most of the BCGs correspond to cD galaxies due to their extended envelopes [START_REF] Sarazin | X-ray emission from clusters of galaxies[END_REF]. Note that at high redshift these optical envelopes are difficult to observe due to their low surface brightness and surface brightness dimming on redshift affects. Historically, BCGs are usually named as "red and dead" galaxies due to their red colors, lack of cold gas, and star formation activity. However, this picture has changed dramatically in the last decade (Cerulo et al. 2019). Along this thesis, we will focus on nearby clusters of galaxies only. 

Intracluster Medium

In the standard cosmological scenario, the baryonic matter in the form of gas, collapses in the dark matter potential well of the galaxy cluster. The adiabatic compression heats up the gas near the virial temperature, forming a huge hot atmosphere of fully ionized plasma, also known as the intra-cluster medium (ICM). The first discovery of the hot emitting gas in galaxy clusters was made using the X-ray explorer UHURU satellite by Gursky et al. (1971). Thermal emission via the bremsstrahlung process from the ICM was the first attempted interpretation of this emission (Lea et al. 1973;Lea 1975). For comprehensive reviews of the ICM, see [START_REF] Sarazin | X-ray emission from clusters of galaxies[END_REF]; Peterson & Fabian (2006); Böhringer & Werner (2010). Later this was confirmed by the iron-line complex from helium-like and hydrogen-like ion emission lines at 6.7 keV in the most famous galaxy clusters as Perseus, Coma and Virgo using the Orbiting Solar Observatory (OSO8) observations (Serlemitsos et al. 1977). As mentioned before, the origin of this hot plasma can be understood through the hierarchical structure formation. As the cluster forms through the collapse of matter, the warm baryons follow the dark matter dynamically during the collapse. As a result, the baryons are heated to the virial temperature of the halo by accretion shocks and quasi adiabatic compression. Thus an optically-thin fully ionized hot plasma is created due to the high temperatures that can reach several 10 7 K up to 10 8 for a typical galaxy cluster of 10 14 -10 15 M ⊙ .

The intracluster plasma is mainly composed of ionized hydrogen (75%) and helium (25%) in mass, with some traces of heavy elements with typically 1/3 of solar abundance Figure 1.2: X-ray simulated spectrum of the Perseus galaxy cluster showing the X-ray emission from the heavy elements. Credits: Athena Observatory. (Tozzi et al. 2003). At high temperature >3×10 7 K the hot plasma emits free-free thermal emission in the X-ray, while at a lower temperature below ∼3×10 7 K, the X-ray emission from the ICM has important contributions from recombination lines of heavy elements such as iron, oxygen, silicon, and many others [START_REF] Sarazin | X-ray emission from clusters of galaxies[END_REF]) (see Fig. 1.2 for an example of an ICM spectrum). Overall the shape of the ICM spectrum is dominated mostly by thermal free-free emission, but also bound-free emission is also a significant source of continuum radiation. Bound-free radiation dominates at κT<<1 keV, while always free-free dominates the spectrum shape for κT>0.1 keV (Kaastra et al. 2008). This process can power extremely bright X-ray continuum, of luminosities L X ∼10 43 -10 45 erg s -1 .

The temperature and density distribution can be used to derive the entropy profile of the ICM. The entropy is one of the most fundamental properties of galaxy clusters, used to characterize the origin and thermal history of the ICM. The entropy of the ICM can be express as follow;

K = kT n 3/2 e (1.1)
were k is the Boltzmann constant, n e is the electron density and T is the temperature of the X-ray gas (Balogh et al. 1999). Models of hierarchical structure formation of galaxy clusters predicts a entropy profile with the form K ∝ r 1.1 [START_REF] Demarco | [END_REF]Voit 2005).

Cool-Core Clusters (cooling flows) Based on the temperature profiles, derived through the X-ray continuum emission from the ICM, there exist two classes of galaxy clusters: the so-called cool-core clusters (CC) and non-cool clusters (NCC), respectively (see Fig. 1.3). The former show a peak in their X-ray surface brightness, and therefore have very dense ICM core profiles, with temperature decreasing towards the center. The later show a moderate or even slightly increasing in temperature towards the cluster core. One needs to take into account that there are some difficulties in deriving the temperature profiles of the ICM in clusters using X-ray observations, since those measurements are deprojected, and therefore are derived assuming a three-dimensional geometrical shape of the clusters, usually spherical. The CC cluster class also has denser cores compared to NCC. Another interesting difference of CC clusters of NCC is seen in the entropy profiles, with the former having steeper central slopes, whereas NCC show flatter slopes at about 0.1 r vir (see Fig. 1.4 in Sanderson et al. (2009)). Depending on the study, about ∼30% and up to 60% of the galaxy clusters have a central peak in the surface brightness distribution, and thus containing a cool core in the nearby Universe (Andrade-Santos et al. 2017).

Relaxed structures, evolving slowly Interestingly, some galaxy clusters experience sloshing gas motions in the core. These motions are triggered in the hot plasma by some perturbations; for example, minor mergers, or a passing galaxy close to the central cluster core. These merger events can move the central peak of the ICM with respect to the central galaxy. Such sloshing motions created displacements of gas from the center of the cluster to further distances, as has been observed in many systems for example in Abell 1975 and Abell 2029. Simulations show that merger events induce weak shocks that displace cold gas from the potential well of the clusters producing gas sloshing, which then creates cold fronts. Cold fronts are regions of the ICM that have sharp discontinuities seen in the X-ray brightness, together with a jump in temperature where the brighter regions correspond to the cooler gas. See Markevitch & Vikhlinin (2007) for a review on sloshing motions in galaxy clusters.

X-ray Scaling Relations

In the standard cosmology scenario, small density perturbations grow through the influence of gravity only, creating massive dark matter haloes. Assuming that the structures formed by gravitational collapse alone, without the effects of cooling, the different properties of the hot gas, such as temperature, luminosity, and mass, should then follow similar power-law relationships. These relations are known as self-similarity relations because they have the same properties independent of the scale. Therefore galaxy clusters, groups, and elliptical galaxies of all masses should be identical objects when scaled by their mass. The most well-known self-similarity relation is the L X -T , which relates the temperature T of the hot atmosphere to the X-ray luminosity L X , and it should scale;

L X ∝ T 2 .
(1.2)

Likewise, the temperature T of the hot atmosphere within the bremsstrahlung regime should scale with the halo mass M as:

T ∝ M 2/3 . (1.3)
One can estimate the mass deposition rate through the X-ray luminosity of the clusters assuming that the ICM cools from the virial temperature at constant pressure, as:

ṀX ≃ 2µm p (5kT ) L X (1.6)
where L X is the X-ray luminosity and T is the temperature of the gas inside the cooling radius. Here, µ is the mean atomic mass of the gas. The cooling flow scenario predicts that a huge mass of cold gas of 10 12 -10 13 M ⊙ should be deposited in the central region of the cluster. The cooling rate is indeed a few 100 M ⊙ yr -1 , and even 1,000 M ⊙ yr -1 for the most extreme clusters (Fabian 1994). As the cool gas condenses, it should increase its density to form cold molecular clouds eventually and ultimately stars (Fabian 1994).

A more realistic cooling flow model includes matter cooling out over a range of radii, with a variety of densities and temperatures. This model is known as isobaric multiphase cooling flow (Peterson & Fabian 2006). This model was historically introduced to solve the problem of exceptionally sharply peaked surface brightness profile predicted by the classical cooling single-phase model at the center of the cluster (for r = 0), which are, of course, not observed. To better reproduce the X-ray brightest profiles, an inhomogeneous cooling flow with Ṁ ∝ r was invoked by Fabian et al. (1984). Even though this distribution of gas mass does not alter the substantial total deposition rates predicted.

Although the cooling flow model is simple and beautiful, the reality appears to be more complex. Problems with the classical cooling flow are many, but the most important one is that the gas is allowed to cool too fast, producing a runaway overcooling and no such a huge cold gas residual or induced stars formed from the cooled gas has been observed. Thus there is a need for a non-gravitational heating mechanism that stops and quenches the cooling of the gas. Several mechanisms have been proposed to account for this heating, such as shocks from mergers (e.g., Markevitch & Vikhlinin 2007), sloshing motions (e.g., ZuHone et al. 2010), conduction from the surrounding ICM (e.g., Voigt & Fabian 2004), and mechanical and radiative feedback from a central AGN (e.g., McNamara et al. 2005). However, the contributions to the heating of the gas of each process remain unclear. Nowadays, the most favored scenario is the AGN feedback.

AGN-ICM Interaction

The cooling flow problem fostered the search for a mechanism that can suppress the over-cooling. Several years ago it was found that about ∼70% of the cool core clusters host a radio source in the central galaxy (Burns 1990). Those values have been updated up to 100% of the sources depending on the sample, in more recent findings (Mittal et al. 2009). For example, Mittal et al. (2009) found that all the strong cool-core clusters, selected from The HIghest X-ray FLUx Galaxy Cluster Sample (HIFLUGCS sample), comprising 64 X-ray nearby (z < 0.2) brightest galaxy clusters, host a radio source detected at 10 MHz and 15 GHz radio frequencies from Very Large Array (VLA) observations (see Fig. 1.8). Lim et al. 2012;Donahue et al. 2011;Johnstone et al. 2007;Hatch et al. 2005), and more recently the cold molecular phase (e.g., Edge 2001;Salomé et al. 2006;Salomé et al. 2011;Lim et al. 2008). The optical networks of filamentary gas are also correlated with the presence of dust lanes (Mittal et al. 2012). The optical ionized gas traced by Hα is morphologically connected with different gas temperature traced for example by H 2 1-0 S(1) emission (Fig. 1.11), suggesting that the filamentary network is multi-phase.

Star formation activity has been observed in several BCGs. For example in the infrared regime, O'Dea et al. ( 2008) estimated the star formation rate (SFR) of a sample of 62 brightest cluster galaxy in X-ray bright clusters, using Spitzer photometry. The authors found SFR of 1-50 M⊙ yr -1 . Similarly, Mittal et al. (2015) constrained the star formation on 10 local BCGs, and found that it correlated with the X-ray mass deposition rate, with the former being a factor of 4-50 lower than the latter. This indicate that the hot atmosphere may be contributing to the star formation activity in the BCGs. Donahue et al. (2011) observed nine BCGs with the Spitzer Space Telescope's infrared spectrograph and found polycyclic aromatic hydrocarbons (PAHs); their analysis suggests that star formation processes may dominate the heating of dust and the PAHs. Resolved observations show that some filaments have substantial star formation (∼1-10 M ⊙ yr -1 ). This has been shown in several galaxy clusters through the detection of knots of UV emission using Hubble Space Telescope (HST) observations of nearby BCGs (McDonald & Veilleux 2009;Tremblay et al. 2015;McDonald et al. 2011b). Nevertheless, the SFRs represent only a few percent of the expected rate from radiative cooling. So only a small fraction of the hot gas may eventually cool and form stars.

Different Scenarios for the Formation of Multi-phase Filaments

The origin of the filaments remains a mystery. Several theories have been proposed during the last 20 years to explain the formation of extended cold gas seen in the core of galaxy clusters. The favored scenario is gas condensation from the ICM in the form of cooling flows or gas accreted from previous mergers (Sparks et al. 1989;Braine et al. 1995). However, the morphology and dynamics of the filaments do no resemble any gravitational feature expected from tidal interactions, interacting galaxies or merger remnants.

The idea that the filaments in galaxy cluster cores condense from the hot plasma has gained more consensus over the last decades. Those views were suggested by the clear correlation between the entropy, one of the most fundamental properties of the ICM (e.g., Voit 2005), short cooling times, and the presence of the nebular emission and star formation in galaxy clusters (Cavagnolo et al. 2008;Rafferty et al. 2008a). These works reveal a threshold for the onset of Hα and a substantial star formation activity for a low central entropy of K 30 keV cm -2 , or similarly when the central cooling time is below 1-5 Gyr (see Fig.1.12).

The problem related to the nature of filamentary gas in galaxy clusters has been extensively studied in the last decade mostly with new numerical simulations and theoretical works. See Voit et al. (2017) for a small review of the ideas related to the theory behind this question. Recently, two different scenarios have been proposed and competing with each other to explain the formation of multi-phase gas. The first one proposes that the molecular clouds have cooled in-situ from low-entropy gas that has been uplifted by the radio bubbles at an altitude where it becomes thermally unstable (e.g., McNamara et al. 2006). The second one is by direct thermal instability of small perturbations in the hot halo (e.g., Gaspari & Churazov 2013), or both (Voit et al. 2017). Both current models are based on the onset of thermal instabilities in the hot plasma.

The notion that cold gas can condense from the hot gas through thermal instabilities was first discussed in the late 80s by Cowie et al. (1980) and Nulsen (1986). These authors argued that, when the cooling time of the gas is shorter than the free-fall time, i.e., t cool /t ff 1, then thermal instabilities develop in the medium, and density perturbations from overdense blobs of gas cools down to low temperature forming cold clouds. That eventually will decouple from the hot atmosphere, falling at the free-fall timescales to either form stars or feed the central AGN. The idea that thermal instabilities in galaxy clusters can develop a multiphase gas has reemerged. For example, idealized numerical simulation by McCourt et al. (2012) showed that the gas cools when the ratio of cooling time over the free-fall time is below unity, t cool /t ff 1. From a simulation of a plane-parallel atmosphere, however, the ratio may rise above unity for a more realistic three-dimensional simulation. On the other side, Sharma et al. (2012) consider a spherical geometry finding higher values for this threshold, t cool /t ff 10. Therefore, this threshold was assumed to be geometry dependent. However, later studies found that the development of thermal instabilities was independent of the geometry (Choudhury & Sharma 2016). Several numerical simulations found More recently, new ideas have been put on the table. Qiu et al. (2020) propose that cold clouds are likely condensing from the warm outflow, with a temperature of 10 4 up to 10 7 K, driven by the AGN feedback, in contrast to previous models where cold gas form directly as a consequence of thermal instabilities.

Even if from an energetic point of view the AGN is able to balance radiative losses of the hot atmosphere, how does the AGN energy couple to the interstellar medium is not clear. The presence of very extended filamentary features in the core of galaxy clusters, surviving in the presence of strong heating, is an important piece of the puzzle. Observation of the gas in the cold molecular phase has revealed to be key to understand the cycle of gas in the presence of AGN-feedback (Salomé & Combes 2004;Salomé et al. 2006;Salomé et al. 2008) (Tremblay et al. 2018)) showing large cold filaments. Tremblay et al. (2016) using high-resolution ALMA observations even revealed the presence of redshifted absorption CO lines at the very center of the AGN in NGC 2597. This was one of the first proofs of cold clumpy gas being accreted onto the central black hole consistent with the CCA (see also David et al. (2014); Rose et al. (2019); Rose et al. (2020)).

A complete picture of the nature of the filaments requires kinematic information of all gas phases in the galaxy cluster cores. While we wait for the new integral field unit (IFU) X-ray mission to unfold the velocity structures of the hot gas, powerful and state-of-art optical IFU and radio interferometric telescopes can be used to gain deep knowledge of the warm ionized gas and cold molecular phases. Those powerful telescopes such as Multi-Unit Spectroscopic Explorer (MUSE) and ALMA, have opened a window to study with great detail the optical and molecular filaments as has never been seen before, allowing us to perform more accurate analyses and compare them with predictions from new and more realistic numerical simulations.

From a first glimpse, one can erroneously assume that galaxy groups are scaleddown versions of galaxy clusters. Here we review some of the differences, which make groups exciting objects of study. Simulations indicate that in the absence of non-gravitational heating, the density profiles of galaxy groups and clusters should be almost identical. However, this is not the case for low temperatures galaxy groups. Groups with temperatures below 1 keV show some deviations from the X-ray self-similar scaling relationships presented before (Mulchaey et al. 2003). The slopes of the X-ray relationships are steeper for low-mass systems compare to galaxy clusters (Fig. 1.16), L ∝ T 4.5 , and M ∝ T 1.5 (Kim & Fabbiano 2013). These findings indicate that nongravitational processes, such as radiative cooling, supernovae heating, and AGN and stellar feedback could be more relevant in systems with a mass lower than of galaxy clusters (Kim 2017). However, the contribution from each mechanism is not clear. Also, the exact difference between big groups and small clusters might be ambiguous. Probably, the slope change continuously (Sun et al. 2009).

Galaxy groups outbursts with energies lower than those in galaxy clusters. However, the AGN outbursts can have a much more pronounced impact on the IGrM, due to their shallower potential, altering their thermal history and disturbing the IGrM. Since the mechanical energy released by the AGN can be the same order of the magnitude than the gravitational binding energy of galaxy groups (Giodini et al. 2010). Hence nongravitational processes play a more critical role in shaping the properties of galaxy groups. For example, the AGN heating in groups seems to act through constant and gently injection of mechanical energy, while for galaxy clusters, the outbursts are rarer and more powerful (Gaspari et al. 2011a). Besides, since they have shallower potentials and small separation between galaxies, interaction and mergers are much more important than in clusters. The low velocity dispersions typical in groups reduce the efficiency of ram-pressure stripping allowing a greater fraction of infalling cold-gas-rich galaxies likely to reach the group core intact (see also Hester (2006)).

Cold Gas in Brightest Group Galaxies

Most of the efforts to search for the cold gas expected from the cooling flows have been focused on galaxy clusters, principally for their huge classical massive deposition rates. Only a fraction of the observing time has been dedicated to galaxy groups. Optical line emission in galaxy groups has been detected only in a handful of systems. In spite of this, one of the first surveys dedicated to looking for the ionized gas, traced by Hα+[NII], in early-type galaxies (including E and S0/Sa) done by Macchetto et al. (1996) reveals the presence of filamentary structures. Some of the 73 elliptical and lenticular galaxies of Macchetto's sample correspond actually to the BGGs. As mentioned previously, the sample reveals the presence of filamentary structures, but also small disks and regularly extended morphologies.

Later on, McDonald et al. (2011a) presented high-spatial-resolution Hα images of 17 massive galaxy clusters and 10 galaxy groups using the narrow-bandpass Maryland Magellan Tunable Filter (MMTF) on the Magellan-Baade 6.5-meter telescope, finding similar Hα morphologies and frequency of filaments in both populations. In addition, detected in CO which corresponds to 22% of detection (Young et al. 2011). [START_REF] Alatalo | [END_REF] found that 40 of these galaxies have a variety of CO morphologies, being most of them alike disk-like distributions (50%), disrupted morphologies (20%), bars plus rings (10%), and spiral arms (5%). Another survey that has come out recently is the Mitchell spectrograph Assembly of Stars and Stuff with Integral-field spectroscopy in the Visible, Early-type galaxies (MASSIVE) project (Ma et al. 2014) with the aim of studying the physical processes that drive the evolution of the massive nearby early-type galaxies. The survey accounts for 116 most massive early-type galaxies (E and S0) (Ma et al. 2014) observed in the northern sky with distances of D<108 Mpc and declinations of δ>-6 • , and stellar masses of M * 10 11.5 M⊙ or K-band magnitudes M K <-25.3 mag. Note that ∼48% of the early-type galaxies selected in this sample corresponds to the BGGs, ∼50% are in groups as a satellite, while ∼12% are isolated (or groupless). Davis et al. (2019) investigated the molecular gas content in a sample of 67 galaxies drawn from the MASSIVE sample, finding a total detection rate of 25%, similar to what was previously reported by the ATLAS 3D project. The ATLAS 3D and MASSIVE surveys give a very rich picture of elliptical galaxy properties. But they do not focus on central group or central cluster objects that are subject to the hot surrounding gas cooling.

The The Complete Local-Volume Groups Sample (CLoGs3 ) (O'Sullivan et al. 2017) project aims to be the first statistically complete and representative surveys of nearby galaxy groups. The CLoGs sample contains 53 galaxy groups observed in several wavelengths. O' Sullivan et al. (2015) found that 4 of the 11 BGGs contain molecular gas, corresponding to ∼43% of detections. Later on, in O' Sullivan et al. (2018), the authors report that about 21 of 53 galaxy groups from the CLoGs sample contain cold molecular gas, confirming their previous detection rates (∼40%). These results suggested that the BGGs might contain more cold gas than in individual early-type galaxies. Understanding the content of cold gas in galaxy groups is, therefore, important for several reasons, including its role fueling the AGN engine and the star formation activity. Even so, kinematics and morphology information of the cold gas is still awaiting to reveal the nature of the cold gas in galaxy groups, an essential goal of this work. In Table 1.1 we summarize the criteria selection for the samples described in this section.

Different Scenarios for the Formation of Gas in Brightest Group Galaxies

The authors of the ATLAS 3D sample claim that the origin of the cold gas detected in a hand-full of early-type galaxies was mainly due to merger events and cooling from the material ejected through stellar processes (Davis et al. 2011). In Davis et al. (2019), the authors of the MASSIVE Survey, claim that massive early-type galaxies might acquire their cold gas through gas-rich mergers and stellar mass loss, and with hot gas cooling playsing only a minor role. However, the mechanism for the central galaxy in groups might be different. Several mechanisms are invoked to explain the cold gas in the BGGs and elliptical galaxies in general. In summary, cold gas can be acquired through gas-rich 1.3. Outline of the Thesis merger events, from the cooling of material ejected from the stellar population (stellarmass loss), or as the end-product of the cooling from the hot, X-ray emitting IGrM. Werner et al. (2014) argues that the cold gas of 8 BGGs might be acquired through hot halo cooling. Whereas, detailed ALMA observations of NGC 5044 hints that the cold molecular clouds might condense also from its hot atmosphere like in BCGs (Temi et al. 2017). David et al. (2014) detected many CO emitting molecular clouds in the central region of NGC 5044 using ALMA observations (Fig. 1.18), with masses of a few 10 5 up to 10 7 M⊙, and with a total molecular gas mass of 6×10 7 M⊙ (Temi et al. 2017), a few orders of magnitudes lower than what is observed in the very massive galaxy clusters. However, as mentioned previously, more detailed observations of BGGs are needed. See the review by Werner et al. (2018).

Some light has been shed on this topic by looking at X-ray wavelengths. For instance, Babyk et al. (2018b) and Lakhchaura et al. (2018) found a correlation between the presence of Hα emission and CO molecular gas in systems with shorter cooling times, t cool , higher gas densities, lower entropies, and shallower entropy profiles, for giant elliptical galaxies and even in early spirals. This results is similar to what is found in CC clusters (Cavagnolo et al. 2008;Rafferty et al. 2008a). Whether the cold gas in galaxy groups and early-type galaxies condenses from the hot atmosphere or from the material ejected through the stellar population or is accreted through an external process, is still unclear. There is only a very small number of known cases with clearly extended optical emission beyond the nucleus of the central galaxy associated with cooling-flows. The need for a significant sample tracing the morphology and kinematics of the gas is, therefore, needed to unveil the origin of the gas in these lower-mass systems.

OUTLINE OF THE THESIS

This thesis aims to explore the nature of the cold gas in the central galaxies of clusters and groups. The manuscript is organized in two main parts: chapter 2 presents my work on central cluster galaxies, and chapter 3 is dedicated to central group galaxies.

In Chapter 2, I present the data reduction and analysis of a sample of 15 BCGs, performed with (i) the Atacama Large Millimeter/submillimeter Array (ALMA) and (ii) with the Multi-Unit Spectroscopic Explorer (MUSE) data, as well as the description of the instruments. The morphology and the kinematics of the warm ionized nebulae and of the cold molecular gas are presented, and I describe the detailed comparison of these two gas phases. Chapter 2 also discuss the nature of the cold and warm ionized, extended filament of gas in galaxy cluster cores. To do so, I use thermodynamic radial profiles of the hot gas that I have derived from archival X-ray Chandra observations. I then compare these multi-wavelength observational results obtained with ALMA, MUSE, and Chandra to predictions from theoretical and numerical simulations of chaotic cold accretion.

In Chapter 3, I address the question related to the origin of the cold gas in galaxy groups, using MUSE observations of 18 sources selected from the CLoGs high-richness 1.3. Outline of the Thesis sub-sample. I describe the properties of the sample, and the data reduction and analysis of the MUSE observations for both stellar and gaseous components. The kinematics of the line emitting nebulae and the stellar population will be presented. The main aim of this Chapter is to investigate the origin of the cold gas in BGGs. Thus a kinematic comparison between the stellar component and nebular gas is also shown, along with the thermodynamical properties of the hot gas. I also explore the properties of the optical line emitting gas in galaxy group cores, and investigate the ionization mechanism for the ionized gas by comparing the optical line ratios with predictions from models that are being discussed in the literature.

Finally, in Chapter 4, the main results and conclusion will be summarized, highlighting the main findings in central galaxies in clusters and groups, as well as a description of how these can be developed further.
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Brightest Cluster Galaxies

OVERVIEW

In this chapter, we present Atacama Large Millimeter Array (ALMA) Cycle 3 observations that map the kinematics and morphology of the cold molecular gas phase of three well-studied BCGs: Centaurus (also known as NGC4696), Abell S1101 (so-called Sersic 159-03), and RXJ1539.5-8335, traced by CO(1-0) emission. In addition, we include a revised analysis of the ALMA observations of 12 BCGs: PKS 0745-191, Abell 1664, Abell 1835, Abell 2597, M87, Abell 1795, Phoenix-A, RXJ0820.9+0752, 2A0335+096, Abell 3581, Abell 262, and Hydra-A. We compared the distribution and kinematics of the cold molecular gas phase using ALMA observations with new warm ionized gas observations using Multi-Unit Spectroscopic Explorer (MUSE) IFU data. Our main goal was to determine the origin of the massive filaments found in BCGs. Therefore to investigate where the cold gas condensed out from the ICM, we compared the radial projected extension of the filaments with several properties of the intra-cluster medium predicted by numerical simulations using Chandra observations. This chapter refers to Olivares et al. (2019).

INSTRUMENTS, DATA REDUCTION, AND TECH-NIQUES

Cold molecular and Ionized gas tracers

Cold molecular gas tracer

Molecular hydrogen (H 2 ) is the most abundant molecules in the Universe, and being the primary ingredient for star formation plays a crucial role in galaxy evolution. Unfortunately at the temperatures of the cold molecular clouds (∼20 K) is not directly observable in emission. Its lowest energy transition is quadrupolar, requiring temperatures higher than >100 K to be excited. Principally, due to this limitation, the most common tracer to study the molecular gas content is Carbon monoxide, which tends to be found in the same locations as H 2 .

Carbon Monoxide ( 12 CO) is the next second most abundant molecule. It is a low rotational molecule that can be observed in the submillimeter domain. It is a resistant molecule with a photodissociation energy of ∼11.2 eV, which corresponds to an excitation energy of hv/k = 5.53 K for the CO(1-0) transition. Due to its small dipole moment (0.1 debyes), its ground rotational transition (J = 1 -0, v rest =115.271 GHz) is easily excited by collision with H 2 molecules. Given that its critical density and the excitation temperature increase with increasing transition levels, low-J transitions usually trace the cold molecular gas, while high-J frequency transitions trace and are excited by progressively warmer and denser gas. Due to its high critical density n crit of ∼2.1×10 3 cm -3 , it is thus an inaccurate tracer of the densest region of the gas found at the vicinities of the star formation. Other molecules, such as HCN, HNC, CN, CS, and HCO, are better tracer of the densest phase of the cold gas. Observations of some of these molecules have been carried out for the Perseus cluster (Bayet et al. 2011) using the James Clerk Maxwell Telescope (JCMT).

Molecular gas mass

Empirical studies show that there is a correlation between the CO integrated intensity and the molecular gas mass. However, some conversion factor is needed to translate observed integrated CO intensities into H 2 column densities, to finally get to molecular gas masses. The CO-to-H 2 conversion factor is known as the X CO = N(H 2 )/I CO factor, where N(H 2 ) is the column density of H 2 and I CO is the CO integrated line intensity [START_REF] Solomon | [END_REF][START_REF] Solomon | Dynamics of Galaxies and Their Molecular Cloud Distributions[END_REF]. Calibrations of the X CO factor are mostly conducted in local molecular clouds, using several techniques. Some of them are the virial method [START_REF] Solomon | [END_REF], and the dust emission (Dame et al. 2001). In our galaxy, the X CO value leads to,

X CO = N(H 2 )[cm -2 ] I CO [Kkm -1 ] = 2.2 20 cm -2 [Kkm -1 ] -1 . (2.1)
This corresponds to molecular-gas-mass-to-CO-luminosity ratio, which can be express as:

M(H 2 ) = α CO L CO , (2.2)
where α is 4.8 M ⊙ (K km s -1 pc 2 ) -1 for our galaxy.

It is well known that the estimated molecular gas mass can be affected by metallicity. For example, low metallicity environments tend to underestimate the amount of cold molecular gas mass if one uses the galactic conversion factor (Bolatto et al. 2013). Several studies suggest that the X CO conversion factor increases with decreasing metallicity, turning up sharply below metallicity 1/3-1/2 solar metallicity. The extreme conditions of starburst galaxies can also affect the conversion factor. The molecular gas is warmer and denser because of the harsh environment, resulting in more highly excited gas thus increasing the CO luminosity relative to molecular clouds in our galaxy, and decreasing the X CO factor to α CO = 0.8 M ⊙ (K km s -1 pc 2 ) -1 . The true value of the X CO conversion factor depends on gas metallicity and whether or not the CO emission is optically thick.

BCGs and groups lack calibration of the X CO factor. However, most of the calculations have been made using the galactic conversion factor, based on slightly solar metallicities ∼0.7 Z ⊙ found at the center of the ICM, and also line ratios, indicating optically think gas and line widths of a few molecular clouds that are comparable to those in the Milky Way (see also Section 2.3.1.5). Indeed, recently Vantyghem et al. (2017) detected 13 CO(3-2) line emission for the first time in one nearby BCG, RXJ 0821+0752, using ALMA observations. Together with 12 CO(3-2) and 12 CO(1-0) emission lines from ALMA observations as well, and they estimated a CO-to-H2 conversion factor that is only a factor of two lower than that for the Milky Way. Therefore the molecular gas mass derived in this work may be overestimating the total mass by a factor of a few by using the Milky Way conversion factor.

Ionized warm gas tracer

The optical emission line spectrum contains the Balmer series of Hydrogen, together with numerous emissions such as Oxigen, Sulfur, Nitrogen, and Helium. The sources of radiation for producing these emission lines in most of the galaxies are mostly by young, and massive OB stars, which produce large amounts of UV photons that can ionize neutral Hydrogen atoms (HI) around the OB stars, producing the ionized Hydrogen (HII) regions. Photons with energy slightly higher than 13.6 eV can ionize the surrounding gas creating the HII regions. The ionizings photon that escapes of the HII region can create the ionized warm layer of gas, which is typically characterized by a lower electron density of n e ∼1 cm -3 and a temperature of ∼10,000 K. Note that the main source of ionization for the warm gas in the BCGs might be more complex, and likely include a mixture of several processes (e.g., Lim et al. 2012). All the proposed mechanisms are discussed in more detail in Sec 3.4.

The basic processes that drive the physics of nebulae is the photoionization (the removal of a bound electron from the atom by a photon, e.g., HI + hv → HII + e -) and recombination (the combination of a free electron with the ionized atom, e.g., HII + e -→ HI+ hv). The Balmer series in emission, which includes Hα (6562.8Å) and Hβ (4861.3Å), created through the hydrogen recombination cascades. The Hα emission is the lowest transition of the Balmer series, created by a Hydrogen atom when an electron falls from the third-lowest n = 3 to the second-lowest n = 2 energy level, corresponding to a wavelength of 6562.8Å. The Hα emission line is one of the brightest of the Balmer series, and thus the easiest to observe from the ground in the nearby Universe. Usually, the other Balmer emission lines are less intense and more affected by extinction.

Many very strong lines emitted by HII regions are identified as forbidden transitions of common ions. The most common ones on the optical spectrum are [NII], [SII], [OI], and [OIII], also known as collisionally-excited lines, since they are produced by the energetic collision between ions and electrons. These emission lines can be useful to estimate the temperature and electron density of the ionized gas. For example, the ratio of lines from the same ion but a different transition can be used to estimate the electron density of the gas (e.g., [SII] λ6716Å/[SII] λ6731Å). Whereas the ratio of lines of the same element but different ionization stage, like [OIII] λ4363Å/[OIII] λ5007Å, can be used to traces the temperature. Using the Balmer decrement, i.e.Hα-to-Hβ ratio, one can also estimate the internal extinction of the gas. The ionization source of the gas in the BCGs has been extensively studied in the literature (e.g., Lim et al. 2012), and several mechanisms have been suggested. All of them are discussed in 3.4.

2.2.2 Atacama Large Millimeter/submillimeter Array (ALMA) The Atacama Large Millimeter/submillimeter Array (ALMA) is a state-of-the-art radio interferometer located on the Chajnantor plateau at ∼50,00m of altitude in the Chilean Andes. ALMA comprises 66 antennas. The primary array is composed of fifty antennas with diameters of 12m each. A compact array of antennas complements the latter with four antennas of 12m for zero-spacing (the Total Power array), and twelve antennas of 7m diameter for short-spacing. All the antennas spread over different distances depending on the observing configurations. The 7m-array and Total Power array make the Atacama Compact Array (ACA). ALMA has a broad observing range between the sub-millimeter up to the millimeter, covering the wavelengths from 0.23 to 3.6 mm. The antennas can be arranged in different configurations depending on the science and spatial resolution needed. The distance between the antennas can vary between 150 m up to 16 km. The largest setting can provide a resolution up to ten times higher than the Hubble Space Telescope. The ALMA data presented in this work was collected from many different ALMA projects. In tables 2.1 and 2.2 we have listed the observing information for each corresponding observation, such as project ID, emission lines observed, observation date, RMS, and spatial resolution. The Multi-Unit Spectroscopic Explorer (MUSE) is an optical image slicing integral field unit (IFU) developed for the Very Large Telescope (VLT) of the European Southern Observatory (ESO), located at the Cerro Paranal in the north of Chile. It operates on the optical range between 4,650Å and 9,300Å with a resolving power of R=1,770 at 480nm up to R=3,590 at 930nm, and with a mean value of 3,000. The MUSE instrument has two different observational modes, a Wide Field Mode (WFM) and a Narrow Field Mode (NFM). Offering the possibility of observing with adaptive optics (AO), the WFM covers a field-of-view (FOV) of 1 ′ ×1 ′ , and it has a sampling of 0.2 ′′ per spaxel. Whereas the NFM mode has a FOV of 7.42 ′′ ×7.43 ′′ and a sampling of 0.025 ′′ per spaxel. In this work, we use MUSE observations from the ESO program 094.A-0859(A), PI: S. Hamer, described in table 2.1. Note that our observations did not make use of the AO.

The Multi Unit Spectroscopic Explorer (MUSE)

Sample

The 15 cool-core BCGs, with z<0.6, that comprise our sample are listed in Table 2.1, and split into two groups: (1) those with new ALMA observations and (2) those for which we used ALMA archive data. All are well-studied and have nearly complete spectral data coverage from the radio to the X-ray. Our new ALMA observations sample presented here includes three well-known BCGs: Centaurus, RXJ1539.5-8335, and Abell S1101. All three are known to have extended optical emission nebulae. Furthermore, we describe in-depth the three galaxies for which we have obtained CO(1-0) data. We adopted distances of 49.5, 261, and 331.1 Mpc for Centaurus, Abell S1101, and RXJ1539, which then yield physical scales of 0.208, 1.437 and 1.094 kpc arcsec -1 , respectively. In order to have a more complete picture of cool-core clusters, we have included a complementary sample of twelve BCGs from the ALMA archive. These are the only BCGs that are known to have at least one detection in CO(1-0), CO(2-1) and/or CO(3-2) (as indicated specifically in Table 2.1), making this the largest sample of such BCGs with ALMA coverage. Each of these clusters has a central cooling time less than 1×10 9 yr, and all have been observed in Hα emission. Throughout the rest of this work, we refer to the central galaxies by the names of the clusters in which they lie (Table 2.1).

Our sample spans a wide range of X-ray classical mass deposition rates (measured from X-ray density profiles) and SFRs, Balmer and forbidden line luminosities, and the power of their AGN, radio sources, and X-ray cavities. A summary of these various properties can be found in Table 2.6. In the following paragraphs, we describe in detail the three ALMA sources for which we obtained new ALMA observations.

Centaurus -NGC 4696, at z=0.0114 and the brightest galaxy of the Centaurus cluster of galaxies (Abell 3526), is one of the X-ray brightest and nearest BCG in the sky. Chandra observations of the cluster revealed a plume-like structure of soft X-ray emission extending from the nucleus (Sanders & Fabian 2002;Sanders et al. 2016). Optical observations reveal bright line-emitting dusty filaments in Hα and [NII] (Fabian et al. 1982(Fabian et al. , 2016)). These filaments extend over the central arcminute (∼14 kpc; Sparks et al. 1989;Crawford et al. 2005) and have approximately the same morphology as the spiral structure observed in the X-ray. They also show a remarkable spatial correlation with the dust features, in particular, the dust sweeping around the core of the galaxy to the south and west, looping around the core of NGC 4696 (Sparks et al. 1989;Laine et al. 2003). NGC 4696 hosts a compact steep-spectrum FR I-type radio source, PKS 1246-410 (spectral index of 1.75; Werner et al. 2011), with a total radio luminosity of 3.0×10 23 W Hz -1 and a core power radio luminosity of 2.0×10 21 W Hz -1 at 5 GHz (Taylor et al. 2006). Typical radio galaxies have GHz radio powers >10 22 W Hz -1 (Ledlow & Owen 1996). VLA observations indicate that the extended component of the central radio source appears to be interacting with and displacing the ICM and it has excavated small cavities in the X-ray gas (Taylor et al. 2002(Taylor et al. , 2006)). In this work, we present an analysis of the molecular gas maps from CO(1-0) Cycle 3 ALMA observations of the Centaurus Cluster.

RXJ1539.5-8335 -The cluster RXJ1539.5-8335 (BCG: 2MASX J15393387-8335215) is the most distant of our three targets (z=0.0728), but is the most luminous in Hα. It has bright clumpy filaments in Hα that extend to the east and west of the BCG over the central arcminute (∼ 83.7 kpc) and has disturbed morphology and velocity field (Hamer et al. 2016). Hogan et al. (2015) showed that the source has a flat spectrum, with a spectral index of 0.45±0.07, and is core-dominated. The X-ray morphology is extended and bar-like in the core of the cluster, which is qualitatively similar to the observed Hα morphology. We note that no radio jets have been observed in this source.

Abell S1101 -Abell S1101 (Sersic 159-03) is a relatively low-mass cool-core moderately distant cluster (z=0.058), that has been the subject of many studies. The central dominant galaxy of the cluster reveals a complex structure at all wavelengths and shows dust lanes, molecular gas, excess UV emission, and a bright, 44 kpc long Hα+[NII] filamentary nebula, associated with low entropy, high metallicity, and cooling X-ray emitting gas (Oonk et al. 2010;Werner et al. 2011;Farage et al. 2012;McDonald et al. 2012). The mass of cold dust in the center of the cluster is ∼10 7 M ⊙ (McDonald et al. 2015). This cluster shows signs of strong AGN feedback. The radio source has a very steep power-law spectrum, α ∼ -2.2, and is extended to the east, northeast, and northwest of the core. The radio emission from the core is flatter than the more extended radio emission (α ∼ -1 to -1.5; Bîrzan et al. 2004;Werner et al. 2011). The radio lobes seen at 5 GHz and 8.5 GHz are extended over ∼10 kpc and are aligned with the filaments and southern cavity (Bîrzan et al. 2004(Bîrzan et al. , 2008;;Werner et al. 2011). The total radio power of Abell S1101 is 1.7×10 24 W Hz -1 at 1.4 GHz (Bîrzan et al. 2008;Oonk et al. 2010). Multi-wavelength studies of the cluster core have found evidence for a strong interaction between the jet and the hot gas (e.g. Werner et al. 2010;Farage et al. 2012). These studies suggest that the emission-line gas is uplifted from the central galaxy by the jets and lobes which have also removed most of the cooling X-ray gas. Moreover, Farage et al. (2012) notes that the kinematics of the Hα emission-line gas is consistent with both infall or outflow of matter.

ALMA and MUSE observations and data reduction

ALMA data reduction and analysis

The BCGs of Centaurus, RXJ1539.5-8335, and Abell S1101 were observed in band 3 with ALMA as a Cycle 3 program (ID = 2015.1.01198.S; PI: S. Hamer). The Centaurus data were obtained in two sets of observations of 40 min each on the 27th of January 2016. RXJ1539.5-8335 was observed during two sessions of 26 min each on 6th of March 2016, and Abell S1101 data were obtained in two runs of 48 min of observations on the 26th of January 2016. See Table 2.2 for more details. On average, forty-four 12m antennas were used in the compact configuration with baselines of 15-312 m. The observations used a single pointing, centered on the BCG in each galaxy cluster.

Calibration of the ALMA data. The frequency division correlator mode was used with a 8 GHz bandwidth and frequency resolution of 3.9 kHz (∼5 km s -1 ) for Centaurus and 1.9 kHz (∼5 km s -1 ) for both RXJ1539.5-8335 and Abell S1101. Channels were binned together to improve the signal-to-noise ratio. The precipitable water vapor (PWV) was 2.46, 3.0, 2.36 mm for the observations taken in January 26th and 27th, and 3rd of March 2016, respectively. The flux calibrators were J1107-4449 and J1427-4206 for Centaurus, whereas Titan and Neptune were used for the observations of RXJ1539.5-8335 and Abell S1101, respectively. The observations were calibrated using the Common Astronomy Software Application (CASA) software (version 4.5.1;[START_REF] Mcmullin | Astronomical Data Analysis Software and Systems XVI[END_REF] following the processing scripts provided by the ALMA science support team.

Continuum subtraction and channel maps. To make channel maps suitable for our own needs, first we performed the continuum subtraction where the level of the continuum emission was determined from line-free channels and subtracted from visibilities using the task UVCONTSUB. The calibrated continuum-subtracted visibilities were then imaged and deconvolved with the CLEAN algorithm. We found that self-calibration did not produce a significant reduction in the RMS noise of the final image. To find the optimal signal-to-noise, we made several channel maps with different velocity resolution and with natural weighting using the Hogbom method (Hogbom & Carlsson 1974).

The final data for Centaurus have a 2.90 ′′ × 2.14 ′′ synthesized beam with a PA= 81.5 deg and a RMS noise level of 0.43 mJy beam -1 for a velocity resolution of 30 km s -1 . For RXJ1539.5-8335, the RMS noise level was 0.41 mJy beam -1 for a velocity resolution of 30 km s -1 and a synthesized beam of 2.20 ′′ ×1.85 ′′ with a PA= 11.7 deg. Finally, the Abell S1101 data cube has an RMS noise level of 0.44 mJy beam -1 for a velocity width of 30 km s -1 and a synthesized beam of 2.20 ′′ ×1.80 ′′ with a PA= 66.2 • .

Imaging of the continuum. Images of the continuum emission were also produced using the CLEAN task of CASA by averaging channels free of any line emission. Continuum images of the flux calibrators were performed in order to test the veracity of the flux and measure the uncertainty. To do this, we compared the flux measurements with the flux computed at the same frequency in a similar date of the observations using the Submillimeter Array (SMA) calibrator catalog.

ALMA archived data were reprocessed and images produced following the processing script provided by the ALMA science support team, and using the CASA version that they suggest. In particular, we followed the CASA guides to modify the packaged calibration script in order to apply the proper amplitude calibration scale (which has changed since Cycle 0). The imaging and the continuum subtraction procedure was the same as for the new ALMA observations described before. Table 2.2 lists the RMS sensitivities and the angular resolutions for the ALMA archive data. As each observation is described in detail in the references listed in table 2.2 and table 2.1, we only summarize the main characteristics of these observations.

MUSE data reduction and analysis

We also present new optical nebular emission-line kinematics and morphologies for 11 sources in our sample from an analysis of data obtained with the Multi-Unit Spectroscopic Explorer (MUSE; [START_REF] Bacon | Society of Photo-Optical Instrumentation Engineers[END_REF]). These sources are: Centaurus, RXJ1539.5-8335, Abell S1101, PKS 0745-191, Abell 2597, Abell 1795, Abell 1664, RXJ0820.9+0752, 2A0335+096, Abell 3581, and Hydra-A. The data were obtained as a part of the ESO program 094.A-0859(A) (PI: S. Hamer). The observations were carried out in MUSE's seeing limited WFM-NOAO-N configuration with a FOV of 1 ′ ×1 ′ covering the entire BCG in a single pointing. The observations consisted of three pointings of ∼900s targeted at the BCG.

Data reduction. The data were reduced using the MUSE data reduction pipeline version 2.6 provided by ESO with the individual recipes executed from the European Southern Observatory Recipe Execution Tool (ESOREX v.3.13.1) command-line interface. The pipeline performed the basic data calibration on each data cube, including bias subtraction, flat fielding correction, wavelength and geometrical calibrations, applied to individual exposures using the MUSE_BIAS, MUSE_FLAT, MUSE_WAVECAL and MUSE_SCIBASIC pipeline recipes.

Calibration data were chosen to match, as closely as possible, the instrument temperature of each exposure since channel alignment is sensitive to this temperature. After these first processing steps, exposures are saved as 24 individual pixel tables, one per channel, listing the calibrated fluxes at each CCD pixel. The pixel table contains all pixel information about location, wavelength, photon count, and an estimate of the variance. For each exposure, we use the illumination expose to correct the flux variations at the edges of the slides due to small temperature changes. From the adjacent illumination exposures taken before and after the science, we select the one nearest in temperature.

The next step is applying flux and astrometric corrections and combines the several channels of each exposure with the MUSE_SCIPOST recipe. The pipeline performs sky subtraction by fitting a model of the sky spectrum to the data and subtracting it. Telluric correction, derived from the standard star, is also applied at this point of the reduction. At this stage, the pipeline tries to center each exposure on the brightest object in the field. In most cases, it is the BCG. However, due to the dither pattern used, sometimes a star falls into the FOV in just one exposure, causing the pipeline to center on that for that one exposure, misaligning the frame. In order to solve the frame misalignment, we masked the stars that are brighter than the BGG in the affected frames. Finally, all exposures were combined into a single cube.

Sky subtraction. Sky subtraction is a very important step in the reduction of data cubes, especially in the red part of the spectrum where a large number of atmospheric emission lines dominate the background noise. In addition to the sky subtraction in the pipeline, we have performed an additional sky subtraction using the Zurich Atmosphere Purge (ZAP; Soto et al. 2016). ZAP is a high-precision sky subtraction tool, and it uses Principal Component Analysis (PCA) to isolate the residual sky subtraction features and remove them from the observed datacube. To do that we masked all the emission coming from the filamentary structures, the central galaxy, and stars to create an empty region only with the background emission (a.k.a., sky cube). This was done whenever a off-BCG short exposure was not taken during the observations. The final MUSE datacube maps the entire galaxy between 4,750Å < λ < 9,300Å with a spectral resolution of 1.5Å.

Modeling of the stellar and nebular components. We have created higher level MUSE data products by modeling the stellar and nebular components of each galaxy. To separate the nebular emission from the underlying stellar continuum, we did a fullspectral fitting using the PLATEFIT code1 (Tremonti et al. 2004). First, we determined the redshift of the stellar component using the AUTOZ2 code, which determines redshifts using cross-correlations with template spectra (Baldry et al. 2014). The stellar velocity dispersion is determined using VDISPFIT. This uses a set of eigen spectra from a sample of stellar models which are shifted to the redshift of the source and then convolved with gaussian kernels of varying width, and performs a linear least squared fit to the data. The best-fitting dispersion value was determined by minimizing χ 2 for the fit. From this, the best-fit velocity dispersion is determined. This value is the observed value and is not corrected for the contribution from the instrumental velocity dispersion (spectral resolution).

In the continuum fitting stage, regions including possible emission lines are masked out. The stellar continuum is fitted with a collection of the stellar population synthesis model templates of simple stellar populations (Bruzual & Charlot 2003). The template fit is performed using the previously derived redshift and velocity dispersion. The second PLATEFIT emission-line fitting stage is now performed on the residual spectrum, that is, after continuum subtraction. Each of the emission lines are modeled as a single Gaussian profile. All emission lines share a common velocity offset and a common velocity dispersion which are treated as a free parameters in the fit. For this work, we make a requirement that all our emission-line flux measurements have a signal-tonoise ratio (S/N) >3. We have also corrected the datacubes for Galactic foreground extinction estimated from the Schlafly & Finkbeiner (2011) All ALMA and MUSE velocity maps shown in this work are measured in the same reference frame of the stellar systemic velocity of each system. These velocities are taken from published redshifts as described in Tab. 2.1. Using PLATEFIT, the optical emission velocities of the Hα emission lines are measured relative to that of the "local stellar continuum" estimated in each pixel (see Figure 16 of Hamer et al. (2018)), so the reference frame may change from one pixel to another. In order to have a consistent absolute reference frame, all the Hα velocities were shifted to a single systemic velocity: the one given in table 2.1. 

ALMA molecular filaments in a sample of 15 BCGs

Figures 2.5 display the CO moment maps together with the X-ray and optical images from the Chandra, HST, and MUSE observations. The moment maps of each object, i.e., the integrated intensity, line-of-sight velocity and velocity dispersion maps, were constructed by using the masked moment technique (Dame 2011) 3 . This technique creates a Hanning smoothed three-dimensional mask that takes coherence into account in position-velocity space to exclude pixels that do not have significant signal but still captures weak emission that a simply clipping by a constant value of σ might miss. Zero, first, and second-moment maps were created using this mask on the unsmoothed datacube. This recovers as much flux as possible while optimizing SN ratio, and keeping only the regions where the CO lines were detected with a significance greater than 3σ.

The detailed description of the cold molecular gas distribution for each individual galaxy cluster's core can be found in the Appendix A.1. As it can be seen from Figure 2.5, the CO morphology varies from system to system. We classify these gas distributions into 2 distinct categories based on the morphologies and kinematics of their molecular emission: (1) those with extended filamentary molecular gas emission and no-rotating kinematics; and (2) with nuclear molecular emission distribution only, dominated by rotation. The extended molecular sources have a ratio of the molecular radial extension over effective radius (R eff ) of the BCG higher than 0.5, r mol /R eff ≥0.5, while the nuclear molecular sources, have a r mol /R eff ≤0.35, see Fig. 2.4. The effective radius of the central galaxy is calculated using the K-band from the Two Micron All Sky Survey (2MASS) catalogue 4 . The classification and properties of each system are enumerated in Table 2.6.

In summary, the cold molecular distribution in this sample tends to be organized in a central/nuclear component, located at the center of the galaxy. This component is surrounded by a network of long clumpy molecular filaments. However, in other clusters, we see a clear off-set between the peak of the molecular gas and the central BCG (e.g., M87, RXJ0821+0752). In general, the CO distribution is morphologically co-spatial with dust lanes detected by the HST observations and the Hα emission.

in BCGs at roughly the same redshift. Both systems, Abell 252 and Hydra-A, show a double-peaked line profile, and a clear gradient in their velocity maps. This is characteristic of rotating disks and they have maximum velocity differences across their line emission between 400-600 km s -1 (Fig. 2.5). We note that the rotation is in a plane perpendicular to the projected orientation of the radio jets from the VLA observations (Fig. 2.5).

Velocity Structure of the Molecular Gas

Figure 2.5 shows the maps of the mean line-of-sight velocity (moment 1) and velocity dispersion (moment 2) of each system. The detailed descriptions of the velocity structures for each object are found in the Appendix A.2.

In general, most of the sources show highly disturbed cold-gas kinematics, mainly due to the projection of several filaments, which are inflowing or outflowing. Two sources,Abell 262 and Hydra-A, show clear evidence of a nuclear rotating disk. The molecular velocities, on average, are relatively low (below 400 km s -1 ), and the velocity dispersion is found to be broader at the center, where the AGN is located, and narrower (<100 km s -1 ) along the filaments.

Slow and disturbed motions

There is a lack of relaxed structures such as rotating disks in the central core of the galaxy cluster. The cold molecular gas in some of the galaxy cluster cores shows disturbed velocities, e.g., RXJ1539. The possibility of superposition of several filaments in projection along the line of sight makes the interpretation of velocity fields challenging. Thus, higher spatial resolution observations able to separate the filaments might help understanding the complex kinematics of the gas. The chaotic motions could be due to the fact that the gas is continuously being stirred by turbulence driven by AGN outflows or sloshing motions. Besides, a few sources show smooth velocity gradients in substructures or filaments indicating inflow or outflow of gas Generally, the cold molecular gas has complex velocity fields, with gas found at projected line-of-sight velocities that span over 100-400 km s -1 (without taking into account the high-velocity components; see below). These values are relatively large but still much lower than expected if the gas falls ballistically to the cluster center from a few to a few tens of kpc, e.g., ∼300 to ∼1,000 km s -1 . The velocity of several hundred kilometers per second are likely due to the presence of distinct velocity components and presumably different physical structures. Indeed, velocity gradients inside coherent sub-structures are rather small (∼20 km s -1 kpc -1 (Table 2.7

)).

In a few galaxy cluster core studies, the cold molecular nebula shows a clear velocity gradient from negative to positive velocities relative to the systemic velocity. Usually, the velocity gradient is seen to occur across the bright peak in CO in the systems falling in Category 2 (with nuclear emission distribution), even though there are few sources where a velocity gradient is seen across the entire cold nebulae as well. Velocity profiles like these are often indicative of rotation but can also arise from uniformly inflowing or outflowing material with an inclination to the plane of the sky. A clear example of this can be seen in Centaurus, Abell 1795 (SN curved filament). See the fourth panel in Figure 2.5. However, two systems, Abell 262 and Hydra-A, as it was previously mentioned, show indication of a thin rotating disk with a characteristic double emission peak.

High velocity components.

In a few objects (3/15) we detected high-velocity components (which we term highvelocity systems or HVS): in both Abell 1664 (Russell et al. 2014) and Abell 3581 these are at -570 km s -1 relative to the systemic velocity, and in Phoenix-A at +600 km s -1 . In Abell 1664, the velocity of the cold gas in the HVS increases towards the center of the BCG and may inflow or outflow close to the nucleus (Russell et al. 2016). While, more interestingly, the velocity of the HVS in Abell 3581 increases from west to east at a PA∼ -50 • relative to the filament along the south to the north direction, where a young star cluster has been detected (Canning et al. 2013b). This star cluster could be accelerating the cold gas (inflowing/outflowing) through SN winds in the opposite projected direction to the radio bubbles from the AGN.

The HVS have a v max /σ * 2-3, where v max is the maximum CO velocity and σ * is the stellar velocity dispersion of the galaxy (see table 2.5). The no-HVS limit corresponds to v max /σ * ∼0.5-1.5. The location of these HV components is ∼1.5-5.5 kpc from the BCG's nucleus, namely, R HVS /R eff < 1, which suggests that the dynamics of these HVS are linked to the host galaxy, i.e., an inflow or outflow of cold molecular gas.

The mechanical power of the jet is the most powerful source in those systems. Although the jet momentum seems to be insufficient to lift the molecular gas, simulations suggest that the strong molecular outflows are resulting from particularly strong updrafts that stimulate condensation of hot gas into dense molecular clouds along the bubble's wake. However, we cannot rule out the possibility that HVS are the result of the SN feedback (possibly from Abell 3581) or an interaction with some nearby galaxy or AGN winds.

Velocity dispersion.

The velocity dispersion maps of most objects in the sample show a profile that peaks towards the center of the system, σ =100-150 km s -1 , and falls well below 50 km s -1 at larger radii where the intensity of the molecular gas declines. This is not surprising given that in the central region, the AGN jets and the BCG bulk motions may be able to inject more kinetic energy globally, disturbing the cold molecular gas. Interestingly, some systems show additional peaks away from the central galaxy where the gas is more kinematically disturbed, creating regions of high-velocity dispersion, e.g. Abell 1795 (SN curved filament), 2A 0335+096 (NE filament), and Centaurus (Plume filament), etc. In some objects in Figure 2.5 the velocity dispersion may appear high only because there exist multiple velocity components, or either because the gas is responding to shocks driven by the central AGN, thus increasing the dispersion of the gas. The velocity dispersion of the molecular gas in the BCGs is higher than that measured in individual giant molecular clouds (GMC) in the Milky Way galaxy (∼100 km s -1 ; [START_REF] Solomon | [END_REF]). This is likely due to the low spatial resolution of our current for cluster central galaxies. The authors concluded that the molecular gas in galaxy clusters environments could not be virialized. As it has been found in the giant molecular clouds (GMCs) in our Milky Way galaxy, they would rather be transient and pressure confined structures.

We compared the total fraction of molecular gas lying inside filaments, i.e., the gas within coherent structures outside of the main nuclear peak of emission. The integrated CO(1-0) intensities values used are those listed in Tab. 2.4. In Centaurus, the main central gas peak accounts for ∼50% of the total molecular mass and has a molecular mass of (4.9±0.2)×10 7 M ⊙ . The southern filaments 1 and 2 contain (3.0±0.2)×10 7 M ⊙ and (1.5±0.2)×10 7 M ⊙ , respectively, resulting in a total molecular mass of ∼9.4×10 7 M ⊙ . This is close to the molecular mass found by Fabian et al. (2016), ∼2.2×10 8 M ⊙ , which was based on a 3.4σ detection of the CO(2-1) emission, and by assuming a flux density CO(2-1)/CO(1-0) ratio of 3.2 (Braine & Combes 1992) (see below).

In RXJ1539.5, the main central peak, with a total mass of (97.2±3.7)×10 8 M ⊙ , accounts for ∼75% of the total molecular mass. The western filament contains (8.6±1.2)×10 8 M ⊙ . The lump of the eastern filament contains (6.2±1.3)×10 8 M ⊙ , and the smaller filament to the north of the central components has a molecular mass of (2.5±1.2)×10 8 M ⊙ , resulting in a total detected molecular gas mass of ∼1.3×10 10 M ⊙ .

For Abell S1101 the northern and southern clumps contain similar amounts of molecular gas. For the northern and southern clumps, we derived a molecular mass of (5.4±1.4)×10 8 M ⊙ and (5.5±1.4)×10 8 M ⊙ , respectively. The mass of the eastern clump is 0.28±0.06×10 8 M ⊙ . Summing up all these mass estimates, the total detected molecular mass is ∼10.8×10 8 M ⊙ for this source.

We computed the molecular mass estimates and filamentary mass fractions in the same way for all sources studied, that is for the ones we observed and those from the archival data. We identified filaments in each of these sources. The molecular masses of each filament are listed in the Table 2.6. When necessary, we assumed flux density line ratios CO(2-1)/CO(1-0)=3.2 (Braine & Combes 1992) and CO(3-2)/CO(1-0) ∼ 0.8 (Edge 2001;Russell et al. 2016) in Eq. 2.3. The molecular masses of the filaments in the sample lie in the range of 3×10 8 to 5×10 10 M ⊙ , with a median value of ∼2×10 9 M ⊙ . The filaments typically account for 20-50% of the total molecular mass and can be as high as 75 -100% for those objects where the CO line emission is offset from the central BCG. We emphasize that the cold molecular gas masses are likely to be lower limits since it is highly probable that the CO emission from the filaments is more extended and may follow the distribution of the optical filaments. High sensitivity ALMA plus ACA observations are needed to confirm that (see Section 2.3.2).

Discussion

Properties of the Cold Molecular Gas in BCGs

From the sample studied with ALMA, we identify two distinct distribution categories. The nuclear molecular emission systems (Compact category) described earlier account for the smallest fraction with 2/15 objects, whereas the filamentary distribution (Extended category) accounts for 13/15 objects. Systems in the Extended category show, in Notes -All spectra have been corrected for the response of the primary beam. The first rows for each source correspond to the fit made with one or more gaussians, taking into account all the 3σ integrated-emission. a The molecular gas mass was calculated from the CO(1-0) integrated intensity as described in Section 2.3.1.5.

general, unrelaxed structures with disturbed motions along the filaments. On the other hand, the two systems in the Compact category are well described by relaxed structures showing ordered motions within a compact (∼2-5 kpc length) thin (∼1 kpc) rotating disk located at the very center of the BCG. This cold gas disk may be an important step in driving the gas into the vicinity of the AGN. In an AGN-regulated scenario, one indeed expects that a fraction of the cooled gas will eventually fuel the SMBH to maintain the powerful jets which are injecting mechanical energy into the ICM. Note that both systems show multiphase structures and have similar SFRs, ∼0.8 M ⊙ yr -1 . Simulations find a stable rotating disk (or torus) at the center of the galaxy clusters (Gaspari et al. 2012;Li et al. 2015;Prasad et al. 2018;Prasad et al. 2015;Gaspari et al. 2018), as a result of a large burst of cold gas formation. Gaspari et al. (2015) also show that extended massive rotating disks can be produced, instead of filamentary structures, through the cooling of the hot atmosphere in systems that possess notable rotation (rotating atmospheres).

For the systems in Extended category, the molecular distribution usually consists of a nuclear emission component closely related to the BCG's core, and a set of extended massive clumpy filaments, with cold molecular masses of a few×10 8 -10 10 M ⊙ . Something must explain that large amounts of cold gas (often the dominant part) are found offset from the BCG position. Motions induced via the BCG in the cluster potential wells (cooling-wake) or AGN-driven motions may contribute to displacing the cooling gas out from the core of the central galaxy. In situ formation via precipitation or chaotic cold accretion is another possibility as we discussed in section 1.1.6.

What is slowing down the cold molecular gas?

As mentioned earlier, on average, the velocities of the cold clouds are slow through the molecular gas, lying in a range of 100-400 km s -1 . Those molecular velocities are inconsistent with the scenario of simple free-falling gas, where higher velocities are expected, around ∼300-1000 km s -1 . The infalling material is likely dynamically coupled to feedback outflows and subject to ram pressure; the gas infall time, t I , is generally larger than the free-fall time, t ff (McNamara et al. 2016). These timescales were described in Chapter 1 regarding the "stimulated feedback mechanism" scenario presented by McNamara et al. (2016). The infall time could be easily 2-3 times longer than t ff so that the gas in its slow fall has time to entrain and cool more warm gas, and the corresponding ratio t cool /t I might be more representative than t cool /t ff of the physics involved.

Ram pressure is likely to have a significant influence, and we can compute an order of magnitude of the terminal velocity, V t , acquired by a molecular cloud of size d cl and density ρ cl falling onto the ICM of density ρ ICM , at a distance R from the center of the cluster/BCG. The ram-pressure force exerted on the cloud of surface S is ρ ICM S V 2 t , and by definition of terminal velocity it should be equal to the gravitational force exerted on the cloud of mass m cl ∼ ρ cl d cl S. The former is equal to g m cl , with g = V r 2 /R, and where V r is the circular velocity in the potential of the BCG at the distance R. Equating the two forces yields the equation:

V t 2 V r 2 = ρ cl d cl ρ ICM R (2.4)
For a typical GMC, or giant molecular association (GMA) where N(H 2 )∼10 21 cm -2 , with a density ρ ICM ∼0.1 cm -3 at R=10 kpc (e.g. Hogan et al. 2017), the right hand side of equation 2.4 is equal to unity, meaning that the terminal velocity is comparable to the equivalent rotational velocity in the potential of the BCG at 10 kpc, i.e. ∼300 km s -1 . This means that the order of magnitude of the observed velocities appear perfectly compatible with a scenario where clouds reach the terminal velocity, and are almost floating freely (without acceleration) in the ICM medium, slowly infalling onto the center of the BCG. Of course, this is true on average, with a lot of factors that can be varied. For example, both the density of the ICM, and column densities of the effective clouds could be varied. Since there are a size and mass spectrum of the molecular cloud. with however an average column density varying slowly with size, (e.g. [START_REF] Solomon | [END_REF]Elmegreen & Falgarone 1996)). Numerical simulations of a multiphase gas have shown that the physical state and fragmentation structure of the molecular clouds might be quite different in the environment of the hot atmosphere (Sparre et al. 2018): the clouds could be surrounded by a co-moving gas layer protecting them from destruction, and they could shield themselves by behaving like a single stream (Forbes & Lin 2018).

The AGN may create an active wind, able to provide an additional ram-pressure against the in-falling molecular clouds in the center of the BCG (r<10 kpc). The efficiency of ram-pressure in slowing down the molecular velocities at small radii requires that the molecular filaments are "thready", i.e., that the cold filaments are moving within a skin of warmer gas (Li et al. 2018;Jaffe et al. 2005). The magnetic field of the ICM can also increase the drag force on the cold clouds decreasing its velocities (McCourt et al. 2015). Chaotic motions driven by turbulence may also cancel some of the extreme velocities, plus the superposition of inflowing and outflowing filaments along the line of sight can mix and cancel out observed velocity structures.

Are cold molecular clumps fuelling the SMBH?

The BCGs in the sample, in general, show a broader velocity dispersion profile within the nuclear region than the filaments, >100 km s -1 , clearly showing the turbulent wake motions and the acceleration of the cold, dense gas by the AGN in the core. On the contrary, the filamentary structures show velocity dispersions below ∼50 km s -1 , moving well below the stellar velocity dispersion, or similarly below the escape velocity of the central galaxy, where σ * for a BCG is ∼300 km s -1 (Von Der Linden et al. 2007). We expect then the molecular clouds to be raining back towards the central galaxy to fuel the AGN. Studying the gas accretion in the very center of BCGs is not possible with the present data. The spatial resolutions required are much higher and dedicated programs must be carried out for that. One way to trace the cold gas inflow onto the black hole is via redshifted molecular absorption lines in front of the AGN continuum. This was observed in NGC 5044 by David et al. (2014), Abell 2597 by Tremblay et al. (2016), Hydra-A by Rose et al. (2019), and eight BCGs as discussed in Rose et al. (2020).

able to compare with the MUSE flux maps directly.

Molecular and Ionized Nebula are co-spatial and co-moving. The molecular gas is generally spatially distributed along the brightest emission from the warm ionized nebula. It also appears that the cold molecular and warm ionized gas also shares the same overall velocity structure (Fig. 2.10, and 2.13). The velocity difference maps, in general, are filled with velocity offsets well below 100 km s -1 , which indicates that the Hα and CO emitting regions are likely co-moving. Indeed, a 100 km s -1 difference may be explained by the different Hα (MUSE spectral resolution is ∼50 km s -1 at 6,000Å) and CO spatial resolutions (ALMA beam can go from 0.3 to 3 arcsec, i.e. from 0.3 to 4kpc), and the V-gradient averaged out in a beam can already account for 50-100 km s -1 . The moment 2 CO maps show maxima at ∼ 100 km s -1 .

Molecular Clouds have lower Velocity Dispersions than the Ionized Nebula. The comparison between Hα and CO(1-0) emissions indicates that the Hα velocity dispersion is broader than the CO one by a factor of ∼2 (Fig. 2.10). Tremblay et al. (2018) suggested that lines-of-sight are likely to intersect more warm gas than cold clouds, which will lead to a broader velocity distribution in the warm ionized gas than in the cold molecular gas. Gaspari et al. (2018) have shown that the warm gas is more likely to be turbulent with higher velocities compared to the cold molecular gas. This is compatible with the millimeter and optical emissions arising from the same structures: the filaments around BCGs are made of a large number of dense molecular clumps (and clouds). The cloud surfaces are then heated and excited by various mechanisms (intracluster UV radiation field, X-rays and ionizing photons from the AGN, X-ray emission from the ICM, etc) and are bright in optical emission lines. In the following, we argue that the excitation is due to processes that are local to the environment of the filament.

The Ratio of the Hα and CO Fluxes is constant along the Nebula. The normalized Hα-to-CO flux ratios are close to unity all along the nebula (Fig. 2.10). There is not a large radial variation of this ratio for all the BCGs studied apart from a few systems like Abell 1795, Abell 2597 and Abell 3581. The lack of significant radial gradients in the flux ratios indicates a local excitation mechanism (Lim et al. 2012).

In a few rare cases, some variations are seen in the Hα-to-CO flux ratios. In a few cases the peak of the CO is not located at the same position as the peak in Hα, which is offset from the BCG center, having a high Hα-to-CO flux ratio≈2-3 at this position. Otherwise, we observe a lack of Hα emission in regions of bright CO emission. Recent star formation can consume the molecular gas and also increase the surface brightness of Hα thereby increasing the Hα-to-CO flux ratio. Other mechanisms, such as photodissociation or evaporation by collisions with hot electrons, could reduce the amount of molecular gas available. Dust attenuation of the optical emission lines can reduce the Hα flux, decreasing the Hα-to-CO flux ratio. thus used the most common value of the Hα-to-CO flux ratio, ranging from 200 to 2,000 depending on the source. We then find that the expected total molecular mass is a factor ∼1.2 to 6 times higher than the one derived from ALMA observations, with a median value of 2.5 (see Figure 2.12). This means that the total amount of gas cycling around the BCGs could be of the order of 10 9 -10 11 M ⊙ . Future high sensitivity ALMA observations are needed to confirm this, in order to detect even the faintest filamentary emission. It is quite probable that the CO and Hα emission arises from the same ensemble of clouds. The molecular clouds seems to be at the cores of the filamentary structures, which are wrapped with a sheath of warmed ionized gas that would come from the excited skin of the molecular clouds (Jaffe & Bremer 1997;Jaffe et al. 2005;O'Dea et al. 2006;Emonts et al. 2013;Anderson & Sunyaev 2018;Tremblay et al. 2018). This picture explains why both nebulae are co-spatial and co-moving to each other. Hitomi X-ray satellite observations of Perseus have suggested that the bulk shear in the hot plasma is highly similar to the nebular gas velocities, also supporting the idea that they are moving together (Hitomi Collaboration et al. 2016). Such correlations can also be interpreted as the manifestation of a common origin, as the condensation of low-entropy gas via the top-down multiphase condensation cascade through thermal instabilities. The conversion of the hot gas into a multiphase medium, regulated by the formation of thermal instabilities, has been discussed frequently in the last few years.

ORIGIN OF THE GAS

Different scenarios for the gas condensation

Cooling from the hot ICM atmosphere can naturally explain the spatial correlation of the different temperature phases of the gas, owing to an extremely short cooling phase time: only a few 10 Myr for low density, 10 -2 cm -3 , and intermediate temperature, 10 6 K, with a cooling rate of Ṁcool = 1-10 M⊙ yr -1 .

The thermal plasma of the ICM gas appears to be much more complex and out of equilibrium than the first cooling flow models (Fabian 2012, e.g.), and the observed turbulence, bubbles, and shocks are the likely manifestation of self-regulation between the radiative cooling and the AGN heating. Their blurring of the picture prevents a clear grasp of what is really going on, and numerical simulations have brought a very helpful insight into the phenomena. Already Pizzolato & Soker (2006) have established through equations that the bubbles are subject to Rayleigh-Taylor and Kelvin-Helmholtz instabilities. [START_REF] Revaz | [END_REF] have simulated an AGN-driven hot plasma bubble rising buoyantly in the thermal ICM. They have shown that the bubble was efficiently lifting some low-entropy gas present at the center of clusters to a higher radius where the cooling conditions were more favorable. The gas then cooled radiatively in a few tens of Myr and became neutral. Losing its thermal support, it then started to inflow in cold filamentary structures around and below the bubbles.

The magnetic field in the filaments could contribute to the pressure to the order of a few times the thermal pressure, and it could approach equipartition around the filaments. that local instabilities could trigger the formation of a multi-phase medium, in which the density contrast then makes cold filaments to condense out of the hot medium. As mentioned in Chapter 1, for this cooling to occur, it is sufficient that the thermal instability time-scale t TI falls below 10 times the free-fall time, or t TI /t ff 10.

The role of AGN feedback on the turbulent and chaotic behavior of the intracluster plasma was emphasized by Gaspari et al. (2011b) and Gaspari et al. (2012). They showed how the AGN jets and bubbles create the turbulence and the instabilities, though large-scale cosmological infall can also produce such turbulence in the ICM [START_REF] Dubois | [END_REF], accompanied by density contrast and radiative cooling, making the gas to condense. The chaotic cold accretion (CCA) is then the consequence of the selfregulation of the cooling and heating by the AGN. Voit et al. (2015) noticed also that cold gas condenses in the center of clusters when a threshold for instability is reached, and propose an equivalent "precipitation" model. They remark that the ratio t cool /t ff remains constant in a central floor, when the entropy profile is K ∝ r 2/3 as observed (Panagoulia et al. 2013a), and the potential due essentially to the BCG stellar component is isothermal (Hogan et al. 2017). This floor might be due to self-regulation by turbulent driving of gravity wave oscillations (Voit 2018).

McNamara et al. ( 2016) promote a stimulated-feedback mechanism. They use an infall time-scale t I , which is longer than the free-fall time by a factor of a few. Together with the classical thermal instability theory, they propose that it is the uplifted lowentropy gas, trapped within the rising bubble that can eventually cool and condense in cold filaments. The significance of uplift is now an integral aspect of the precipitation model (Voit et al. 2017) as well as of the Chaotic cold Accretion model (Gaspari et al. 2018). The Chandra X-ray Observatory (CXO) is an advanced space-based X-ray facility of the National Aeronautics and Space Administration (NASA). X-ray observations are done outside of the atmosphere of the Earth, because of atmospheric absorption. It has a collectiing area of 0.04 square meters, and an observation window within the wavelength range of 0.12-12 nm or 0.1-10 keV, with a spatial resolution of 0.5 ′′ . Chandra works with several instruments: the High-Resolution Camera (HRC), the Advanced CCD Imaging Spectrometer (ACIS), the High Energy Transmission Grating Spectrometer (HETGS), and the Low Energy Transmission Grating Spectrometer (LETGS). ACIS operates on the energy range of 0.2-10 keV, while HRC within 0.1-10 keV, with a time resolution of 16 microseconds. HETGS provides a higher resolving power of 60 to 1,000 and works on the range of 0.4-10 keV. Finally, the LETGS has a range of 0.09-3 keV and the highest resolving power of 40-2,000.

Chandra archive observations

Chandra telescope

ACCEPT catalogue

To investigate the origin of the cooling gas, and the efficiency of the hot gas to condense cold material, it is imperative to study the properties of the ICM. We used the ICM deprojected radial profiles for 13 sources of our sample from the Archive of Chandra Cluster Entropy Profile Tables (ACCEPT) catalogue (Cavagnolo et al. 2009) 5 . ACCEPT is a catalogue of 239 galaxy clusters collected from the observations taken with Chandra X-ray Observatory's Data Archive. The X-ray Chandra observations were taken with the ACIS detector with a pixels scale of 0.492 ′′ . The ACCEPT catalog provides different ICM deprojected radial profiles, such as, X-ray surface brightness profile, electron density, n e , metal abundance, Z, temperature, T , pressure, P, entropy, K, and cooling time profiles, t cool . The X-ray catalogue covers a wide range of luminosities, temperature, morphologies, and also includes some non-cool core clusters.

For Abell 262, we used new Chandra X-ray data from the ACCEPT2 catalog. This was the only source where a significant difference was found with the previous version of ACCEPT. ACCEPT2 is a new version of the ACCEPT catalog, with an increased sample size and longer integration times relative to ACCEPT. The ACCEPT2 data were kindly provided by M. Donahue (Donahue et al., in prep).

Results

Hot mass and Mass deposition rate

We used the table given in Cavagnolo et al. (2009) to compare the extent of the hot gas condensation zone with the location of the filaments. We measured (i) the hot gas mass, M hot , enclosed within the volume where the cold gas is found (at a CO radius of 2.5 up to 27 kpc) depending on each source, and (ii) the classical mass deposition rate. The ICMdeprojected radial profiles were taken from the ACCEPT catalog in order to determine the hot mass and the mass deposition rate. The integrated hot mass, M hot , inside a radius r, was calculated as:

M hot = 4π r 0 ρ gas r ′2 dr ′ , (2.5)
where ρ gas is the hot gas density measured at radius r. The hot gas density, ρ gas , was calculated as ρ gas = µm p n e , where n e is the electron density, µ (=0.62 for galaxy clusters) is the mean atomic weight, and m p is the proton mass.

The mass depositions rate were calculated as:

Ṁcool = M hot (r < r fil ) t cool , (2.6) 
with M hot being the hot mass and t cool the deprojected cooling time, t cool , measured at the projected length of the cold filaments, r fil . The deprojected cooling times were taken from the ACCEPT catalogue, and computed as:

t cool = 3knT X 2n e n H Λ(Z, T ) , (2.7)
where n is the total number density (2.3n H for a fully ionized plasma), and n e and n H are the electron and proton densities, respectively. Λ(T, Z) is the cooling function for a given temperature, T , and metal abundance, Z. The values of the cooling function were calculated using the flux of the best-fit spectral model (see Cavagnolo et al. (2009) for more details).

Entropy profiles K

Understanding the connection of the ICM with the presence of cold molecular gas is one of the goals of this thesis. Previous works found that galaxy clusters have filamentary nebular emission or cold molecular gas with very low central entropies, below <35 keV cm -2 , and with shallower entropy profiles (e.g., Rafferty et al. 2006;Cavagnolo et al. 2008;Panagoulia et al. 2013b;Werner et al. 2018). However, the entropy in such studies is usually evaluated at 10 kpc, which is smaller than the radial extension of the filaments seen in Hα emission. Therefore, here we investigate whether the filaments fall within the region that is considered to be as low-entropy. The entropy profiles were calculated using the relation,

K = kT X n -2/3 e , (2.8) 
where n e and T X are the electron density and the temperature of the X-ray emitting gas, respectively.

All the entropy profiles were fitted with a broken power-law. The inner part of the profiles were fitted with a power-law, K ∝ r α , with α varying between 0.65 and 0.9, as it has been shown in previous works based on cool-core clusters, with the form K ∝ r 2/3 (e.g., Panagoulia et al. 2013a;Babyk et al. 2018b;Voit et al. 2015;Voit et al. 2017;Werner et al. 2018). This form, K ∝ r 2/3 , is has been found be similar to that of central atmospheres in clusters, groups, and giant ellipticals (Babyk et al. 2018b). The gas entropy in the outer regions of hot atmospheres is determined primarily by gravitational collapse, thus the profiles were fitted with a standard cluster entropy profile scaling as K ∝ r β , with β ranging from 1.1 -1.2 (Tozzi et al. 2015;Voit 2005;Voit et al. 2015;Babyk et al. 2018b). The best fits are given in the legend at the upper left of the panel in Fig. 2.20. Whereas, the best-fitting power-law model is plotted with a gray line, and the best fit for the outer region is shown with a dark grey dashed line.

We note that the accuracy in central thermodynamical properties of the X-ray emitting gas from the ACCEPT6 catalogue is limited by the resolution given by the spatial bin used in the analysis of the Chandra observations, which is determined by the SN required to perform the spectral analysis. We, therefore, excluded the central bin in the present study (see the fist panel of Figure 2.20, dark gray zone).

Cooling time over free-fall time: t cool /t ff

As mentioned in Section 2.4.1, filamentary gas has been associated with thermally unstable cooling that ensues from linear density perturbations when the cooling time over free-fall time ratio, t cool /t ff , is below 1 or up to 30, depending on the study. For a literature review on this topic, we suggest the reader to have a look at Voit et al. (2017).

To investigate this condensation criterion, we computed the deprojected cooling time, t cool , over the free-fall time, t ff , ratio profiles. The free-fall time was computed as follows,

t ff = 2r g , (2.9) 
where g (= M(r)G/r 2 ) is the acceleration due to gravity derived from the total mass of the cluster. The derived mass profiles contain two components: a Navarro-Frenk-White (NFW) component (Navarro et al. 1996), to account for the majority of the cluster mass on large scales (dark matter halo), and an isothermal sphere profile to account for the stellar mass of the central galaxy.

The NFW mass was calculated as;

M NFW = 4πρ 0 r 3 s ln r s + r r s -r/(r + r s ) , (2.10) 
where r s is scale radius, and ρ 0 is the central density. The ρ 0 and r s parameters were derived by fitting a NFW profile to the mass, derived through the X-ray emission profiles, and by assuming hydrostatic equilibrium. Keep in mind that galaxy clusters are not always and in fully in hydrostatic equilibrium due to processes such as AGN feedback and merger events, so those measurements of the total mass need to be taken carefully.

The NFW parameters are similar to those found by Hogan et al. (2017) and Pulido et al. (2018), and are listed in the Table 2.5. On the other hand, the isothermal mass, M ISO , was calculated as: (2.11) where the σ * corresponds to stellar velocity dispersion (see Table 2.5), and G is the gravitational constant. In Figure 2.22 we show the mass profiles for each source of the sample. We also compared our results with those found by Hogan et al. (2017, e.g.) and Pulido et al. (2018), shown with a solid green line.

M ISO = 2σ 2 * r/G,
2. 4.3.4 Cooling time over eddy turnover time: t cool /t eddy Gaspari et al. (2018) showed that the ratio between the gas cooling time and the turbulent eddy turnover time, C≡ t cool /t eddy , is useful for separating when the hot phase may transition from monophase to multiphase, thus providing some insight as to the physical nature of the hot ICM. Thus the intersection between the cooling time, t cool , and the turbulent eddy turnover time marks well the condensation region where the hot gas is expected to become multi-phase (see Figure 5 of Gaspari et al. (2018)). The eddy turnover timescale, t eddy , is the time at which a turbulent vortex is required to gyrate, producing density fluctuations in the hot atmosphere. The eddy turnover time is calculated as,

t eddy = 2π r 2/3 L 1/3 σ v , (2.12)
where σ v is the velocity dispersion at the injection-scale L. This criterion is based on the fact that the kinematics of the warm ionized gas correlates linearly with that of the hot turbulent medium. This was recently probed in the Perseus Cluster by comparing the Hα+[NII] line width with the FeXXV-XXVI line widths determined by Hitomi Collaboration et al. ( 2016). The injection scale, L, can be estimated using the diameter of the bubble inflated by the jet, which deposits the kinetic energy that is producing the turbulence (see Gaspari et al. 2018). Therefore, we only include sources that have previous measurements of their cavity properties in the literature (Table 2.5). The values used for the calculation of eddy-turnover timescales, namely the injection scale and velocity dispersion, are given in Table 2.5. Given the weak dependence on the injection scale (L 1/3 ), the value of the eddy timescale is mostly dependent on the values of σ v . We note that t eddy estimates have significant uncertainties due to difficulties in measuring bubble sizes in X-ray images, the limit in SN of Chandra observations, and the large range of cavity sizes in any given source.

Discussion

Are molecular gas clumps formed in low-entropy gas dragged-up by radio lobes?

As we mentioned earlier through this work, the molecular filaments are often trailing the X-ray cavities or aligned in the direction of the radio jets. The drag of molecular gas by the radio jet is not expected to be very significant on large spatial scales, principally because it requires moving small, very dense clumps. Models indicate that the acceleration timescales of the dense clumps are generally longer than the dynamical timescale of the system (Wagner et al. 2012;Li & Bryan 2012, 2014;Gaibler 2014). A preferred scenario is cold gas (re-)formation from a hotter but lower-entropy gas within the inner radii of the ICM that is lifted by the AGN jets and bubbles [START_REF] Revaz | [END_REF]). X-ray cavities are often found to be surrounded (in projection) by cold and dense molecular filaments. The cold gas, radio jets and lobes would have to be strongly coupled to displace the large molecular masses found in those systems (Russell et al. 2017b). Hot diffuse gas that fills the ICM is much easier to lift and may cool via thermal instabilities to form cold clouds (Li & Bryan 2014). Eventually, the cold gas will decouple from the hot gas and the expanding cavities and will fall back towards the center of the potential where the AGN is sitting.

In Centaurus, the molecular filaments are draped around the exterior of the radio bubble. The southern filament shows a shallow velocity gradient over 100 km s -1 and is not purely radial. The last middle section of the filament is situated in projection along the edge of the eastern radio lobe. The non-radial directionality of the filament may arise because the inner portion of the filament is located behind the X-ray cavity dragged by the radio lobes. Therefore, both features, that is, bulk motions along the filament plus those closely associated with the radio lobes, indicate that the filaments are flowing, being either gas entrained by the expanding radio bubbles or gas falling back onto the central BCG. In RXJ1539.5 there is no obvious connection between any cavity and cold filaments, even though there is a good overall morphological correlation between the X-ray and cold or warm filaments, which might suggest a different mechanism for the formation of the cold gas in this system. In addition, some filaments detected in CO and Hα do not show any close connection with X-ray cavities: the northern network of filaments in Abell S1101, and the southern filaments in Abell 1664 and Abell 1795 are a good example of this.

Several authors have discussed that X-ray cavities are capable of lifting enough low entropy gas to form their trailing molecular filaments (e.g. McNamara et al. 2014;Russell et al. 2016;Russell et al. 2017c,b;Vantyghem et al. 2016;Tremblay et al. 2018;Vantyghem et al. 2018). However, in RXJ0820.9+0752, the power of the X-ray cavity is too feeble to account for the current gas distribution, suggesting perhaps that the association between X-ray cavities and molecular gas is not always watertight. It is also likely that the condensation of the hot atmosphere has been triggered by sloshing motions induced by the interaction with a nearby galaxy group, rather than by uplifting low-entropy gas (Bayer- Kim et al. 2002;Vantyghem et al. 2019). This hypothesis also applies to the extended filaments that are seen in some sources that are associated to any close X-ray cavities (e.g., the southern filaments in Abell 1664 and Abell 1975, and the northern filaments seen in Abell S1101).

We note that older X-ray cavities could be decoupled from filaments, while young cavities could be associated with warm or cold filaments along their wakes and/or rims (e.g., Tremblay et al. 2018). Projection effects and geometry uncertainties make the lack of association between the filaments and cavities a weak argument to rule out the uplifting scenario. One solution to tackle this issue is to try to evaluate the age of the cavities. Different methods have been discussed in the literature to compute t age (see, Bîrzan et al. 2004) , assumed to be either the buoyancy rise time, R/v t , (where R is the distance of the cavity from the center and v t is the terminal velocity), or the sound crossing times, R/c s (c s being the sound speed). A dedicated analysis of deep X-ray and optical observations is required to probe this scenario in more detail.

We estimated that 10-50% of the low-entropy gas displaced by the radio bubbles in Centaurus and Abell S1101 could end up in the form of molecular clouds. Simple energetic arguments suggest that radio bubbles are powerful enough in the two new ALMA sources (Centaurus and Abell S1101) to lift the low-entropy gas in order to form the cold molecular clouds along the cavity. In RXJ1539.5, no clear X-ray cavities have been found to date. The mass of the hot gas displaced by the X-ray cavities in the different sources were calculated as:

M disp = µ(m p + m e )n e V,
(2.13) were m p is the mass of the proton, m e is the mass of the electron, n e is the electron density of the hot gas, µ = 0.62, and finally, V is the volume of the X-ray cavity. It was computed by assuming that its size along the line-of-sight is given by the geometric mean of the semi-major, a, and semi-minor, b, axes: V = 4π(ab) 3/2 . In Centaurus, the hot gas displaced by the two cavities associated with the molecular component during their inflation is at least ∼6×10 8 M ⊙ (using the X-ray gas density and cavity sizes from Rafferty et al. 2006). The molecular gas in the filaments has a lower mass, 0.45×10 8 M⊙, than that of the low-entropy gas displaced by the cavities. The cavity has an estimated 4PV work, E cav ∼ 1.0 × 10 57 erg, and the total kinetic energy in the cold molecular gas, E kin = 1 2 M mol v 2 , is a few orders of magnitude lower, ∼ 5.4 × 10 54 erg. From this order-of-magnitude estimate, it is energetically possible for the cavity to have lifted and displaced sufficient low-entropy gas to form the cold filaments.

The filament in Abell S1101 appears associated with the X-ray cavities located SE of the BCG's nucleus. The work, 4PV , done by the expansion of the radio bubbles in the hot atmosphere is ∼7×10 58 erg (Werner et al. 2011). The mass of the hot gas displaced is around ∼2×10 9 M⊙, while the molecular mass of the filament is less than this, about 1.0×10 9 M ⊙ . The kinetic energy of the filament, which is moving with a velocity of 170 km s -1 , is ≈ 3 × 10 56 erg. Therefore it is energetically feasible to lift and displace enough low-entropy gas to explain the entire mass of the molecular emission-line gas.

Efficiency of the cold gas condensation from the hot gas

In Figure 2.15 (left panel) we show the ratio of the total molecular gas mass to the ICM hot gas mass, measured within the volume where the cold filaments are detected. We find that the hot gas mass is about 1-15 times larger than the total cold molecular mass, see Fig. 2.15. This implies a hot-to-cold accumulated mass conversion of M cold /M hot ∼0.05-0.9. The mass in Hydra-A is dominated by the cold component. This might suggest that the cold reservoir has been accumulated over several cooling cycles.

The deposition rate increases with radius, r, (see Fig. 2.16) and in general reaches a plateau when the cooling of the hot gas is no longer efficient at those larger distances. The projected length of the optical filaments generally falls close to the plateau. We checked that our deposition mass rate estimates, at the radius when the cooling time is 3 Gyr, are consistent with those measured by McDonald et al. (2018). We then compared the total molecular gas mass with the classical deposition rate. At these rates, the molecular gas reservoir could have been accumulated on timescales of a few times 10 8 yr with some outliers at a few 10 7 and a few 10 9 (see Fig. 2.15, right panel). (3) Radius of the minimum of t cool /t ff .

-A - - - - - - - - ( 
(4) Ratio between t cool and t ff at R min .

(5) Maximum radial extent of the filaments, measured from MUSE Hα maps or [CII] for M87 (Werner et al. 2014). ( 6) Half of the value of the injection scale, i.e. X-ray major axis of the cavities taken from the literature (Shin et al. 2016;Bîrzan et al. 2004). ( 7) Velocity dispersion of the warm or cold phase. For Centaurus, Abell S1101, PKS 0745-191, Hydra-A, 2A0335+096, Abell 1795, Abell 3581, Abell 1664 and Abell 1835 we used Hα emission lines. For Abell 2597 we used HI broad absorption lines from ALMA and VLBA observations taken from Gaspari et al. (2018). For Abell 262 we used CO(3-2) ALMA observations. For M87 we used [CII] from Herschel (Werner et al. 2013). ( 8) Eddy turnover time estimated using the Eq. 2.12.

(9) Condensation time, i.e., the ratio of the cooling time over the eddy turnover time at maximum projected radial extension of the filaments (Gaspari et al. 2018).

CONCLUSION

We used high-resolution ALMA and MUSE observations to study the cold molecular and warm ionized gas in three cool core clusters -Centaurus, Abell S1101, and RXJ1539.5for which such data were not previously available. We then extended this investigation to include a total sample of 15 BCGs with similar available data with the goal of studying the origin of filamentary structures of warm ionized and cold molecular gas in cool core clusters. Characterizing the properties of these filaments is an important step to develop a complete census and to understand galaxy evolution, and in particular gauge the importance of AGN feedback in clusters. Our conclusions can be summarized as follows:

1. As already shown in other studies of individual objects, we find that most of the BCGs have unrelaxed filamentary structures with complex kinematics (13 sources out of 15), while only 2 objects have morphologies and kinematics consistent with a relaxed, central, rotating disk-like gas structure. These disk-like systems thus seem to be a transient state or rare stage in the life cycle of the cool gas. Generally speaking, 13 out of 15 clusters exhibit long, massive (10 8 -10 10 M ⊙ ), cold, clumpy molecular filaments, with low-velocity dispersions. These extended filaments comprise 20-50% of the total molecular mass, or even 75-100% for those objects that are offset relative to the central BCG. When cavities are present, they usually lie at radii greater than that of the filaments.

2. For all sources, the ionized optical and molecular millimeter emission nebula correlate both spatially and kinematically. We conclude that the warm ionized gas and molecular gas are coming from the same structures: most of the mass lies in molecular kiloparsec-size filaments whose surface is warmer and emits optical emission lines. In most cases, the ratio of Hα to CO is constant along the filament. This suggests that a local mechanism must be responsible for the excitation of the gas (energetic particles, local radiation field, and/or shocks) as the distance to the central AGN does not play any significant role. Moreover, we suspect that the molecular emission in the outermost parts of the filaments is likely too faint and/or too diffuse to be detected in the current ALMA data sets. Assuming that the cold molecular filaments follow the whole ionized warm nebula with a constant CO-to-Hα ratio, we have used the Hα maps to derive an expected total molecular mass.

We conclude that within this hypothesis, the total cold gas in cool-core filaments could be as much as ∼1.2-7 times larger than the molecular mass derived directly from ALMA data. More sensitive ALMA observations should be able to confirm this prediction.

3. We compared the projected total extent of the filaments in Hα to other characteristic radii for clusters. Using the X-ray ICM properties of clusters on the ACCEPT sample, we found that filaments always lie within the low-entropy and short cooling-time gas. The change in the slope of the entropy, from K∝r 1.1 towards K∝r 2/3 , marks the boundary where filaments can start to form. The filaments nevertheless have a range of sizes inside this region. As described by the Chaotic Cold Accretion (Gaspari & Churazov 2013) or precipitation models (Voit et al. 2017), an important radius is when the cooling time exceeds the free-fall time by no more than a factor of ten. We find that in 9 out of 13 clusters the extent of the filaments roughly corresponds to the radius where t cool /t ff is close to its minimum which is almost always between 10 and 20. We also compared the ratio t cool /t eddy as a function of the extent of the filaments, where the eddy turnover time is related to the turbulence injection scale and is directly proportional to the diameter of the radio bubble. We find that for 8 out of 10 BCGs, the filaments lie in regions where this ratio is less than approximately one. In general, the t eddy seems to be ten times higher than t ff . Therefore, the AGN bubbles may be powering the turbulent energy which triggers gas cooling by compression and thermal instabilities. In addition, we showed that the energy contained in the AGN cavities is enough to drag up some low-entropy (short t cool ) gas to a region far from the center. Assuming that the gas can keep its original t cool , the t cool /t ff would be low enough and consistent with efficient cooling and condensation. The radio-AGN, therefore, prevents an overcooling on large scales, but is also the engine that triggers cold accretion along filamentary structures and provides the material to feed the regulated feedback cycle. The full condensation process includes bubbles inflation, uplift, and cocoon shocks, with turbulence being generated as a result. One or several mechanisms, namely precipitation precipitation (or CCA), stimulated feedback or even sloshing (driver of turbulence) may therefore dominate in, for example, Abell 1795 and Abell 1664. In our sample, all of these processes seem to be responsible (to some degree) for the condensation of the cold gas. Further deep observations and velocity structure information of the hot phase will be crucial to disentangle and identify the dominant processes. 2018). ( 12) Bolometric X-ray luminosity (0.1 -100 keV) from CHANDRA observations (Cavagnolo et al. 2009). ( 13) Molecular mass estimated from ALMA observations, assuming a X CO factor of 2×10 20 cm -2 (K km s -1 ) -1 for all the systems. ( 14) Depletion time are calculated based on SFR and the molecular mass from ALMA observations. 
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Brightest Group Galaxies

OVERVIEW

So far, most of the studies related to the origin of the cold gas have focused principally on the most massive and brightest elliptical galaxies located at the core of galaxy clusters, so-called brightest cluster galaxies (hereafter BCGs). Observations of the ionized gas in galaxy clusters, traced with Hα emission line, shows spectacular filamentary structures extending up to ∼70 kpc from the core of the central galaxy (e.g., Heckman et al. 1989;Hatch et al. 2007;McDonald et al. 2010McDonald et al. , 2011b;;Hamer et al. 2016;Tremblay et al. 2018;Olivares et al. 2019). While a consensus has emerged that cold gas in BCGs forms through the hot atmospheres cooling, less attention has been paid to the lowermass counterparts, galaxy groups, and in isolated elliptical galaxies. Galaxy groups are a critical and diverse environment to study the life-cycle of gas, and a great laboratory to investigate turbulence, non-gravitational and environmental processes, such as AGN-feedback, stellar feedback, and mergers due to the group's shallower gravitational potential and the smaller separation between galaxy members (Sun et al. 2009).

In this chapter, we present new observations of 18 BGGs with the Multi-Unit Spectroscopic Explorer (MUSE) instrument on the Very Large Telescope (VLT). The present chapter focuses on the distribution and kinematics of the ionized gas and the analysis of the optical line ratios. The main aim is to understand the origin of the gas in lower-mass systems and determine the principal source of ionization for the gas.

INSTRUMENTS, DATA REDUCTION, AND TECH-NIQUES

Sample selection

The Complete Local-volume Group Sample (CLoGS) survey1 (O' Sullivan et al. 2015;O'Sullivan et al. 2018) is a statistically complete sample of nearby (D<80 Mpc) galaxy groups, observed in the X-ray, radio and optical bands. It provides an ideal sample in which to study the origin of the ionized gas within lower-mass systems. CLoGS consists of 53 galaxy groups selected via friends-of-friends and hierarchical clustering algorithms from the LEDA (Lyon-Meudon Extragalactic Database) galaxy catalog (Makarov et al. 2014). For the interested reader, a detailed description of the CLoGS sample selection criteria can be found in O' Sullivan et al. (2017). To investigate the various properties and nature of the optical line emitting gas in nearby BGGs, we observed with MUSE 18 sources drawn from the high-richness (R=4-8) sub-sample of CLoGS [START_REF] O'sullivan | [END_REF]O'Sullivan et al. 2017O'Sullivan et al. , 2018)). The richness R parameter is the number of galaxies that are associated gravitationally to a system within 1 Mpc and 3σ in velocity of the central galaxy (O'Sullivan et al. 2017). High-richness groups systems were selected to have a minimum of 4 galaxy members and at least one luminous early-type galaxy with optical luminosity log(L B ) >10.2 L ⊙ (O'Sullivan et al. 2017), and with a declination >-30 • to guarantee visibility from the Giant Metrewave Radio Telescope (GMRT) and Very Large Array (VLA). Systems with R>9 were excluded from the CLoGs sample since the majority were found as a subset of a cluster of galaxies. The the low-richness sub-sample of CLoGs have 27 groups with R=2-3.

In table 3.1 shows the fraction of sources with radio properties, X-ray halo properties, cool-core and non-cool-core fraction, and dynamically active fractions (i.e merger and sloshing systems) for our MUSE sample and the CLoGs high-richness sub-sample. Table 3.2 and Table 3.6, we summarize the MUSE observations and the main properties for each target, respectively.

Optical properties: Stellar masses, and ionized gas. Our MUSE sample spans a wide range of stellar masses, SFRs, X-ray and radio properties. The stellar masses span a range of a factor of approximately ∼5, from 4×10 10 -26×10 10 M ⊙ . With NGC 1060 being the most luminous, and NGC 584 the dimmest, whereas BCGs typically have stellar masses higher than >10 11 M ⊙ . The stellar masses were determined using a massto-light ratio model, and using galaxy colors from SDSS ugriz and 2MASS (2 Micron All Sky Survey) JHK magnitudes (O' Sullivan et al. 2018). The BGG sources in our sample are distributed along both the green valley and the red sequence, the latter being the region where red-and-dead galaxies are located on the SFR vs the stellar mass plot (main-sequence plot) (Fig. 3.1). Optical narrow-band spectroscopy of line emission had already been carried out for a couple of sources (NGC 584, NGC 5846 and NGC 7619) by using a narrow-band filter centered on the Hα+[NII] emission lines with the New Technology Telescope (NTT; Macchetto et al. (1996)). The authors identify different morphologies from compact up to filamentary as we also found in galaxy clusters. The observations reveal Hα+[NII] luminosities of 18-40×10 39 erg s -1 . Detection of warm ionized gas through Hα+[NII] imaging and spectroscopy has been possible for only source of our MUSE sample (NGC 5846), using SOAR observations (Werner et al. 3.2 for a comparison of the X-ray spectrum between galaxy groups and clusters. Extended X-ray emission (>65 kpc) with luminosities and temperatures typical of group-scale haloes are seen in a few of our sources, while some other systems have a X-ray distribution with galaxy-scale sizes of 10-65 kpc, and a point-like appearance (with a extension smaller than the XMM PSF). In these groups, a variety of X-ray d In some cases, the Hα line appears very weak or even completely absent from some parts of the cube where it is otherwise expected to exist (such as regions where the other ionized lines are stronger, e.g. [NII]λ6583). This is because the stellar continuum is very high, and the Hα flux is low. Those systems are being labeled with Hα in absorption. Some of the Hα flux is recovered after the stellar continuum subtraction (see Fig. 3.5).

MUSE observations and analysis

The observations of the central group galaxies were obtained using the Multi-Unit Spectroscopic Explorer (MUSE) instrument during period 97 (097.A-0366(A) program; PI: S. Hamer) between April and July of 2016. The MUSE IFU on the ESO VLT is a large-FOV (1 ′ × 1 ′ ) optical (∼0.46-0.93 µm) instrument with a resolving power of R∼3,000 at the center of the band. Two BGGs of 097.A-0366(A) program were not observed, NGC 2563 and NGC 1167, and will not be discussed in this work. The observations were carried out in the wide-field mode (WFM) of the instrument, which provided a spatial sampling of 0.2 ′′ over a FOV that was 1×1 arcmin 2 . The observations consisted of four pointings. Three of 870s to 900s, were positioned at the center of each galaxy group, and a fourth targeted an 120s on an empty region to provide an accurate measure of the sky spectrum, uncontaminated by emission lines from the central of the optical emission coming from the second velocity components was lost from our fitting procedure. To quantify the flux coming from those components, we created a residual map by subtracting the Hα integrated emission-line map from the observed continuum-subtracted cube to the fitted cube. Then we measured the residual flux coming from the pixels that have a high >3-5 S/N. The second component is a fair fraction of the first one. We found that about ∼25% -75% of the flux is coming from the second component region, which corresponds to the ∼2% -4% of the total flux of each source. Double components thus remain rare and represent a very small fraction of the total emission. We do not discuss the double-components here and leave them for a future study. An interesting value is the shift in velocity between the 2 components +200 -+350 km s -1 and -300 km s -1 depending on the source. We suspect that those double component trace distant threads of gas, aligned along the line of sight but with different orientations. Similar results have been found in a few cool-core clusters of galaxies, like Abell 1664 (Russell et al. 2013;Russell et al. 2019;Olivares et al. 2019). Hamer et al. (2016) also found nine multiple velocity component sources within the sample of 73 BCGs/BGGs using VIMOS observations.

GAS AND STELLAR PROPERTIES

Stellar Distribution Properties

Stellar Distribution

The optical continuum images in our sample unveil the variety of morphologies, the large range of sizes, and shapes of our systems. Some of the objects have been classified as E0 (e.g., NGC 5846), E1 (e.g., NGC 777 and NGC 1587), E2 (e.g., NGC 410 and NGC 4261), E3 (NGC 7619), E5 (NGC 4008), S0 (e.g. NGC 940, NGC 924 and NGC 584), and S0a (NGC 4169) [START_REF] De Vaucouleurs | Third Reference Catalogue of Bright Galaxies[END_REF]. To estimate the sizes of the stellar component, we have fitted the stellar continuum emission of our targets using GALFIT [START_REF] Peng | [END_REF]. GALFIT is a light distribution modeling software that has a variety of analytical functions that can be fitted to the data, such as Sérsic, de Vaucouleurs, exponential disk, edge-on disk, PSF profiles, and as well as a sky background component. A Sérsic surface brightness profile can be expressed as follows:

I(r) = I 0 exp -b n r r e 1/n
, were I 0 corresponds to the central surface brightness, r e is the effective radius, and the constant b n is defined in terms of the final parameter n, the Sérsic index, which describes the shape of the light-profile. A de Vaucouleurs profile corresponds to a Sérsic index n = 4. The exponential disk distribution can be written as described by the following expression: I(r) = I 0 e -r/r s , where I 0 correspond to the central surface brightness, and r s is the scale length of the exponential. Note that the exponential disk profile is a special case of the Sérsic function for n = 1. Thus there is a relationship between r e and r s , given by: r s = 1.678r e .

We model the stellar light distribution for each galaxy using the three different functions, depending on the morphology of each galaxy. We try either 1) two Sérsic components plus the sky background, or 2) one Sérsic component and one exponential disk, plus the sky background. Only the best fits are presented in this work. A point spread function (PSF) was included in the fitting, and it was made by modeling isolated single stars from MUSE images with a Moffat function using GALFIT. The PSF images were then created using the routine makeimage of IMFIT3 (Erwin 2015).

Stellar light distribution images, models of the stellar light distribution, and residual images can be found in 3.7. We have overplotted the effective radius, r e , derived from the Petrosian radii at the r-band, petr_50 and petr_90, taken from SDSS catalog, in green contours. This compared and verified with the effective radius, r e , derived with GALFIT, shown with blue contours. The projected ellipses from Sérsic models are shown with red contours. The parameters of the best-fitting Sérsic model, such as the effective radius, r e , axial ratio b/a, Sérsic index n srsic , position angle, PA, and inclination, i, based on minorto-major axis ratios, are listed in Table 3.3. The sources in our sample have effective 73 -85.1 43.11 6129935.4 of the galaxy, with line-widths of ∼180 up to 250 km s -1 , while decreasing at larger radii, reaching velocity dispersions below <100 km s -1 . Although, for most of the sources of the sample, the stellar velocity dispersion map is more homogeneous, with a shallower decrease in velocity dispersion with radius.

In summary, the stellar component of the BGGs is generally dominated by rotation. This is expected as the dark matter component is non-collisional, consequently easily conserves angular momentum. Eleven sources (or ∼80% of the sample) reveal a strong velocity gradient, while three other sources have a mild sign of rotation compared to the BCGs where the stellar component is generally dominated by random motions. Note also that Hamer et al. (2016) found no clear correlation between the stellar and ionized gas components in the galaxy clusters. We discuss that for the galaxy groups in Section 3.3.3.1. Notes -Here "Ext Filament" means sources with extended filaments, while "Com Filament" refers to sources with compact filaments. Similarly, "Com Disk" refers to compact disks, while "Ext Disk" to extended disk. a The size is the length of the major axis of the ionized gas.

Properties of the Ionized Gas

b Total fluxes of the measured emission lines are corrected for galactic and local extinction using the O'Donnell extinction curve (O'Donnell 1994), and the dust maps of Schlegel et al. (1998).

† System with weak signs of stellar rotation.

Distribution and Velocity of the Ionized Gas

From the sample of 18 BGGs observed with MUSE telescope, we have a 3σ detection of [NII]λ6583 emission line in 17/18 sources. In NGC 6658 no optical-emission lines were detected. In Table 3.4 we list the detected optical line emission for each source, while, in Table 3.5, we summarize the observed properties of the optical emission lines and the stellar component, such as the morphology of the ionized gas, projected size of the ionized nebula, integrated Hα flux, Hα luminosity, [NII]λ6583/Hα ratio, kinematics and the semi-major axis of the stellar component. Our sample shows a wide range of Hα luminosities, 0.04±0.04-5.01±0.11×10 40 erg s -1 , and a broad range of ionized gas projected sizes, 1-21 kpc.

As it can be seen from Figure 3.9 (Bottom panel), the distribution of the ionized gas traced by the [NII]λ6583 emission line, varies from system to system. Based on the distribution and kinematics of the ionized gas, we categorize the systems in our sample into 2 distinct categories: (1) rotating-disks and (2) extended filamentary sources. It is important to note that the definitions are not all mutually exclusive, as it is possible that a single object may exhibit a morphology or kinematics of the gas which is consistent with two or more of the categories. In total 7/18 sources are rotating disks, while 10 are filamentary sources. Note that 3/18 of the disk-like sources also have extended structures, and one source (NGC 584) shows a smooth velocity field, but a highly disturbed gas distribution.

Category 1 (Rotating-Disks): Rotating-disks systems are sources that have a relaxed ionized gas distribution and are dominated by rotation. The ionized nebula in seven sources of our MUSE sample (7/18) have regular disk-like morphologies. The distribution of the ionized gas in these rotating disk objects is, on average, quite extended, with projected sizes from 5 to 21 kpc, and projected radius of ∼3.2-7.5 kpc measured from the center of the galaxy. We note that the peak of the [NII]λ6583 emission is usually well aligned with the peak of the stellar light of the galaxy. We remark also that three of the systems in this category show a clumpy rotating ring (NGC 940,and NGC 924). The gaseous clumps of the rings have projected sizes of ∼1-3 ′′ (0.2-1 kpc).

NGC 4169 -The velocity field of NGC 4169 is moving from +150 to -280 km s -1 going from SW to NE across ∼4.8 kpc of extension, with some clumpy structure at 3 kpc (15 ′′ ) of the SE center. It also hosts some extended structures located ∼2.8 kpc (13 ′′ ) to the SE of the galaxy center, moving at +30 km s -1 . NGC 1453 -Similarly, NGC 1453 shows a smooth velocity gradient from +300 to -360 km s -1 from North to South across 21 kpc. An inner compact disk of ∼3 kpc (9.5 ′′ ) of diameter, with a slightly different PA from that of the major disk, is found at the very center of the galaxy. Extended structures are seen in NGC 1453 located ∼9 kpc (30 ′′ ) at the NE the center of the galaxy, moving at +250 km s -1 .

ESO 507-25 -This galaxy shows a nuclear rotating disk centered on the galaxy, with a velocity gradient from +150 to -250 km s -1 from the SE to the NW extending along ∼2.2 kpc (∼10.2 ′′ ). A second more extended disk is found misaligned with the inner nuclear disk, which exhibits a smooth velocity gradient from -260 to +210 km s -1 from the SE to the NW across ∼15 kpc of extension. Finally, a tail of ionized gas is extending out of the biggest disk to the SE moving at ∼160 km s -1 .

NGC 940 -Similarly, in NGC 940 a smooth rotating-disk of gas is detected centered on the AGN, with the ionized gas moving from -300 to +170 km s -1 from NW to SE across ∼11 kpc. An inner nuclear disk of ∼2.5 kpc (7 ′′ ) is located in the inner region of the galaxy with a slightly different PA that the main extended rotating disk.

NGC 924 -NGC 924 shows a more complex kinematics. Ordered velocity structures are found along the inner 9 kpc (∼30 ′′ ) of the galaxy with a velocity range from -260 to +110 km s -1 from SE to NW. Around the rotating disk, a clumpy ring of ionized gas is moving from +170 to -280 km s -1 up to ∼7.5 kpc (25 ′′ ) of the disk center. A few clumps located of the disk are flowing towards the inner disk at -270 km s -1 and +120 km s -1 from the SE and NW, respectively.

NGC 4261 and NGC 978 -Two sources, NGC 4261 and NGC 978, have very compact gas distributions. These sources show signs of rotation with velocity gradients of a few hundred km s -1 . NGC 978 has a smooth velocity gradient from -210 to +180 km s -1 in the EW direction along 3.6 kpc (∼11 ′′ ). Finally, a quite compact rotating disk is detected in NGC 4261, with a velocity gradient from -150 up to +70 km s -1 across 0.5 kpc (∼3 ′′ ) along the SN axis (minor-axis). Additionally, we found some blueshifted gas, moving at -80 km s -1 , towards the E and W directions from the galaxy center across ∼1 kpc. HST images reveal a dusty torus around the inner rotating disk of ionized gas (see Fig. 3.15).

Category 2 (Filaments): Extended or filamentary objects are systems that show elongated structures, and random motions dominate the kinematics of the gas. Eleven sources (10/18) in the MUSE sample belong to this category. The sources in this category display a velocity field dominated by chaotic and disturbed kinematics, making the warm ionized filaments more challenging to interpret. Those disturbed velocity fields are probably due to a projection of several filaments that are inflowing and/or outflowing across the line-of-sight, as it has been shown in the Perseus Cluster through SITELLE observations, and in several cool-core clusters using ALMA and MUSE observations (e.g., Gendron-Marsolais et al. 2018;Tremblay et al. 2018;Olivares et al. 2019).

The filamentary structures in some sources are often clumpy, and without coherent velocity structure along the filaments. The best example is seen in NGC 5846, which hosts a very rich, dense network of filaments extending from the core out to a projected radius of ∼40 ′′ (5 kpc). NGC 586 also presents an exquisite clumpy net of threads, which are extending along ∼24 ′′ (3 kpc) from the core of the galaxy. A large number of sources have an ionized gas peak that coincides with the center of the galaxy, accompanied by one single coherent structure in velocity (NGC 193, NGC 777, NGC 1060, NGC 1587). The projected sizes of these sources go from 4.5 to 14 kpc. Clear examples of very chaotic velocity fields can be seen in NGC 677, NGC 4008, and NGC 5846. In a few cases, velocity gradients along the filaments are detected, but on average, the gas is quite disturbed.

NGC 193 -In the central region of NGC 193, we note signs of gas rotation, with a velocity gradient going from -300 to +30 km s -1 across 3.5 kpc (∼10 ′′ ). This inner region is followed by a blueshifted velocity stream of ionized gas extending from -60 to -120 km s -1 towards the SE direction of the galaxy. An X-ray cavity has been detected at the location of the SE filament from X-ray observations (O'Sullivan et al. 2017).

NGC 1060 -Similarly, NGC 1060 have a smooth velocity gradient along its filament length. This clumpy ionized filament is moving to the EW with a velocity from +180 km s -1 at the peak of the emission to -130 km s -1 , followed by another NW clumpy filament moving from -180 to +40 km s -1 along 3.5 kpc (∼10 ′′ ).

NGC 410 -NGC 410 hosts a stream of ionized gas with a smooth gradient going from NW to SE with a velocity from +50 to -400 km s -1 .

NGC 584 -Has a velocity field slightly dominated by rotation, with a velocity gradient from +150 to -300 km s -1 in the WE direction along with ∼5 kpc (50 ′′ ) in extension. However, the distribution of the ionized gas is quite perturbed and clumpy.

NGC 1587 -also shows indications of rotation, but this is probably due to several thin filaments that are inflowing or outflowing toward the center of the galaxy. In this source, the ionized gas is moving from -280 to +80 km s -1 from NE to SW across ∼11 kpc (44 ′′ ).

Comparison to rotating disks:

We note that the sources with filaments in our sample have less extended emission than the extended rotating gaseous disks. We suspect that this might be due to several reasons: a lack of sensitivity to capture the faintest emission from further and likely fainter filaments, projection effects, selection bias of the fainter sources, or because the extended disks have a different origin than the filamentary sources.

Comparison to galaxy clusters:

The distribution of the gas in these sources is, on average, less extended than the filamentary gas seen in the galaxy clusters, which can reach projected sizes up to about 70 kpc. The nature of that might be related to the amount of hot gas available to cool which is more modest than in massive galaxy clusters.

Velocity Dispersion of the Gas

In fig. 3.9 (last panel, top row) we present the projected velocity dispersion measured from the MUSE observations. Figure 3.11 also shows a histogram/distribution of the velocity dispersion for each object in the sample. From this, it can be seen that the velocity dispersion for most objects is quite low, with the distribution usually peaking at ∼100 km s -1 . In what follows, we describe the distribution of the projected velocity dispersion for each category.

Rotating disks -The velocity dispersion σ gas for the rotating disks, generally, peaked at the center with values of a few 100 km s -1 . The σ gas of the clumpy rings detected in a few sources (e.g., NGC 940,and NGC 924) is smaller, with values of ∼30-60 km s -1 . Implying that the ionized gas is significantly turbulent within those clumps. In general, along the disk the σ gas is rather small, close to 70-120 km s -1 . However, a few high dispersion velocity structures (with sometimes spiral shapes) are seen in a few sources (e.g., NGC 924, NGC 4169 and NGC 1453). In NGC 4261, we note that the broader dispersion is reached at the center of the galaxy, with a value of 210 km s -1 . The regions at the East and the West of the central galaxy have narrower-spectrum gas, with values between 80 and 100 km s -1 . (3) Stellar mass. ( 4) Star formation rates.

(5) Min t cool /t ff values for systems. Systems with no deprojected profiles available are marked with an asterisk and were calculated at 10 kpc. ( 6 (13) Radio morphology from Kolokythas et al. (2018). The classification radio emission seen from the galaxy in the following categories: (i) point-like (pnt) -unresolved radio point source, (ii) diffuse emission (diffuse) -extended but amorphous with no preference in orientation, (iii) small-scale jets (jet) -confined within the stellar body of the host galaxy, with extent <20 kpc, and (iv) large-scale jets (JET) -extending >20 kpc, beyond the host galaxy and into the IGrM. ( 14) X-ray morphology classification and notes from O' Sullivan et al. (2017). For systems where thermal emission was detected, we classified the extent of the gas halo as either group-like (GRP) (extent >65 kpc), galaxy-like (Gal) (extent ∼10-65 kpc) or point-like (point) (unresolved, extent smaller than the XMM PSF). Although somewhat arbitrary, these classifications give a simple picture of the scale of the emission.

(15) X-ray features.

axis of the galaxies was estimated using the effective radius, r e , and the axial ratio, b/a, of stellar models performed with GALFIT, and previously described in Section 3.3.1. The two components, stars and gas have similar extend, with radii from 0.4 to 10.7 kpc, and 2.5 to 12.5 kpc, for the gas and the stars, respectively. On average, the optical stellar distributions are slightly smaller in projection than their gas component, with a mean ratio of 1.3±0.7. This is foreseen if the gas is condensing from the hot halo since the latter is always more extended than the stellar spheroids. Based on the comparison between the radial extension of the gas and the stars, we distinguished four sub-categories for the ionized gas distribution. For disk-like sources, we identify i) compact disks and ii) extended disks, while for the filamentary gas distribution, we have iii) compact filaments and iv) extended filaments. Note that the extension of the filamentary sources needs to be taken as a lower limit due to projection effects. Although this is not the case for the disk-like systems, since we expect that the projection of the stellar and gaseous disks might be roughly the same. In the following, we described each sub-category.

Extended Disks: Extended gaseous disks are defined as systems in which the radial projected extension of the gas is larger than the semi-major axis of the stellar component, and the velocity field is dominated by rotation. Five sources of the sample (5/18) belong to this category.

Compact Disks: Compact gaseous disks are defined as objects in which the projected radial extension of the ionized gas is smaller than the semi-major axis of the stellar component, and the velocity field is dominated by rotation. About 2 bjects in our sample (2/18) belong to this category.

Extended Filaments: Extended gaseous filamentary objects are systems that show extended structures and disturbed morphologies, but are not dominated by rotation. Extended filamentary objects are defined as systems in which the radial projected size of the gas is larger than the semi-major axis of the stellar component. They usually show disturbed and chaotic velocity maps. Six sources (6/18) fall in this category.

Compact Filaments: Compact gaseous filamentary objects are systems that show a disturbed distribution, but the projected radial extension of the gas is smaller than the semi-major axis of the stellar component. We found that four sources (4/18) belong to this category.

Comparison of the Gas and Stellar Kinematics.

Comparison of the velocity fields.

When comparing the stellar and gas kinematics of the filamentary sources, it is clear that gas velocity structure the optical emitting is distinct from the ordered motions seen in the stellar optical component. This suggests that the ionized gas in the filamentary sources is kinematically distinct and decoupled from the BGG stellar components, implying that the gas has an external origin.

For the rotating gaseous disks, the situation is more complex, as its stellar counterpart is rotating as well. For these sources, we model the velocity fields of the stellar and gas Table 3.7: Position angle of the ionized gas rotating-disks and stellar disks.

BGG

PA gas PA stellar ∆PA (

• ) ( • ) ( • )
NGC 924 41.6±0.5 52.5±0.9 10.9 NGC 940 18.1±0. Notes -The errors on the position angles PA are 3σ errors. ∆PA: Difference between the stellar and gas kinematic position angles, ∆PA = |PA stellar -PA gas | component to determine the kinetic position angles (PAs), using the fit_kinematic_pa routine described in Krajnović et al. (2006). We define the degree of misalignment between the rotation of the stars and that of gas by taking the difference of both position angles, ∆PA = |PA stellar -PA gas |. We define an object as being misaligned if this difference is higher than ∆PA>20 • , and aligned if the ∆PA<20 • . The PA values for the gas and stellar disk can be found in Table 3.7.

Three sources with rotating gas component have kinematics aligned with the stars. Accordingly, the ionized gas disks might be coupled to their stellar component, showing that the gas is relaxed with the stellar component in the galaxy potential. This can be seen in NGC 940, NGC 978, and NGC 924, where the ionized gas and stellar disk have very similar PA, with PA values of about 18.1 • , 72.4 • , and 50 • , respectively, and the difference between both position angles, ∆PA being <12 • . However, NGC 924 have a ∆PA of ∼10 • indicating that this disk may be tilted. Some sources clearly show velocity structures of the gas that are kinematically decoupled from the stellar components. For example, in ESO 507-25, the PA of the stars is 81 • , while the PA of gas distribution is 163 • . Similarly, in NGC 1453, the PA of the ionized gas disk (PA=133 • ) is very different from the PA of the stars (PA=25 • ). In NGC 4261, where the stellar rotating disk is messy, we also see that the gaseous disk (PA=160 • ) is not aligned with the stars (PA=56 • ). Note that in NGC 4169, the gas is counter-rotating with respect to the stars. However, the PAs of the stellar and the gas disks are very similar ∼140 • , with a PA difference of ∆PA = 9 • . In summary, only 3/7 of the rotating gaseous disks are aligned with ∆PA ∼0 • ; whereas 4 disks are dynamically decoupled with ∆PA >20 • . This may suggest an external origin of the gas for most of the rotating disk and filamentary sources. respectively. As shown in Fig. 3.17, the scatter is reduced when both quantities are measured within the same aperture, preserving the tight correlation between these two temperature phases for less massive systems.

Previous studies of cool-core clusters using in synergy ALMA and MUSE observations have found that the molecular and warm ionized gas are co-spatial and co-moving, consistent with the hypothesis that the Hα emission comes from warm ionized envelopes of cooled molecular clouds (e.g., Tremblay et al. 2018;Olivares et al. 2019). All this also suggests a common origin for these two temperature phases, through the cooling of the hot atmosphere. According to the top-down multi-phase condensation cascade, the warm and clumpy cold gas may condense from the hot ICM or IGrM through the CCA mechanism (Gaspari et al. 2017). The molecular-mass-to-Hα-luminosity correlation for our sample supports this scenario (see Fig 3.17). However, kinematic and spatial information of the cold molecular gas may be needed to confirm this for our sample. Further study is required to unveil whether these two phases are tightly connected to each other as expected from the condensation of the hot gas (Gaspari et al. 2018). In particular, the turbulence driven in the hot halo by recurrent AGN feedback (Wittor & Gaspari 2020) is expected to percolate through the phases, with the ensemble warm filaments acting as the best kinematical tracers for the CCA condensation rain.

Molecular clumps located in filaments are difficult to detect, and there is likely a bias that favors the detection of molecular gas when it has settled into a massive central rotating disk. Our preliminary NOrthern Extended Millimeter Array (NOEMA) observations of NGC 940, a rotating-disk system, reveal that the CO(1-0) emission line is likely co-spatial and co-moving with the optical emission lines. Similarly, Werner et al. (2014) reported that in 6 of the 8 BGGs, the [CII]λ157 line emission, a tracer of cold (100 K gas) gas, is co-spatial with the optical Hα+[NII] emission traced using Herschel Photodetector Array Camera & Spectrometer (PACS) and Southern Astrophysical Research (SOAR) observations, respectively (Fig. 3.18).

Origin of the Gas: External/Internal

The question of how galaxies acquired their gas is still a matter of debate. Several scenarios have been discussed for the origin of the cold gas in elliptical galaxies over the past years. Some of those scenarios are the acquisition of cold gas from cooling from gas ejected by the stellar population (stellar-mass loss), through mergers with gas-rich galaxies, and cooling from the hot atmosphere (cooling-flows). Moreover, Davis et al. (2011) suggested that in Elliptical galaxies the gas produced by the stellar-mass loss should form a kiloparsec-scale rotating-disk aligned with the stellar component, while the gas brought into the system through mergers is likely to be misaligned or to create multiple tails, rings, or disks. Numerical simulations of cool-core clusters and groups also found kiloparsec rotating-disks of raw material at the center of the galaxy. The formation of the cold rotating-disk might occur by the condensation of the hot gas via thermal instabilities(e.g., Gaspari et al. 2015;Prasad et al. 2018;Gaspari et al. 2018;Beckmann et al. 2019). Stellar-mass Loss.

We consider the possibility that the gas could have originated through stellar mass-loss. The gas return from the stellar population is primarily dominated by mass loss from red giant branch stars and planetary nebulae and depends on the stellar mass of each galaxy and its star formation history. Canning et al. (2013b) suggested that the evolved stellar population is expected to provide about ∼1 M ⊙ yr -1 of gas per 10 11 M ⊙ . Most of the material produced by this mechanism is expected to be thermalized by shocks and will join the hot galaxy halo (Parriott & Bregman 2008;Bregman & Parriott 2009), even though, a notable fraction might contribute to the raw material settling onto a rotating-disk. Thus most of the internal processes that can return material to the IGrM are related to the mass of the stars present in the galaxy. Therefore, it is crucial to know whether the gas mass correlates with the stellar mass. Our sample suggested no dependence of the gas mass on the stellar mass, suggesting that the gas might originate in external processes (see Fig. 3.19), and as pointed out by Young et al. (2011); Davis et al. (2019). Moreover, (Davis et al. 2011) suggested that a kinematic alignment between the gas and the bulk of the stellar population is expected within the stellar-mass loss scenario, due to angular momentum conservation. Our MUSE observations exhibit rotating gas disks (and also rings) in seven sources of the sample. In three of them (NGC 940, NGC 978, and NGC 924), the ionized gas is kinematically decoupled with its stellar counterpart by <10 • , which could indicate that the gas was formed through an internal process. However, the gaseous disks have larger extents compared to the stellar population counterpart. Also, the gaseous disks show extended structures coming out of the disk, making it hard to reconcile with the stellar-mass loss scenario. Moreover, Gas-rich Mergers.

Stellar/Gas misalignment: Several observational studies of elliptical galaxies, (Young et al. 2008;Crocker et al. 2011;Davis et al. 2011), have argued that cold gas that had formed through gas-rich mergers should have misaligned kinematics with respect to the stellar population, producing central disks and rings (Eliche-Moral et al. 2010). In three sources in our sample, the gas is distributed in extended rotating rings (NGC 940,NGC 924,, whereas, four systems have misaligned stars and gas kinematics (NGC 1453, NGC 4261, NGC 4169, and ESO 507-25). This suggests that the gas could have been recently accreted through a merger event (Davis et al. 2011). Note that misaligned angular momentum between stars and gas may not imply necessarily a merger scenario. The same can occur by an angular momentum misalignment among the cooling IGrM, stellar disks, and dark matter halos (Lagos et al. 2015).

Additionally, according to the X-ray analysis presented in O'Sullivan et al. ( 2017), two systems with filamentary morphologies, NGC 1060 and NGC 7619, have groupscale haloes with ongoing mergers. NGC 1060 shows a 100 kpc arc of stripped hot gas linking a nearby core galaxy. Whereas, NGC 7619 had a companion galaxy (NGC 7626). X-ray imaging confirmed that each galaxy sits at the center of a cool core, with a bridge of hotter gas between them (Randall et al. 2009). However, it is likely that some or all of the cold gas in these two systems may have instead condensed from the IGrM gas through thermal instabilities via merger-induced gas motions and turbulence, like discussed in the case of the NGC 6338, a group-group merger. Despite the merger event, the central galaxy, NGC 6338, shows sign of cooling based on its X-ray properties (short cooling time and entropy values), and the cospatiality of the Hα emission with the X-ray filaments (O'Sullivan et al. 2019). (tails, shell, polar-rings): When galaxies interact either colliding or passing close to each other, their gravity pulls them apart, distorting and changing their shapes. In our sample, we do not find any evidence of long tidal tails and streams of stars seen in the optical images, reminiscent of the on-going galactic collision of two galaxies (e.g., The Antennae Galaxies; Saviane et al. e.g., 2008). Also, the filamentary gas in our sample usually has chaotic and disturbed velocity structures within their short extension, <10 kpc, in contrast to what might be expected from the kinematics of tidal tails in interacting galaxies (e.g., Bournaud et al. 2004). Some shallow velocity gradients are seen along the filaments. However, these filament morphologies are more consistent with the scenario of a condensing hot halo rather than being from a merger event (e.g., Beckmann et al. 2019).

Lack of merger induced features

We also do not see evidence of shells (i.e. concentric open ring-like structures) in the optical images within our sample, features expected in post-merger galaxies [START_REF] Prieur | Status of shell galaxies[END_REF]). However, we remark that these structures are very faint. The shell features are created after a radial merger with a small galaxy entering within the influence of a big elliptical galaxy. Here the small galaxy disintegrate and oscillate in the potential of the big elliptical galaxy, which remains unaffected.

Polar-rings are also expected to be formed in merger events (Struck 1999), when a smaller galaxy collide parallel to the direction of rotation axis of a bigger galaxy, with the small galaxy forming a polar ring structure. Some examples of these structures are found in lenticular S0 galaxies. Some of the group-dominant galaxies in our sample are classified as S0. However, the optical images show no evidence of polar-ring structures.

Merger rate: The gaseous disks have surprisingly short depletion timescales, (τ dep = M gas /SFR) ∼0.1 Gyr, implying a very rapid replenishment of their gas reservoirs on timescales of ∼1×10 8 yr. Moreover, the specific formation rate (sSFR), defined as sSFR = SFR/M * , is about 0.020 Gyr -1 and 0.0008 Gyr -1 for the extended and compact disks, respectively [START_REF] O'sullivan | [END_REF]O'Sullivan et al. 2018). This suggests that most of the galaxies have formed their stars in earlier star formation episodes [START_REF] O'sullivan | [END_REF]. The replenishment of the cold gas must be, as mentioned, in very short timescales of ∼1×10 8 yr. These timescales are of the same order of magnitude as the cooling time seen in these objects, 0.1 Gyr, indicating that the cold gas may have condensed from the hot atmosphere.

The galaxy merger rate in the nearby Universe is around 2% of galaxies, in groups, per Gyr with a shallow increase at high redshift, z > 1, since the universe at early times was denser, and galaxies were closer to each other [START_REF] Conselice | Groups of Galaxies in the Nearby Universe[END_REF]. Similarly, Hopkins et al. (2010) show through simulations that the major+minor merger rate of ∼0.05-0.2 Gyr -1 for galaxies with mass stellar (M * ) in the range 0.1-2×10 11 M ⊙ can decay below 0.05 Gyr -1 for major mergers in the local Universe. This result might indicate less than one merger per galaxy within the last Gyr. Therefore, mergers are likely unable to replenish the observed cold molecular gas mass at the expected rate. However, if we assumed a major merger of with total mass of 10 11 M ⊙ , which corresponds to a gas mass of 2×10 9 M ⊙ the gas will be consumed by star formation in about 5 Gyr (for a merger rate of 0.2 Gyr -1 ) if a SFR of 0.5 M ⊙ yr -1 is assumed. A cold gas mass of the order of 10 7 -10 8 M ⊙ , found in the extended rotating disks, is much less smaller than the initial gas mass at play in the hypothesis of such merger. Such small amounts could thus be the residual of previous mergers. More difficult to explain it is why this gas has not been consumed yet at the current SFR. We cannot rule out completely a merger origin for some of our systems.

Accretion from a Hot Intra-Group Medium

The correlation between the Hα luminosity and the cold molecular gas mass found for the BGGs, suggests a common origin, likely through the cooling of the hot gas via thermal instabilities (e.g., Gaspari et al. 2018). However, the majority of the systems in our sample lacks detection of their cold molecular gas. Thus, if cooling in the less luminous X-ray galaxy groups may produce less condensation of cold gas, as they have less hot gas available, significantly deeper observations are needed to detect the fainter molecular gas. This a current limitation that will be further explored with deeper and future ALMA and NOEMA observations. Numerical simulations and theoretical studies argue that an IGrM halo can develop a multiphase medium via thermal instabilities when the ratio of the cooling time over a dynamical time-scale such as the free-fall time, t cool /t ff , is below 10, or even up to 30 (e.g., Gaspari et al. 2011a;Sharma et al. 2012;Li et al. 2015;Gaspari & S ądowski Avg. sSFR (Gyr -1 ) 0.0008 0.0049 0.0201 0.0229 -Notes -Extended disks plus filaments are sources that have most of their gas within a rotating disks, but an small part is also found in extended structures. Avg. sSFR: corresponds to the average specific star formation rate (sSFR), defined as sSFR = SFR/M * , for each source classification.

2017). Condensation from the hot gas is also expected when the cooling time over the eddy-turnover timescale, t cool /t eddy , is close to 1 (Gaspari et al. 2018). Note that twelve sources (∼65%) in our sample have an extended (>10 kpc) hot gas halo, whereas three of them have an extension smaller than the (XMM) PSF (point-like), and two have no X-ray detection (O'Sullivan et al. 2017). Detailed properties of each source are listed in Table 3.6. We remark that the large-scale density profile is steep in groups, making it difficult to detect the very faint emission. Therefore, deeper and future X-ray observations are required for those sources. From this criterion, min(t cool /t ff ) ≤ 30, seven sources may have condensed their cold gas through cooling from their hot atmospheres. These sources are NGC 410, NGC 1060, NGC 1587, NGC 4008, NGC 4261, NGC 5846, and NGC 7619. Observational studies found that the presence of nebular and molecular gas in galaxy clusters, groups, and even giant elliptical galaxies, in systems with shallower entropy profile, and lower inner entropy K 10 , usually below <35 keV cm -2 (e.g., Rafferty et al. Notes -Extended disks plus filaments are sources that have most of their gas within a rotating disk, but a small part is also found in extended structures.

2008b; Cavagnolo et al. 2008;Lakhchaura et al. 2018;Babyk et al. 2018b). This might indicate that the cool gas results from the radiative cooling of the hot atmosphere. In Fig 3.20 we plot this correlation for our sample, and we found that nine sources (9/17, ∼50%) with cold gas have low central entropy values below <35 keV cm -2 (filaments: NGC 193, NGC 410, NGC 677, NGC 777, NGC 1587, NGC 4008 and NGC 5846;disks: NGC 978). While other four sources (filaments: NGC 1060, and NGC 7619; Disks: NGC 4261 and NGC 1453) have central entropy values between 36 and 40 keV cm -2 . However, the fixed radius of 10 kpc to measure the inner entropy values is too large to trace the cooling regions, given that the radial projection sizes of the ionized gas are smaller. In Fig. 3.21 we show the central entropy values as a function of the type of Xray halo for each source, and we label at the top of each entropy value the type of system based on the ionized gas distribution: as filaments (F), compact disks (CD), extended disks (ED), and extended disks plus structures (ED+F).

Origin of the filamentary sources and compact rotating disks: In summary, almost all the filamentary sources have an IGrM that appears to be cooling according to either i) the low min(t cool /t ff ) values or ii) the low central entropy values, K 10 , with the exception of NGC 584. No emission was detected in NGC 584 by the short-exposure XMM observations (O'Sullivan et al. 2017). Similarly, in the compact rotating-disk systems, NGC 978 and NGC 4261, the low cooling time to free-fall time ratios, min(t cool /t ff , and bolometric luminosity of those sources is about 10 times higher than of our extended gaseous disk-like sources, with no radio power jet reported. The authors also argue that cold gas may be more prone to condensation of the hot gas in rotating systems, because rotational support may prevent gas from inflating, and thermal instabilities may develop more easily. First X-ray observations for these two sources show an X-ray point-like counterpart associated with the central AGN. Later and deeper X-ray Chandra observations of NGC 6868 and NGC 7049 detected a hot IGrM (Machacek et al. 2010;Juráňová et al. 2019), suggesting that such deeper X-ray observations are needed to detect the faintest X-ray halo in our massive rotating disk-like sources as well. Recently, Juráňová et al. (2019) found that NGC 7049 is condensing its hot gas based on the t cool /t eddy criteria (Gaspari et al. 2018). Conversely, the t cool /t ff is relatively high, ∼40.

The same has been confirmed for a larger sample of S0s rotating galaxies (Juráňová et al. 2020). Also, It has been pointed out that the t cool /t eddy criteria seem to be more reliable to identify condensation than TI-ratio for S0s galaxies (Juráňová et al. 2020).

Stelar feedback: Supernove (SN) heating rate might be energetically more pronounced in galaxy groups than in galaxy clusters since the former have shallower potentials. Stellar heating through SN explosions could contribute significantly to the heating of the cooling gas, given that the SN heating rate value can be comparable to the X-ray luminosity, ∼1.3×10 41 erg s -1 , assuming an old stellar population (O'Sullivan et al. 2017). The SN heating rate can be higher if young stellar population is present, which might be the case for the extended rotating-disks since they have significantly higher SFRs (see Table 3.8). Thus the stellar heating perhaps stops the cooling before all the gas is consumed. Similar arguments have been suggested for some of the detected galaxyscale X-ray halos, where an apparent deviation is found from the L X -T X relation, likely caused by AGN, and stellar heating processes (O'Sullivan et al. 2017).

Recently, Voit et al. (2020) develop models were the AGN and SN heating works together as follows: the AGN feedback lifts the hot gas out of the potential of the central galaxy, lowering the pressure and density within the galaxy, thus allowing the heating from the SNe to be more competitive than the radiative cooling of the hot gas. When the stellar velocity dispersion of the galaxy, σ v , is higher than 240 km s -1 , the density gradient is steeper, causing radiative cooling to be higher than SN heating at small radii (<1 kpc) producing a cooling-flow. In contrast, at large radii (>10 kpc), the SN heating exceeds radiative cooling stopping the cooling. Note that the model highly depends on the potential well of the systems and might not be applicable for very massive systems such as galaxy clusters and massive galaxy groups with velocity dispersion >450 km s -1 and X-ray temperature of >2 keV. This does not consider angular momentum at all. Stimulated feedback: Based on the observed spatially distribution of the molecular gas flows around the radio bubbles or X-ray cavities in several galaxy clusters, McNamara et al. (2016) proposed the stimulated feedback model. As described in the previous chapter, in this model, the cold molecular clouds condense from the uplifted X-ray lowentropy gas in the wake of the radio bubbles inflated by the central AGN. The uplifted X-ray low-entropy gas will become thermally unstable, and it will develop a multiphase medium at an altitude where the ratio of the cooling time over the infall time, t cool /t infall , is below or close to unity. Most of the sources in our sample reveal a radio emission within a point-like distribution. Nevertheless, the radio bubbles interaction with the ionized gas has been observed in a few of our sources with filamentary structures (previously mentioned in Section 3.3.3.3). The most remarkable case is seen in NGC 5846, where the Hα network of filaments trails the wake of the X-ray cavities. Comparable features have been observed in other galaxy groups, such as NGC 5044, and NGC 4636 (David et al. 2014;Werner et al. 2014;Temi et al. 2017). Note that higher-sensitivity X-ray observations are needed to detect potential X-ray cavities on the fainter X-ray galaxy groups. Alternatively, other bands (such as radio SZ) can be used to further probe cavities (e.g., Yang et al. 2019).

It is likely that we are observing those systems at different stages of the AGNfeedback cycle. It has been shown that the duty cycle can be quite irregular in galaxy groups, and in lower mass systems is expected to be even shorter (a few 10s Myr) than in galaxy clusters (a few 100s Myr) (Gaspari et al. 2011b;Sharma et al. 2012;Prasad et al. 2015). This is reflected in the complex and diverse range of optical morphologies and properties presented in this work.

Comparison with previous existing samples: Similar results have been suggested for X-ray and optically bright selected elliptical galaxies presented in Babyk et al. (2018b) and Lakhchaura et al. (2018). Lakhchaura et al. and Babyk et al's works investigate the connection between the thermodynamical properties of hot X-ray emitting gas, using Chandra observations, the Hα+[NII] emitting phase and cold molecular gas, respectively. Lakhchaura et al. (2018) selected 49 relatively nearby early-type galaxies from galaxy group, as well as early spiral galaxies. While, Babyk et al. (2018b), with a significant overlap with Lakhchaura et al.'s sample, used archival and published ALMA observations to trace the cold molecular gas of 40 nearby elliptical galaxies selected from the Babyk et al. (2018a) sample. The latter included 94 nearby early-type galaxies from BCGs and BGGs to early spiral galaxies observed with Chandra. Both samples include sources only with a X-ray detection of their hot atmosphere. As a comparison, our sample included early-type group-dominant galaxies optically selected, allowing us to study the presence of cold gas in a galaxy group environment, including a broader range of X-ray luminosities, L X >0.6×10 39 erg s -1 , not only in very the brightest X-ray bright galaxies.

Note also that four of our MUSE sources (NGC 5846, NGCC 410, NGC 777 and NGC 4261) overlap with the Lakhchaura et al. sample. However, no optical images from the SOAR Optical Imager (SOI) and Goodman High Throughput Spectrograph observations (Connor et al. in prep.), and as well from the Apache Point Observatory (APO) observations (Sun et al. in prep.), have been presented yet for any of the sources studied in Lakhchaura et al.'s work. Although, Lakhchaura et al. (2018) mention that the systems in their sample show either nuclear, extended filamentary, or no Hα+[NII] emission. We also note that two sources in the Lakhchaura et al.'s sample are categorized as with no cool gas emission (N), NGC 777 and NGC 7619. However, our MUSE observations found clear detection of optical line emission.

GAS EXCITATION

In this section, we investigate the primary source of ionization and physical properties of the warm ionized gas using our MUSE observations. As explained in the previous section, once the cold filaments have been formed, likely via thermal instabilities, they rapidly require an ionization source to produce the high Hα brightness. Several possible processes have been discussed in the literature to explain the dominant excitation mechanism of the ionized gas observed in the filaments (Heckman et al. 1989). Those processes are:

1. The central AGN 2. Young stellar populations 3. Cooling-flows 4. Heat conduction from the ICM to the cold filament 5. Shocks

Collisional heating by cosmic rays

The high spatial and spectral resolution of our MUSE observations enables us to provide new constrains on the excitation mechanism and physical state of the ionized gas for the BGGs. The broad wavelength coverage of the MUSE spectra allows the comparison of several optical emission-line diagnostics to constrain the primary ionization source of the warm gas. The typical optical analysis that has been discussed to study the ionization mechanism of the gas makes use of the [NII] λ6583/H α, [SII] λλ6716,6731/H α, [OIII] λ5007/H β, and [OI] λ6300/Hα lines ratios. It is commonly known as the Baldwin, Phillips, & Terlevich diagrams (BPT; Baldwin et al. (1981)). These line ratios were firstly investigated by Baldwin et al. (1981) to classify the spectra of extragalactic objects and later adapted by Kewley et al. (2001) to include the presence of an AGN ionizing source. Those diagrams are useful to discriminate between the low-ionization processes affecting the gas due to stellar photoionization (also known as star-forming HII regions) or due to harder ionizing processes such as those produced by the central AGN and fast shocks. The extreme hard UV radiation field from the accretion disk of an AGN can ionize Oxygen and Nitrogen. Those forbidden lines, [NII] and [OIII], can be excited by these high energy photons, producing ratios of [NII]/Hα, [SII]/Hα, and [OIII]/Hβ higher than those in a galaxy whose highest energy photons are limited to those that can be produced by massive stars.

Later on, Kewley et al. (2006) and Kauffmann et al. (2003a) included another separation on the BPT diagram to distinguish low-ionization nuclear emission-line regions (LINERs) from the sources of Seyfert AGN. Note that the LINER term is not appropriate in this context since LINERs were originally defined as being "nuclear" emission (Heckman 1980;Ho et al. 1993). Alternately, LIER (low ionization emission-line regions) has been suggested by recent authors. LINER emission can be due to different mechanisms In Fig. 3.24 we plot the spatially resolved BPT diagrams for our sample, using the [NII] λ6583/H α, [SII] λλ6716,6731/H α, [OI] λ6300/H α, and [OIII] λ5007/H β diagnostics. We have also included contours from the optical emitting gas as a reference to the extension of the warm ionized gas for each source. Twelve sources are included in this analysis, as not all the optical emission lines have been detected in all the sources to perform the resolved BPT-diagrams. We included spaxels that have S/N>7. Note that for most of the objects in our sample, the [OIII] λ5007 emission line is detected only in the central nuclear region, as well as the Hβ emission line, making it hard to study the ionization mechanism on the most extended structures. Similarly, the [OI] λ6300 emission line is poorly detected in the nuclear region of a few sources. Only in NGC 1587 and NGC 5846, and ESO 507-25 we see bright optical line emission from the extended regions. Similar characteristics have been seen in some BCGs (Hatch et al. 2006).

From a visual inspection of Fig. 3.24, we note that most of the pixels for each source are located in the region dominated by LINER emission (green points) in the [NII] λ6583/H α-, [OIII] λ5007/H β-BPT diagnostics, or by both LINER and star-forming HII regions (composite region, and blue points), as defined by Kewley et al. (2006), in the [NII] λ6583/H α-, [SII] λλ6716,6731/H α-, and [OI] λ6300/H α-BPT diagram.

In the following, we describe the BPT diagram for each category described in the previous section: filaments, extended disks, and compact disks. We warn the reader that the interpretation of these ratios needs to be taken with caution as the situation for BGGs is highly complex, and probably the observed ratios might be a result of a superposition of many ionization processes.

Filament sources: The sources that were classified as filaments in the previous section, generally, can be classified as LINER-like, including the extended structures, e.g. NGC 5846. In NGC 1587 some regions are in the composite region of the BPT diagram. In NGC 677, the majority of the pixels lie within the composite regions on the [NII]/Hα-BPT diagram, consistent with the findings from the [SII]/Hα plot where the pixels are in both the star-formation and LINER. However, on the [OI]/Hα plot they are on the LINER location. NGC 193 seems to be lying on the LINER region, with a few pixels being on the HII region and composite location. However, for the southern filament it is hard to constrain the ionization mechanism due to the poorly detected [OIII] and Hβ within this region.

Extended disks: For the two sources that have gaseous ionized rings, ESO 507-25 and NGC 940, we note that the ionization of the gas is dominated by star-forming HII regions (red points) within the clumpy ring, and by LINERs (green points) in the central area of the galaxy. Unfortunately, for NGC 924 the Hβ emission line is not detected in the clumpy rings, so it is more difficult to constrain the ionization mechanism. Nevertheless, based on the very low [NII]/Hα values, <0.5, we suspect that might be due to star formation activity as well. The other extended disks, NGC 4169 and NGC 1453, are classified as LINER-like with most of the pixels lying within that region, but a few pixels are also within the composite part. However, since the Hβ and [OIII] emission sources in our sample. A clear, shallow gradient of the [NII]/Hα ratio is seen in most of our sources, with the highest values usually located at the center of the galaxy, where the AGN is sitting and decreasing at larger radii. However, in the extended structures, this ratio shows less variation. The [NII]/Hα ratio can reach values of ∼1.5 and up to 4, while at the outskirts of filaments and rings we can have [NII]/Hα ratio values below <1 and up to 0.3. The high [NII]/Hα ratios, higher than >0.7, are expected to be produced by a central AGN, while lower [NII]//Hα ratio values are indicative of a low ionization process like UV emission of massive young stars (Kewley et al. 2013). Indeed, the overall high values of [NII]/Hα ratios values, above 0.6, within almost all the gas (except for the clumpy rings) are enough to rule out star formation as the dominant process for the ionization. The observed gradient of the [NII]/Hα ratios, seen in our sample can be due to an additional ionizing source closer to the center, such as photoionization from the AGN or a weak shock or interaction with the AGN outflows, or due to a metallicity or density variation in the gas (Hatch et al. 2006;Canning et al. 2011).

Total [NII]/Hα ratio. In table 3.5, we give the mean [NII]/Hα ratio which, given the diversity of distributions of the gas and spatial scales within our sample, varies strongly between sources, as some sources have been more highly ionized, e.g., NGC 4261, than others. In Fig. 3.27 we compare the distribution of the total [NII]/Hα ratio with that of 75 BCGs and BGGs from VIMOS observations (Hamer et al. 2016). As mentioned before, some sources have Hα in absorption, which can increase the calculated [NII]/Hα ratio. Therefore, the values for those sources need to be taken as upper limits. These large local variations emphasize the need for resolved maps. It is sometimes not possible to identify a single dominant mechanism. It confirms that the mix of excitation processes induces a large scatter in averaged line ratio BPT diagrams.

Metallicity.

As mentioned, the [NII]/Hα ratio is highly sensitive to metallicity variations. It varies linearly with metallicity, up to log 10 ([NII]/Hα) ∼-0.5, and beyond tends to saturate. We measured the metallicity on the region that has a log 10 ([NII]/Hα) <-0.5, which corresponds to HII regions. Thus we masked the high pixel values ([NII]/Hα>0.3), noting that only three sources have a region that meets this condition, corresponding to the sources with rings: ESO 507-25, NGC 940, and NGC 924. We used equation 1 of Pettini & Pagel (2004) to derived oxygen abundances (O/H) of these region, using the N2(≡ log([NII]/Hα)) line ratio which is valid within the range of -2.5 < N2 < -0.3, as follows:

12 + log(O/H) = 8.90 + 0.57 × N2, (3.1)

We find that our systems have oxygen abundances, 12 + log(O/H), within the range of 8.4±0.1 and 8.5±0.2. Using equation 3 from Pettini & Pagel (2004) , we also estimate the oxygen abundances using the O3N2(≡ log([OIII]/Hβ/[NII]/Hα)) ratios for the same sources: 12 + log(O/H) = 8.73 -0.32 × O3N2.

(3.2) spectrum shapes, hydrogen densities, n H , at the irradiated surface of the clouds, the hydrogen column density of the cloud, N H , metallicities (with 0.3, 1 and 3 times the solar metallicity), and also include dust. In Fig. 3.29 (middle-bottom row) we show the expectation for a self condensing plasma with a temperature of 10 7 K from Voit et al. (1994). The grid of models shown correspond to ionization-bounded gas (see also Hatch et al. (2006) and McDonald et al. (2012)), with metallicities of 0.3, 1, and 3 times the solar metallicity, and with an ionization parameter, U, of 10 -3.9 , 10 -4.2 , and 10 -4.5 . The column density, N H , of the ionization-bounded model (called I) is 2×10 19.5 cm -2 , which corresponds to an extinction, A v , of 0.03 at 1 Z ⊙ , and ∼0.0075 at 0.3 Z ⊙ . The extinction, A v , values considered in the ionization-bounded (I) models are low compared to what is found from the Balmer decrement, Hα/Hβ, ratio map, A v ∼1. Ferland et al. (1994) also discussed the photoionization by the diffuse X-ray continuum from the hot gas that heats and ionizes the surface of the dust-free clouds, producing a thin ionized layer of warm gas and a cold molecular core. Later on, the models were updated in Ferland et al. (2002), including dust and a small amount of microturbulence.

Recently, Polles et al., in prep, re-discuss this mechanism, including different X-ray luminosities, metallicities, and turbulent heating rates to investigate the effect of these parameters on the excitation of the gas. Note that these models are slightly different from Voit's model on the definition of the ionization parameters, G X and U (Polles's models include a larger range of log(U) between -7.49 and up to -2.67, after transforming the G x values into log(U)), and explore different ranges of A v (Voit's models included A v ∼0.0002 at 1 Z ⊙ for the I (ionization-bounded) models, for M (matter-bounded) models the A v is ∼0.03, and for the D (deep, thick cloud) model; the A v is ∼2 at 1 Z ⊙ ).

In Fig 3 .29 (middle-top row) we show the models from Polles et al, in prep. The gray lines correspond to models of constant metallicity (from 0.3 to 1 Z ⊙ with intervals of 0.5 Z ⊙ ), while the color points correspond to different values of the X-ray emission. The turbulent velocity is fixed at 10 km s -1 . The models predict well the [OIII]/Hβ ratio values. However, within the [NII]/Hα range, the models miss some of the highest ionizing sources. The opposite is seen in the [SII]/Hα-BPT diagram, where these models over-predict the [SII]/Hα ratio values for some sources. More importantly, the models seem to overproduce the [OI]/Hα ratio. The [OI]Λ6300 emission is weak in the observations and usually detected at the center of our systems. The excess of the [OI]λ6300 emission in the models could be due to the gas modeled with a single-cloud component. One should take into account the presence of a denser component that would increase the PDR contribution and the neutral gas emission line relative weight. Additionally, a combination of low and high-density clouds is needed to include the fact that the gas is multiphase.

Cosmic Rays models:

Based on the fact that the filaments in cooling flows are surrounded by a mixture of hot thermal particles and cosmic rays (Sanders et al. 2007), and also that magnetic fields are present (Taylor et al. 2007). Ferland et al. (2008) suggested another mechanism for the the MAPPINGS III4 fast shock model library, described in Allen et al. (2008). The grid model for each BPT diagram was generated using SHOCKPLOT v1.02. The theory of fast photoionized shocks is explained in the book by Dopita & Sutherland (2003), and in Dopita & Sutherland (1995, 1996). For a more recent review of the shock models, see Sutherland & Dopita (2017).

In Figure 3.29 (top row), we show the pure shock models and shock plus precursor models with solar metallicity from Allen et al. (2008), including different shock velocities, and magnetic field strengths. We have used shock models with a fixed solar abundance, and with a magnetic field strength varying from 1.0 -4 to 100 µG for a preshock density of n=100 cm -3 , and from 0.01 to 1,000 µG for the preshock density of n=1,000 cm -3 , similar values used in BCGs (Hamer et al. 2018;[START_REF] Ratsimbazafy | Frontier Research in Astrophysics II[END_REF]. In general, shock models cover the observed range for the [NII]/Hα and [SII]/Hα optical line ratios, especially the grid of models with an electron density of 100 cm -3 . However, fast shock models overpredict the [OIII]/Hβ ratio (∼0.4-1.1) by at least one order of magnitude. However, slow shocks (v = few 100 km s -1 ) seem to be more consistent with the observed [OIII]/Hβ line ratios. Besides, the shock models overpredict the [OI]/Hα observed ratios, although slow shocks (200-300 km s -1 ) seem to reproduce well some of the sources. For comparison, we have included the predictions from shock plus precursor models with green lines in Figure 3.29 (top row). We note that these models do not reproduce the optical-line ratios for most of the sources. However, low shock and precursor models overlap with some of the observed values. Besides, if shocks ionize the gas, we will expect that the linewidth correlates linearly with the intensity flux ratio. As described in the previous section, an increase in linewidth is usually observed at the center of each system, with a slight decrease at larger radii. Note, however, that the linewidth is almost constant along the filaments and extended structures. Also note that Allen et al. (2008) models are unidimensional, and therefore might not represent the 3D turbulence found in galaxy cluster and group cores. We are unable to resolve the radiative precursor with our MUSE observations. Slow/fast shocks: Ionized emission can be produced through shocks (Cowie et al. 1980;[START_REF] Dopita | The Excitation of LINERS and Cooling Flows[END_REF]Sabra et al. 2000;Allen et al. 2008), a powerful source of ionizing photons. In this scenario, several mechanisms could drive shocks, including the interaction of the outflowing jets with the surrounding medium, and pressure imbalances resulting from the thermally unstable cooling (Cowie et al. 1980). The range in ionization depends principally on the velocity of the shocks and the strength of the ambient magnetic field, which cushions its effects. In fast shocks (v 120 km s -1 ), the ionization front detaches from the shock front, the latter expands to form a radiative precursor ahead of the shock.

Presence/absence of a shock precursor: This precursor can ionize the pre-shocked gas before it is shocked. The number of ionizing UV photons is weak in low-velocity shocks (v 120 km s -1 ). Thus, the emission from the precursor region is negligible, and the photons serve only to preionize the gas coming into the shock (see also Dopita & Sutherland (2003) and Allen et al. (2008)). However, the precursor remains unaffected by changes in magnetic strength, B, although extremely high values of B can have a significant impact. Besides, the scale of the precursor can increase with the magnetic field strength and the shock velocity. Note that for cooling-flows (and also LINERs), the precursor might not affect the gas either due to the relatively low density of the medium and its geometry, such as filaments and thin disks, allowing most of the photons from the precursor to escape (Dopita & Sutherland 1996).

Additionally, the [OIII] emission line is highly boosted by the presence of the precursor due to its high ionization power observed mostly in the Seyfert-like. Whereas in LINERs and cooling flows the [OIII] emission is lower, consistent with pure shock models. Note also that the line-width along the filaments observed in BCGs and BGGs is narrower than 150 km s -1 , which is what shocks predicted for the development of an ionizing precursor.

Comparison with BCGs:

As already discussed and proposed by McDonald et al. (2012) a mix of star formation activity and slow shocks models (100-400 km s -1 ), or self-ionizing cooling plasma and star formation, needs to be invoked to reproduce the optical line ratios in BCGs. We show here that this is also the case for BGGs.

CONCLUSIONS

In this chapter, we have presented the morphology and kinematics of the ionized gas and stars using MUSE observations of 18 BGGs selected from the high-richness CLoGS sub-sample. We have then discussed the possible ionization mechanisms for the gas. Characterizing the properties of the ionized gas in galaxy group cores is an important aspect to develop a complete picture of the nature of the accretion of the cold gas into groups and clusters. We summarize our main findings below:

1. The ionized emitting gas show filamentary structures in most (10/18) of the sources in our sample, with a variety of shapes and projected sizes, ∼3-12 kpc, similar to what we found in the central cluster galaxies. However, the projected sizes are on average short. A significant difference with central cluster galaxies is that many rotating disks are present in our sample of groups, of which 2 discs are very compact with project sizes of about ∼1-3 kpc, while the other 5 disks can reach projected sizes of up to ∼21 kpc. The extended rotating disks also reveal clumpy rings and extended structures. The velocity structure of the ionized gas in the sources with filaments is often chaotic, but some shallow velocity gradients are noticed along some filaments. The velocity dispersion maps of the ionized gas show a peak towards the center of the galaxy. The velocity dispersion peak is generally consistent the peak of the gas emission, with values of 100-300 km s -1 , although it can be below 100 km s -1 on the filaments and rings, similar to what we find in clusters of galaxies. Both chaotic kinematics and increased central velocity dispersion are consistent with the macro-scale CCA rain and inner related inelastic collisions.

2. The stellar kinematics of the BGGs in our sample seems to be rotation dominated in comparison to BCGs where the stars are consistent with random motions (Hamer et al. 2016). At least 14 of the 18 systems (∼78%) show some sign of rotation within their stellar light. Only in four sources (∼22%), the stellar component is dominated by random motions. The velocity structure of the stellar light varies for each system and ranges from ±40 and up to 350 km s -1 .

3. Most of the time, the ionized gas is kinematically decoupled from the stellar component. We find that, in the gaseous rotating-disk systems, the ionized gas is kinematically coupled with the stars in 3 systems (including one disk that may be tilted by at least ∆PA ∼10 • ); while four systems are dynamically decoupled. In one of these gaseous disks, the ionized gas and the stellar component are counterrotating. Furthermore, the stellar dispersion is, on average, larger than the one measured in the ionized gas. For instance, the dispersion of the extended gaseous regions (e.g., filaments, clumpy rings, etc.) is at least twice times smaller than the central stellar dispersion, in agreement with CCA feeding. All aforementioned indicates that the stellar population and the ionized gas are not associated, supporting an external origin of the gas.

4. We find that the Hα luminosity correlates very well with the cold molecular gas. The scatter on this relation is highly reduced when these two physical quantities are measured on the same aperture in both galaxy clusters and groups. This tight correlation suggests a common origin for these two temperature phases, as it has been shown for galaxy cluster cores.

5. According to the min(t cool /t ff ) ratios and central entropies, K 10 , values of the Xray atmosphere, at least 11 sources in the sample are cooling gas from their hot atmosphere via thermal instabilities, and all of them correspond to filamentary sources and compact rotating-disks. The only exceptions is NGC 584 where Xray observations do not detect a thermal emission, likely because of sensitivity limits.

6. To explain the origin of the extended rotating disks and ring systems, the interpretation is more complicated. In most of them, the IGrM was not detected by the current X-ray observations. We suggest that the presence of extended-disks could trace a less intense cooling phase of the feedback scenario. We need to explore whether the stellar feedback seen in the extended disks plays a significant role and may balance the cooling. It is not clear whether the extended gas disks have formed after hot gas cooling accretion, or whether they trace the residual gas of previous merger events. However, the amount of cold gas detected is expected to be consumed in ∼10 8 yrs at the SFRs measured in these objects. The high molecular gas detection rate suggests that a short-timescale mechanism must be able to re-fuel the gas in these systems. Cooling from the hot halos thus seems more plausible.

7. We speculate that we may be seeing an evolutionary sequence for the cold gas in our sample, in agreement with numerical simulations (Gaspari & Churazov 2013).

The filaments first condense out of the hot gas via CCA, followed by a transitional episode, where the gaseous threads will start to accrete onto the center in nearly radial orbits, to form a massive extended kiloparsec rotating star-forming disk in the galaxy. The raw material of the disk can then be consumed either by star formation activity or by fueling the center of of the AGN, leading to a compact and quiescent rotating-disk.

8. The optical line emission ratios in central group galaxies are very similar to those that have been reported within the filaments of galaxy clusters, indicating a similar ionization mechanism for the warm ionized gas. The resolved optical line ratio diagnostics are likely due to a mixture of different processes, explaining the scatter of the unresolved line ratios. The ionized gas in most of our systems are classified as LINERS. However, other processes are likely occurring. For instance, starforming HII regions dominate the ionization of the clumpy rings found in three extended disk sources. As for the central cluster galaxies, the optical line emission can be explained by a dominant process being either the self-ionization of the X-ray cooling plasma or low-velocity shocks (a combination of the two is also plausible). On top of these processes, energetic particles (cosmic rays) may power some regions of the nebula. Finally, some other regions show clear HII starforming processes. Whether those star-forming regions spot a later stage of the gas accretion is still an open question.

Conclusions

The scope of this thesis was to investigate the nature of the cold gas in Galaxy Clusters and Galaxy Groups in the presence of AGN-feedback by using multi-wavelength observations from MUSE, ALMA, NOEMA, Chandra, and HST telescopes. In the first project that involves the study of galaxy clusters, we mapped and compared the distribution and kinematics of the cold molecular and warm ionized gas in a sample of 15 BCGs. We measured the cold molecular gas masses for the different structures within each source. We estimated molecular gas masses. We compared the extension of the filaments with different timescales and properties of the ICM that could be involved in the condensation of the hot gas, for example, the entropy, the ratio of the cooling time to the dynamical time, and to the eddy-turnover time. In the second project, we focussed on galaxy groups. We mapped and compared the kinematics and distribution of the ionized gas to the stellar component in a sample of 18 BGGs. We calculated the optical line emission ratios and compared those with ionization models from several mechanisms, such as ionization from a central AGN, a condensing hot plasma, cosmic rays, and fast shocks.

These two projects were based on (i) MUSE observations of 10 clusters, (ii) MUSE observations of 18 groups, (iii) ALMA observations of 3 clusters, and (iv) IRAM/NOEMA observations of one central group galaxy. An extensive use of the ALMA raw-data archive was performed in order to gather all existing molecular gas observations of the central cluster galaxies. I have performed the full data reduction of the MUSE BGG sample as well as all of the ALMA and NOEMA data. Complementary, highlevel data from the Chandra and HST observatories, that required no processing, were also used. We extracted and computed hot gas thermodynamical properties and stellar morphological characteristics from those data. Putting all those data together enabled us to draw a larger picture of the different phases of the gas surrounding the stellar component in the central group and cluster galaxies.

Central Cluster Galaxies

The ALMA observations of 15 BCGs presented in Chapter 2 revealed massive, 10 8 -10 10 M ⊙ , long (3-25 kpc) and clumpy molecular filaments with complex kinematics for most of the sources. We also found rare cases of massive rotating disks at the very center of the galaxy, e.g., Abell 262, and the well-known case of Hydra-A. The rotation axis of those disks is perpendicular to the direction of the radio emission from the AGN. Additionally, several cold clumps were identified in Abell 262 following the dynamics of the massive disk, suggesting that the clumps are being accreted onto the disk. Molecular gas in the form of a rotating disk seems to be either a rare or a very transient phase of the cold gas and disturbed filaments, ubiquitous in BCGs.

We found that the cold molecular gas and ionized gas are co-spatial and co-moving, implying that both emissions are coming from the same population of clouds and likely have the same origin. However, the cold molecular filaments are less extended than those seen in Hα emission by a few kiloparsecs. This is also seen when comparing the molecular gas from single-dish 30m IRAM observations, with the ALMA observations. Assuming a constant ratio of Hα-to-CO, this implies that the cold molecular filaments are more extended than the present detections by a factor of 1.2 and up to 6, and we derived 1.2-1.6 more molecular gas mass than those estimated from ALMA observations. More sensitive ALMA and ACA observations are needed to prove this hypothesis. As previously shown in the Perseus cluster, we confirm that filamentary ionized gas emission is ubiquitous in BCGs and comes from the surface of massive giant molecular cloud associations.

We investigated the origin of the cold gas in these systems. We have compared the location and projected extension of the ionized gas filaments with the radial profiles of the thermodynamical properties of the hot gas. The filaments always lie within the lowentropy, and short cooling-time zone. The cooling time over dynamical time ratio is about 8-23 along the filaments. For some of the sources, the projected extension of the filaments lies where the cooling time over the eddy-turnover timescale is approximately unity. This strongly supports the scenario where the cold gas has condensed from the hot X-ray atmosphere, and it has not been acquired by a gas-rich merger or through other mechanisms. This is in very good agreement with recent numerical simulation predictions of CCA (also called precipitation) models: thermal instabilities develop in the denser regions of the hot gas, leading to a runaway cooling of some regions and the formation of very cold clumps.

Whether the gas is cooling from the dragged up low-entropy gas or via direct in-situ precipitation is more difficult to show. Our investigation suggested that both mechanisms are possibly playing a role. For instance, the clumpy filaments shining in molecular gas emission are associated with X-ray cavities, so they may have formed in the tail of the low-entropy gas entrained behind rising AGN-driven bubbles. Thus our ALMA observations support the idea that low-entropy gas has been uplifted to an altitude where it becomes thermally unstable. In Abell 1664 and Abell 1795, the extended warm filaments (>50 kpc) are more likely condensing through the induced turbulence driven by sloshing motions.

In all the sources, the gas velocities are too slow, 100-400 km s -1 , to have arisen from free-fall. Ram-pressure could have an effect on the velocities. The magnetic fields of the ICM could have also decreased the velocities by increasing the drag force. More likely, the extreme velocities may have been canceled out because of the chaotic motions and the superposition of filaments along the line of sight, also known as CCA. The projected velocities show disturbed kinematics. Sometimes coherent and shallow gradients are detected along the filaments. This is likely due to the mixing in projection of several thin unresolved filaments. The velocity fields may be also stirred by turbulence-induced by bubbles, jets, or sloshing motions.

We confirm this picture where the AGN feedback not only heats the hot atmosphere preventing the runaway but also locally stimulates the condensation and formation of cold gas. Future X-ray IFU observations, using the Lynx and the Advanced Telescope for High ENergy Astrophysics (Athena) satellites, will give us the velocity structures of the hot atmosphere with an unprecedented spatial resolution, yielding a clearer picture. As expected from the top-down condensation cascade, the cold and warm gas must retain kinematical and thermodynamical information of the turbulent hot gas. This information will be useful to prove whether the hot phase is kinematically connected to the colder phases of the gas. Until now, within the short life of the Hitomi satellite, we learned that the hot gas of the Perseus cluster might be tightly connected to the colder phases, as predicted by the precipitation models, also known as CCA.

We did not explore the optical line diagnostics, like the BPT diagrams, in the BCGs. It is very well known that the filaments are dominated by LINER-type excitation, but MUSE data provided us with high-sensitivity resolved maps of several emission lines. We are already starting such an analysis with the sample of central group galaxies as discussed in the second part of this Ph.D. We leave a similar work for central cluster galaxies for a future study.

Central Group Galaxies

Our MUSE observations of 18 nearby BGGs presented in Chapter 3, reveal that filamentary structures (10/18) are also produced in lower mass systems with a variety of shapes and projected extents, ∼3-12 kpc. Surprisingly, rotating gaseous disks (7/18) are more common than in galaxy clusters. Two rotating disks are very compact, with projected sizes <2 kpc. But most of them can reach larger projected sizes up to ∼21 kpc. One interesting feature of some of the rotating disks in the presence of extended structures and clumpy rings which are distributed beyond the main gaseous disk structure. The kinematics of the ionized gas is quite complex for sources with filaments, but velocity gradients are also identified along some filaments. The gas velocities are generally low. The dispersion of the gas is usually higher in the center, likely because of the presence and interplay with the AGN. The velocity dispersion clearly decreases in the filaments and the extended structures like clumpy rings.

The stellar population within the central galaxy in galaxy groups is strongly dominated by rotation, where most of the sources show an either strong (about 11/18), or a mild (about 3/18) velocity gradient within its stellar light. Few sources are dominated by random motions as commonly observed in the central cluster galaxies.

Most of the time, the ionized gas is kinematically decoupled from the stellar component. By comparing the kinematics of the warm ionized gas with that of the stellar component, we found 3 rotating disks with similar gas and stellar kinematics. Whereas 4 gaseous rotating disks (for which one is counter-rotating) and all the sources that show filamentary structures have misaligned gas and stellar kinematics. The stellar dispersion is, on average, larger than the one measured in the ionized gas. For instance, the dispersion on the extended gaseous regions (e.g., filaments, clumpy rings, etc.) is at least twice smaller than the central stellar dispersion. These results suggest that the stellar population and the ionized gas are not connected, supporting an external origin for the gas.

We found that the well-known correlation of the cold molecular gas mass with the Hα luminosity is still preserved for lower mass systems. The scatter of this correlation is reduced when both quantities are measured within the same aperture. This correlation suggests a connection between these two temperature phases; however, more information on the kinematics and thee distribution of the cold molecular gas phase is needed to demonstrate this with the same degree as for the BCGs.

We studied the origin of the cold gas in these lower-mass systems. We found that the sources that have filamentary structures and compact rotating disks are prone to have lower central entropy values ( 40 keV cm -2 ), shorter cooling times and cooling time to free-fall time ratios. This result suggests that the gas could come from the condensation of the hot atmosphere, like for the central cluster galaxies. For the extended rotating systems, the situation is more complicated. In most of these sources, the hot halos were not detected by the current X-ray observations. We need to investigate whether the extended disks trace a less intense cooling phase of the feedback scenario or whether the stellar feedback is playing a role and may balance the cooling in these sources. It is not clear whether those extended gas disks have formed through the condensation of hot gas or trace the residual gas of an earlier gas-rich merger. Deeper X-ray observations may be needed to fully constrain the origin of the cold gas in these sources.

We also investigated the ionization mechanism of the warm ionized gas in central group galaxies by comparing the optical emission-line ratios with different grids of models of massive young stars, condensing plasma, fast shocks, and cosmic rays. The overall optical emission-line ratios of these systems are classified as LINER-like, similar to the ones found in the BCGs, which may support a similar ionization mechanism and origin for the cold gas. We found a large scatter on the averaged optical line emission ratios, likely explained by a mixture of different processes that are contributing to the ionization of the gas. Mostly either slow-velocity shocks (100-200 km s -1 ) or selfionization of the condensing hot plasma. Energetic particles like cosmic rays or UV photons from young stars may also power some regions of the nebula. For instance, we found that massive young stars may play an important role in ionizing the gas in some regions, such as the clumpy rings of the extended rotating disks. To have a comprehensive view of the main ionization mechanism that is shaping the properties of the gas on galaxy group cores, we need the information on all gas temperature phases to set constrains on the models. Thus future infrared, UV, and sub-millimeter observations with similar resolution and sensitivity to our MUSE observations will be needed to properly infer the main ionization source of the gas. Observations with X-shooter on the VLT would be very valuable.

In the near future, The James Webb Space Telescope (JWST) will give access to the mid-IR hydrogen molecular emission lines in BCGs. We expect such lines to be detectable even inside the filaments of the brightest objects. This will bring interesting constraints the gas excitation processes, in particular the slow-shock scenario. The next generation of X-ray satellites such as, Lynx, and XRISM and Athena X-ray Observatory, will be able to detect fainter hot atmospheres and seek for hot gas in very low-mass systems (the circum-galactic medium). Distant proto-clusters, where the progenitors of the actual BCGs are lying, may also be accessible. ALMA and MUSE will remain very powerful instruments to study the cold and warm filaments surrounding central galaxies. Square Kilometre Array (SKA) and its predecessor, like MeerKAT, will reach the sensitivity to detect and map the atomic gas via HI observations in these objects. the HST observations. Furthermore, the CO(1-0) emission is spatially located with FIR and UV emission, indicating that the cold nebular is forming stars but at a low rate of ∼1-3 M⊙yr -1 (McDonald et al. 2015).

RXJ1539.5

The molecular gas nebula is distributed in four main components: a central emission that is extended over ∼18 kpc, followed by several filaments. The W-E radial filament extends over ∼20 kpc (left filament), while the W-N filament has an extension of ∼14 kpc (right filament). Finally, a third small filament extends towards the N of the central emission over ∼7 kpc. Unfortunately, VLA images are not available to detect any radio bubbles.

Abell 2597 Recently, Tremblay et al. (2016) and Tremblay et al. (2018) showed ALMA cycle 3 observations of Abell 2597 and its molecular gas using CO(2-1) emission lines, revealing a filamentary emission consistent in projection with optical emission nebula. Furthermore, they found absorption features that arise from cold molecular clouds moving toward the center of the galaxy fuelling the black hole accretion, either via radial or inspiralling trajectories. The CO(2-1) continuum-subtracted emission of Abell 2597 (second panel of Figure 2.5) reveals two molecular structures. A central component showing a "V" shape is extending over ∼10 kpc (6.5 arcsec), followed in projection by a southern filament of length ∼7.7 kpc (5 ′′ ).

PKS 0745-101 The ALMA Cycle 1 observations of PKS 0745-191 BCG of CO(1-0) and CO(3-2) emission lines presented by Russell et al. (2016) resolved the spatial and velocity structure of the cold molecular gas structures at the center of the BCG revealing extended filaments. The CO(1-0) and CO(3-2) moment zero maps of PKS 0745-101 are shown in the second panel of Fig. 2.5. The CO(1-0) molecular morphology shows a compact and unresolved nebulae extending over 11 kpc (6 ′′ ), while the CO(3-2) emission resolves three clumpy filaments, with extensions of ∼3 kpc (1.6 ′′ ), ∼3.8 kpc (2.0 ′′ ), and ∼5 kpc (2.5 ′′ ) for the SE, SW, and N filaments, respectively. The emission from the SW filament appears to extend across the nucleus as (Russell et al. 2016) previously found. Here we note that the CO(1-0) intensity map covers a wide FOV with lower resolution than the CO(3-2) intensity map, explaining the lack of molecular filaments on the CO(1-0) map. We measured a width size for the molecular filaments of 1-2 kpc. Those filaments are projected beneath the X-ray cavities, previously inflated by buoyant radio bubbles from the central AGN. Furthermore, the cold filaments are coincident with low-temperature X-ray gas, bright optical line emission, and dust lanes suggesting that the molecular gas could have formed by gas cooling from uplifted warm gas that cooled in situ. One of the filaments appears to be breaking into clumps at large radius; those may eventually fragment with gas clouds falling back onto the BCG center to fuel the central AGN.

Abell 1795 In Fig. 2.5 (second panel) we present the CO(2-1) mean flux of Abell 1795 (moment zero), previously reported by Russell et al. (2017b), which reveals a bright peak at the nucleus followed by a curved filament extending N to a second emission peak.

A southern filament extends to the SW of the nucleus over ∼6 kpc (5 ′′ ). The curved filaments appear separated into two components of ∼5 kpc (4 ′′ ) each. The two filaments are found exclusively around the outer edges of two inner radio bubbles launched by the central AGN, as shown in red contours in the Figure 2.5. Furthermore, the N filament is coincident with a strong dust lane revealed in the HST imaging Russell et al. (2017b), similar to the molecular gas, the dust appears along the radio lobes and may have been entrained are formed in situ. The molecular gas emission is also strongly correlated with the Hα line emission observed by the MMTF (Crawford et al. (2005);McDonald et al. (2012)) and MUSE, and both nebulae clearly have similar structures with peaks around the nucleus, at the top of the N filament and along the S filament.

Abell 1664 ALMA Cycle 0 observations of Abell 1664 using CO(1-0) and CO(3-2) emission lines were presented in detail by Russell et al. (2014). In the second panel of Figure 2.5, the continuum-subtracted CO(1-0) and CO(3-2) integrated emission are shown, in which the CO(1-0) emission extends over ∼21 kpc (9.5 ′′ in a complex morphology. The CO(1-0) emission line morphology presents a central components of 8 kpc (3.5 ′′ ), followed by two small filaments to the NE and SW extending over 4.5 kpc and 8 kpc, respectively. Instead, the CO(3-2) observations spatially resolved the inner region of the galaxy cluster, which appears to be very clumpy and disturbed. It is possible to separate the filament into two gas blobs along its length of ∼8 kpc (3.5 ′′ ). These structures are also coincident with low optical-ultraviolet surface brightness, which could indicate dust extinction associated with each clump Russell et al. (2014).

2A0335+096 In Fig. 2.5 (second panel) we show the ALMA observations 2A0335+096 (also called RXCJ0338.6+0958) using CO(1-0) and CO(3-2) emission line, reported previously by Vantyghem et al. (2016). In both molecular emission we detected similar structures, where the gas appears to be distributed over several clumpy and dusty filaments. A nucleus emission is present extending over 2 ′′ followed by a dusty NW filament along 3 kpc (4.2 ′′ ). In CO(1-0) we detect a distant NW clumpy filament of 6.3 kpc (9 ′′ ) in length, located at 7 kpc (10 ′′ ) from the nucleus. The cold molecular and ionized warm filaments from Hα MUSE observations trails an X-ray cavity, suggesting that the gas has cooled from low-entropy gas that could have been lifted out of the cluster core, becoming thermally unstable.

Phoenix-A Russell et al. (2017c) reported the ALMA observations of CO(3-2) lime emission in Phoenix-A, revealing a massive reservoir of molecular gas, fueling a high SFR and powerful AGN activity. The CO(3-2) molecular emission of Phoenix-A reveals a peak at the galaxy center extending from the NE to the SW across the nucleus of ∼27 kpc (3.7 ′′ ; see second panel of Fig. 2.5 ), followed by two filaments to the NW and SE of ∼10 kpc (1.5 ′′ ) and ∼20 kpc (3.0 ′′ ), respectively. The central component is extended to the S of the nucleus, forming a curved filament along ∼17 kpc (2.5 ′′ ). The ALMA observations show that the molecular filaments are located along the peripheries of the huge radio bubbles filled with relativistic plasma into the hot X-ray atmospheres. Furthermore, the molecular filaments in Phoenix-A appear to be located preferentially along the dust lane detected by the HST broadband imaging. Similar to the molecular gas, the dust appears along the radio lobes and may have been formed in situ within cooling gas.

Abell 3581 In Figure 2.5 (second panel) we can see that the distribution of molecular gas, based on the CO(2-1) emission line for Abell 3581, is located in several dusty perpendicular filaments. The molecular gas reveals a peak at the centre of the galaxy followed by a northern filament extending over a long of 2.6 kpc (6 ′′ ). Two E-W parallel filaments are found extending along 4.3 kpc (10 ′′ ), the one at the top is showing a peak at the center of the filament. In addition, a third high-velocity E-W filament is located at the end of the northern filament along 1 kpc (2.5 ′′ ). We note that the molecular emission from ALMA observations closely coincides with the dust lanes detected using HST observations (Canning et al. 2013b). In addition, we found that the molecular emission and the dust lanes in the southeast of the nucleus also coincide with the outer edge of the radio bubbles. The molecular gas emission is also strongly correlated with the brightest Hα emission observed by MUSE observations. Both nebulae have very similar structures. However, a significant difference occurs at the peak of the Hα emission. Where the central galaxy and the AGN is located, we found a lack of molecular emission, similar to what was found in Abell 1795. RXJ0820.9+0752 Recently, Vantyghem et al. (2017) reported ALMA Cycle 4 observations of CO(1-0), CO(3-2), and 13 CO(3-2) emission lines, one of the first detections of 13 CO line emission in galaxies. The molecular gas originates from two clumps that are spatially offset from the galactic center, surrounded by a diffuse emission. In Figure 2.5 (second panel) we can identify two clumps of molecular gas that are seen in both maps and account for most of the molecular emission, with each clump extending around ∼3 kpc (1.5 ′′ ), and surrounded by more diffuse emission. In CO(1-0) emission, we identify two filaments extending toward the NW and SW along 8 kpc (∼4 ′′ ) each. The CO(3-2) emission appears to be more clumpy than the CO(1-0) emission (resolution effect). It reveals a small filament that goes from the nucleus to the SE along 2 kpc (∼1 ′′ ).

Abell 262 and Hydra-A We found the presence of a compact molecular disk in two systems of our sample, Abell 262 (BCG called NGC0708) and Hydra-A (Rose et al. 2019), from CO(2-1) observations. Both BCGs show a double-peaked line profile that is typical of disk kinematics. From Fig. 2.5 we can see that in Hydra-A the molecular gas is hosted in a compact disk (∼1.2 kpc) extending over 5.2 kpc (5 ′′ ) and that coincides with the ionized and warm gas found with SINFONI Hamer et al. (2014) and MUSE observations. Similarly, the molecular gas in Abell 262 is hosted in a compact disk extending over 2.4 kpc (7.5 ′′ ). From the second panel of Figure 2.5 we note that in both sources the rotation is in a plane perpendicular to the projected orientation of the radio jets from the VLA observations, hinting at a possible connection between the cooling gas and the accretion of material onto the black hole.

Abell 1835 The ALMA cycle 0 observations of CO(1-0) and CO(3-2) emission line of Abell 1835, reported previously by (McNamara et al. 2014), reveal that molecular gas is found in a compact region with an extent of ∼25 kpc (6.5 ′′ ), based on CO(1-0); see second panel of Fig. 2.5. Alternatively, the CO(3-2) emission extends over ∼13.5 kpc (3.5 ′′ ), showing three radial filaments relative to the nucleus of ∼1 ′′ each (3.9 kpc). Given the lack of resolution of the ALMA band 3 these filaments were unresolved in the CO(1-0) emission. Furthermore, the limited FOV on ALMA band 7 causes these filaments to appear less extended in CO(3-2). A radial variation of the line ratio is also possible but requires higher spatial resolution 3mm observations for an accurate comparison.

M87 Simionescu et al. (2018) reported molecular gas using the CO(2-1) emission line from ALMA observations in a region located at the very SE of the nucleus of M87. Extended blueshifted molecular emission with a lower velocity dispersion is detected there. The CO(2-1) emission is found only outside the radio lobe of the AGN seen in the VLA image, while the filament seen in other wavelengths extends further inwards. This suggests that the molecular gas in M87 could have been destroyed or excited by AGN activity, either by direct interaction with the radio plasma, or by the shock driven by the lobe into the X-ray-emitting atmosphere. Finally, the CO(2-1) molecular filament in M87 located to the SE of the nucleus extends along ∼0.6 kpc with a median width of ∼0.3 kpc.

A.2 VELOCITY STRUCTURES OF THE COLD MOLEC-ULAR GAS

Centaurus In Centaurus the molecular gas velocity is found in projection within -100 to +250 km s -1 relative to the systemic velocity of the galaxy and shows two different velocity components; see Fig. 2.5 (third and fourth panels). The extended southern filament (referred to as "the plume") is characterized by a smooth velocity gradient going from +150 to +250 km s -1 across its ∼4 kpc, increasing in velocity at larger radii. The velocity of the filament is slower near the nucleus than at its larger distance. The filament has a narrow velocity dispersion lying around 30 km s -1 . However, at the northern position, the filament broadens in velocity dispersion, 90-150 km s -1 . This could be a visual effect due to the superposition of another perpendicular filament that is located behind the BCG, making it impossible to detect. A central gas component is present with a velocity dispersion below 100 km s -1 and moving with a roughly constant velocity of +30 km s -1 . Finally a small blueshifted filament is found going W-E to the north of the central component and showing a shallow gradient of -160 to -70 km s -1 at decreasing radii. The smooth velocity gradients and narrow velocity dispersion reveal a steady, ordered flow of molecular gas.

RXJ1539.5

The molecular gas of RXJ1539.5 has a complex velocity structure across its spatial extenst and appears to be very disturbed; see Fig 2 .5 (third and fourth panels). The projected gas velocities that span ±250 km s -1 are spread almost symmetrically around the systemic velocity of the galaxy. The central component is characterized by a broad velocity dispersion of 120 km s -1 . The eastern clumpy filaments show largely quiescent structures with no monotonic or coherent gradient along its structure. The nebula has roughly constant velocity centroids from +50 to +100 km s -1 and with narrow velocity dispersion, 50-80 km s -1 . On the other hand, the clumpy western filament shows a shallow gradient of projected velocities that span from -200 to +200 km s -1 with an almost constant velocity dispersion of 30-50 km s -1 . However at the NW terminus of the western filament the velocity dispersion broadens to >180 km s -1 . Finally the blueshifted northern filament shows a projected smooth velocity gradient that spans over -150 to -250 km s -1 from SN at increasing radii.

Abell S1101

The cold molecular gas velocities in Abell S1101 lie within +30 to -250 km s -1 around the systemic velocity of the galaxy and show two different filamentary structures, SN and SW filaments, both coming from the nuclear region of the BCG; see Fig 2 .5 (third and fourth panels). These structures present signs of a shallow velocity gradient across its 1kpc length, decreasing in velocity while increasing in galactocentric radius. This is consistent with either an inflow or an outflow of cold gas, since the inclination is not known. The SN filament goes from +20 through -100 km s -1 relative to the systemic velocity of the galaxy while increasing in radius, with a low velocity dispersion that lies below 40 km s -1 . Instead, the SW filament goes from +30 to -250 km s -1 as we move outside of the nucleus, with a narrow velocity dispersion lying in the range of 40-70 km s -1 .

Abell 2597 The molecular gas velocities in Abell 2597 (Tremblay et al. 2016;Tremblay et al. 2018) lie within -150 and +150 km s -1 relative of the systemic velocity of the galaxy. The velocity structures are complex across its spatial extent; see Fig 2 .5 (third and fourth panels). The central components show a roughly symmetrical velocity structure lying within -100 to 100 km s -1 , suggesting some rotation. While the southern filament shows largely quiescent structure along its extent, going from +30 to +100 km s -1 and with a velocity dispersion of 30 to 60 km s -1 .

PKS 0745-191 The cold molecular projected velocities of the CO(1-0) line emission of PKS 0745-191 (Russell et al. 2016) lie in a velocity gradient within -60 to +40 km s -1 from the systemic velocity; see Fig 2 .5 (third and fourth panels) and showing low velocity dispersions that lie below 70 km s -1 , with the broadest component close to the nucleus of the galaxy cluster. The projected velocities of the molecular gas in the CO(3-2) line emission show more complex motions within the nebula. They are found in a narrow range of projected velocities, -60 to +40 km s -1 , and have a low velocity dispersion as well, below 100 km s -1 across the most extended structure.

Abell 1664 In Abell 1664 (Russell et al. 2014) the molecular gas projected velocities of the CO(1-0) emission line is blueshifted from +20 to -650 km s -1 from S to N; see Fig 2 .5 (third and fourth panels). Furthermore, the velocity dispersion of the gas lies below 250 km s -1 . tThe projected velocities from the CO(3-2) emission lie within -600 to +150 km s -1 from the systemic velocity. The velocity dispersions lie below 350 km s -1 . The SE component appears to be moving in a quiescent structure going from +90 to +120 km s -1 with a velocity dispersion of 70 km s -1 , while the NW component has a more disturbed velocity structure blueshifted from -130 to -600 km s -1 with a velocity dispersion below 350 km s -1 . Russell et al. (2014) suggest that those highvelocity gas structures are consistent with a massive outflow projected in front of the BCG and moving towards us along the line of sight. This is supported by the low optical emission also found in this region, which is consistent with a highly dusty region (the cold gas then being in the foreground).

Abell 1835 In Abell 1835 (McNamara et al. 2014) the projected velocities of the molecular gas of the CO(1-0) emission line lie in a smooth gradient that goes from -150 to +120 km s -1 along its extent; see Fig 2 .5 (third and fourth panels). Furthermore, the emission shows low velocity dispersion, lying well below 130 km s -1 . Similarly, the projected velocity structures of the CO(3-2) emission line lie between -120 and +120 km s -1 , and the velocity dispersion below 110 km s -1 .

Abell 2597 In Abell 2597 (Tremblay et al. 2016;Tremblay et al. 2018) the velocities of the molecular gas of the CO(2-1) emission line of the central 'V-shaped' clumps lie in a complex and turbulent velocity distribution, suggesting an interaction with the radio jet from the AGN, that goes from -100 to +200 km s -1 ; see Fig 2 .5 (third and fourth panels). The SW filament shows a velocity gradient from +5 to +40 km s -1 (from north to south). This suggests that the filament could be lifted gas from the center of the galaxy by a shock pressure triggered by one of the radio bubbles. The velocity dispersions of the filament are low (30-60 km s -1 ) in comparison to the central component (30-150 km s -1 ).

M87

The small clump detected in M87 (Simionescu et al. 2018) shows a blueshifted velocity gradient that goes from -150 to -110 km s -1 ; see Fig 2 .5 (third and fourth panels). The measured velocity dispersion appears remarkably quiescent ∼30 km s -1 .

Abell 1795 In Abell 1795 Russell et al. (2017b) the projected molecular velocities of the CO(2-1) emission line of the curved filaments show a smooth gradient that goes from -170 to +190 km s -1 relative to the system velocity of the BCG; see Fig 2 .5 (third and fourth panels), while the SW filament goes from -60 to 0 km s -1 in the N-S direction consistent with an outflow of gas by southern radio lobes from the AGN. The velocity dispersion of Abell 1795 is very quiescent lying well below 60 km s -1 .

Phoenix-A The projected velocities of molecular gas traced with the CO(2-1) emission line in Phoenix-A (Russell et al. 2017c) show a very complex velocity structure; see Fig. 2.5 (third and fourth panels). All three extended filaments have ordered velocity gradients along their lengths and show low velocity dispersions lying below 70 km s -1 .

The velocities at the furthest extent of each filament increase towards to the galaxy nucleus with the highest velocity at the smallest radii, going from +420 to +180 km s -1 for the NE and SE filaments, while the velocity gradient along the NW filament goes from +200 to 0 km s -1 decreasing at the nucleus. The SW filament shows a shallow gradient where the velocity increases with decreasing radius from +160 to +220 km s -1 . Finally, the central compact component of the emission at the center of the galaxy shows a separate structure with a much higher velocity dispersion of 200 km s -1 and a velocity gradient that goes from -90 to +250 km s -1 across the nucleus and perpendicular to the filaments. This is consistent with ordered motions around the nucleus.

RXJ0820.9+0752

The cold molecular gas in RXJ0820.9+0752 (Vantyghem et al. 2017) from CO(1-0) and CO(3-2) emission lines are lying in two main components surrounded by a smooth emission outside of the nuclear region of the galaxy; see Fig. 2.5 (third and fourth panels). The velocity maps show that two components are moving with low regular velocities that go from +70 to +40 km s -1 across the two main components. While the SE filament in the CO(3-2) emission line shows a shallow gradient where the velocity decreases with increasing radius from -10 to -70 km s -1 , the NE filament is moving with a constant velocity of a few ∼10 km s -1 . In general the smooth emission that surrounds the two components shows low velocity dispersion lying below 30 km s -1 , while the two components present higher velocity dispersions around 60 km s -1 .

2A 0335+096 In 2A 0335+096 (Vantyghem et al. 2016) the cold molecular gas projected velocities of the CO(1-0) and CO(3-2) emission lines are co-moving; see Fig. 2.5 (third and fourth panels). A large velocity gradient is present within the core of the BCG going from -140 to +200 km s -1 increasing from the SN across the nucleus. The blueshifted emission is relatively broad, with a velocity dispersion around 100 km s -1 , while the redshifted emission is considerably narrower with a velocity dispersion of 50 km s -1 . The NE filament seen in the CO(1-0) emission maps shows a smooth gradient that goes from +10 to -110 km s -1 decreasing with radii with a relatively narrow velocity dispersion of 50-60 km s -1 across the filament.

Abell 3581 The velocities of the cold molecular gas in Abell 3581 are embedded in two main filaments, both showing ordered velocity gradients along their lengths and decreasing in velocity at large radii; see Fig. 2.5 (third and fourth panels). The S-N filaments show that the molecular gas is moving from +120 to -190 km s -1 from the center of the system towards the outer regions, with a broader velocity dispersion component in the central region of 130 km s -1 and decreasing at 30 km s -1 outside. The E-W filament shows a clear velocity gradient that goes from +140 to -10 km s -1 and increases with radius with a narrow velocity dispersion of around 30 km s -1 . A S-W orientated high-velocity filament is found at ∼1.5 kpc (3 ′′ ) north of the galaxy cluster center, moving with almost constant projected line-of-sight velocity, -510 to -580 km s -1 across its extent.

Abell 262 and Hydra-A Abell 262 and and Hydra-A show velocity maps and double peak spectral profiles consistent with a molecular rotating disk; see Fig. 2.5 (third and fourth panels). In Abell 262 the molecular gas gradient goes from -240 to +240 km s -1 increasing from the S to N and showing a central broader component with a velocity dispersion of around 120 km s -1 , decreasing towards large radii. Similarly, the molecular gas in Hydra-A (Rose et al. 2019) is moving in a smooth gradient that goes from -300 to +300 km s -1 , with a broader velocity dispersion component at the center of the disk of 100 km s -1 and a narrow velocity dispersion lying below 70 km s -1 . A narrow continuum redshifted absorption feature is found at ∼ -40 km s -1 from the systemic velocity located near the galaxy nucleus. This shows that those absorption features are cast in inflowing cold molecular clouds, eclipsing our line of sight to the black hole continuum, similarly to Abell 2597 (Tremblay et al. 2016).
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 11 Figure 1.1: Galaxy cluster Abell 2261 at redshift z=0.224. Taken from the NASA/ESA Hubble Space Telescope.

Figure 1 .

 1 Figure 1.12: Central entropy versus Hα in Brightest Cluster Galaxies. The dashed line represent the entropy threshold for the onset of nebular emission in galaxy clusters. Taken from Cavagnolo et al. (2008).
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 21 Figure 2.1: Image of the Atacama Large Millimeter/submillimeter Array (ALMA). Credits: ALMA Observatory.

Figure 2 . 2 :

 22 Figure 2.2: Left panel: image of the Very Large Telescope located at the Cerro Paranal in the north of Chile. Right panel: image of the MUSE instrument.

  recalibration of the Schlegel et al. (1998) IRAS+COBE Milky Way dust map assuming R V = 3.1.

Figure 2

 2 Figure 2.14: Image of the Chandra space-based X-ray Observatory. Credits: Chandra X-ray Observatory.

  1) Source name. (2) Stellar velocity dispersions of the galaxies. The references are indicated by the superscript by each value, and the corresponding references are: (1) Bernardi et al. (2002); (2) Hamer et al. (2016); (3) Hogan et al. (2017); (4) Pulido et al. (2018); (5) Smith et al. (1990).

  ) Central cooling time. (7) Type core indicates the classification of groups as cool-core/non-cool-core based on their temperature profiles, and based on the classification of Hudson et al. (2010) as strong, weak, and non-cool-core. Taken from O'Sullivan et al. (2017). Entries in brackets indicate systems where only a projected temperature profile with <3 bins is available. (8) Type core based on the classification of Hudson et al. (2010) as strong, weak, and non-cool-core. Taken from O'Sullivan et al. (2017). (9) System temperature. Taken from O'Sullivan et al. (2017). (10) Entropy measured at 10 kpc. Taken from O'Sullivan et al. (2017). (11) Fiducial radius (R500) for each group, estimated from the X-ray temperature (O'Sullivan et al. 2017) . (12) Estimates of the Mass within a volume in which the overdensity is 500 times the critical density of the universe (M 500 ) O'Sullivan et al. (2017).

Figure 3 .

 3 Figure 3.18: Maps of the integrated [CII] line flux in units of 10 14 ergs -1 cm -2 per 6 arcsec × 6 arcsec spaxel obtained with Herschel PACS. Contours of the Hα+[NII] emission are overlaid. Figure taken from Werner et al. (2014).
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  . With new state-of-art telescopes such as the Large Millimeter/submillimeter Array (ALMA) telescope, new observations of the cold molecular gas traced mostly through CO emission lines in cool core clusters have confirmed that, and changed our view of cool core clusters (e.g., Abell 1835: McNamara et al. (2014); 2A 0335+096: (Vantyghem et al. 2016); PKS 0745-191: (Russell et al. 2016); Phoenix: Russell et al. (2017a); Abell 1795: Russell et al. (2017b); M87: (Simionescu et al. 2018); Abell 2597:

Table 2 .

 2 1: Sample: ALMA and MUSE data used in our analyses.

	Cluster ID	BCG ID	ALMA ID	z	CO(1-0) CO(2-1) CO(3-2) MUSE
	(1)	(2)	(3)	(4)		(5)		(6)
	New ALMA data						
	Centaurus	NGC4696	2015.1.01198.S 0.01016	✓	...	...	✓
	RXJ1539.5-8335 2MASXJ15393387-8335215 2015.1.01198.S 0.07576	✓	...	...	✓
	Abell S1101	ESO 291-G009	2015.1.01198.S 0.05639	✓	...	...	✓
	ALMA archive						
	PKS 0745-191	PKS 0745-191	2012.1.00837.S 0.10280	✓	...	✓	✓
	Abell 1664	2MASXJ13034252-2414428 2011.0.00374.S 0.12797	✓	...	✓	...
	Abell 1835	2MASXJ14010204+0252423 2011.0.00374.S 0.25200	✓	...	✓	...
	Abell 2597	PKS 2322-12	2012.1.00988.S 0.08210	...	✓	...	✓
	M87	M87	2013.1.00862.S 0.00436	...	✓	...	...
	Abell 1795	Abell 1795	2015.1.00623.S 0.06326	...	✓	...	✓
	Phoenix-A	SPT-CLJ2344-4243	2013.1.01302.S 0.59600	...	...	✓	...
	RXJ0820.9+0752 2MASXJ08210226+0751479 2016.1.01269.S 0.10900	✓	...	✓	✓
	2A0335+096	2MASXJ03384056+0958119 2012.1.00837.S 0.03634	✓	...	✓	✓
	Abell 3581	IC4374	2015.1.00644.S 0.02180	...	✓	...	✓
	Abell 262	NGC 708	2015.1.00598.S 0.01619	...	✓	...	...
	Hydra-A	Hydra-A	2016.1.01214.S 0.05435	...	✓	...	✓
	(1) Source name. The actual target studied in this thesis is the BCG of cluster.		
	(2) Central BCG name.					
	(3) ALMA project ID of the observations analyzed.				
	(4) The redshifts z of the BCGs which were derived from optical features (stellar absorption
	lines).						
	(5) The lines observed with ALMA used in our study.				
	(6) The availability of MUSE data for each source.				
	References: Centaurus from Postman & Lauer (1995); RXJ1539.5-8335 from Huchra et al.
	(2012); Abell S1101 from da Costa et al. (1991); PKS 0745-191 from Russell et al. (2016);
	Abell 1664 from Pimbblet et al. (2006); Abell 1835 from Crawford et al. (1999); Abell 2597
	from Tremblay et al. (2016); M87 from Simionescu et al. (2018); Abell 1795 from Russell et al.
	(2017b); Phoenix-A from Russell et al. (2016); RXJ0820.9+0752 from Crawford et al. (1995);
	2A0335+096 from McNamara et al. (1990); Abell 3581 from Canning et al. (2013a); Hydra
	from Rose et al. (2019).					

Table 2 .

 2 2: ALMA Observation properties.

	Source	Band	Date	Obs. time	RMS	Angular Resolution	References
				(hrs) (mJy bm -1 )		
	Centaurus	3 2016-01-27 1.310	0.43	2.90 ′′ ×2.14 ′′ (0.6 kpc × 0.4 kpc)	...
	RXJ1539.5-8335 3 2016-03-06 0.890	0.41	3.10 ′′ ×1.85 ′′ (4.5 kpc × 2.6 kpc)	...
	Abell S1101	3 2016-01-26 1.596	0.44	2.20 ′′ ×1.80 ′′ (2.3 kpc × 1.9 kpc)	...
	PKS 0745-191	3 2014-04-26 0.907	0.47	1.80 ′′ ×1.34 ′′ (3.4 kpc × 2.5 kpc)	(1)
		7 2014-08-19 0.403	0.82	0.27 ′′ ×0.19 ′′ (0.5 kpc × 0.4 kpc)	(1)
	Abell 1664	3 2012-03-27 0.840	0.69	1.57 ′′ ×1.27 ′′ (3.6 kpc × 2.9 kpc)	(2)
		7 2012-03-28 1.176	1.60	0.70 ′′ ×0.42 ′′ (1.6 kpc × 0.9 kpc)	(2)
	Abell 1835	3 2013-06-04 1.008	0.48	1.73 ′′ ×1.52 ′′ (2.7 kpc × 2.4 kpc)	(3)
		7 2013-06-04 1.008	1.00	0.65 ′′ ×0.52 ′′ (1.0 kpc × 0.8 kpc)	(3)
	Abell 2597	6 2013-11-17 3.024	0.12	0.96 ′′ ×0.76 ′′ (1.5 kpc × 1.2 kpc)	(4)
	M87	6 2013-08-24 2.957	0.27	1.90 ′′ ×0.20 ′′ (0.15 kpc ×0.01 kpc)	(5)
	Abell 1795	6 2016-06-11 1.193	0.46	0.81 ′′ ×0.62 ′′ (0.9 kpc × 0.7 kpc)	(6)
	Phoenix-A	6 2015-09-02 0.932	0.32	0.74 ′′ ×0.72 ′′ (4.9 kpc × 4.8 kpc)	(7)
	RXJ0820.9+0752 3 2016-10-01 1.445	0.17	0.71 ′′ ×0.69 ′′ (1.4 kpc × 1.3 kpc)	(8)
		7 2016-10-01 0.378	0.44	0.16 ′′ ×0.13 ′′ (0.3 kpc × 0.2 kpc)	(8)
	2A0335+096	3 2014-07-04 1.142	0.44	1.30 ′′ ×1.00 ′′ (0.9 kpc × 0.7 kpc)	(9)
		7 2014-08-12 0.546	0.91	0.61 ′′ ×0.52 ′′ (0.4 kpc × 0.3 kpc)	(9)
	Abell 3581	6 2017-10-19 1.462	0.18	0.99 ′′ ×0.77 ′′ (0.4 kpc × 0.3 kpc)	(10)
	Abell 262	6 2017-08-23 0.185	0.62	0.95 ′′ ×0.61 ′′ (0.3 kpc × 0.2 kpc)	...
	Hydra-A	6 2016-10-23 0.756	0.49	0.29 ′′ ×0.21 ′′ (0.28 kpc × 0.2 kpc)	(11)

  Mittal et al. (2011) measured two of the strongest cooling lines of the interstellar medium, [CII]157.74 µm and [O I]63.18 µm. The [CII] emission has a similar morphology and velocity structure compared to the Hα emission. In addition, they found 1.6×10 6 M ⊙ of dust at 19 K, although the low FIR luminosity suggests a star formation rate of only 0.13 M ⊙ yr -1 .

Table 2 .

 2 3: ALMA continuum properties.

	Source	RMS	Flux Peak Size	α
		(mJy/bm)	(mJy) (Jy/bm) (kpc)
	Centaurus	0.051 40.9±0.1 0.035 5.5 0.86±0.01
	RXJ1539.5	0.028 9.3±0.1 0.009 13 0.36±0.03
	Abell S1101	0.038 2.2±0.1 0.002	6 1.20±0.09

Table 2 . 4 :

 24 Fit parameters of the CO emission lines for different regions.

	Source	S CO ∆ν (Jy km s -1 ) (km s -1 ) (km s -1 ) (mJy) (10 8 K km s -1 pc 2 ) (10 8 M ⊙ ) (M ⊙ pc -2 ) v offset FWHM Peak L ′ CO M a mol Σ mol
	Centaurus	4.1±0.1	-2±1	72±2 15.1±0.2	0.191±0.005	0.88±0.02 0.49±0.01
	Central component	2.3±0.1	11±6 160±14 13.9±0.2	0.107±0.005	0.49±0.02 0.89±0.03
	Southern Filament 1 1.4±0.1	242±7 99±16 12.6±0.2	0.065±0.005	0.30±0.02 0.38±0.02
	Southern Filament 2 0.7±0.1	107±9 98±28 8.6±0.2	0.032±0.005	0.15±0.02 0.50±0.07
	RXJ1539.5	10.5±0.4	27±3 195±2 41.2±0.2	26.0±1.1	119.7±4.9 18.8±1.0
		0.4±0.2 -250±3 94±5 5.2±0.2	1.0±0.5	4.9±2.5 0.8±0.4
	Central Component 7.8±0.3	40±2 231±2 31.2±0.2	21.1±0.8	97.2±3.7 39.9±1.5
	Western Filament	0.4±0.1	112±4 131±9 3.6±0.2	10.8±0.3	4.9±1.2 4.3±1.1
		0.3±0.1 -250±42 98±9 2.8±0.2	0.8±0.3	3.7±1.2 3.3±1.1
	Eastern Filament	1.9±0.2	33±1 124±21 14.8±0.2	23.7±0.5	6.2±1.3 10.8±1.1
	Northern Filament	0.2±0.1 -276±9 144±21 1.6±0.2	0.5±0.3	2.5±1.2 3.93±1.9
	Abell S1101	1.3±0.1	29±5 112±9 4.8±0.2	1.9±0.2	8.9±0.7 14.2±1.0
		0.3±0.1 -146±28 209±54 0.2±0.1	0.4±0.1	2.0±0.7 3.2±1.0
	Northern Clump	0.8±0.1	35± 9 98±14 2.5±0.2	1.2±0.2	5.4±1.4 20.1±5.2
	Southern Clump	0.6±0.2 -35 ±10 98±13 2.5±0.5	0.9±0.3	4.1±1.4 11.5±3.8
		0.2±0.1 -209 ±79 210±54 0.9±0.2	0.3±0.1	1.4±0.7 9.5±1.9
	Eastern Clump	0.04±0.01 -174 ±50 244±94 0.01±0.2	0.06±0.02	0.28±0.06 1.7±0.4

Table 2 .

 2 5: Estimates of various timescales and their ratios.

	Source	Cooling time / Free-fall time	Cooling time / Eddy Turnover time
	(1)	σ * (km s -1 ) (kpc) [at R min ] (kpc) R min t cool /t ff Length (2) (3) (4) (5)	a maj (kpc) (km s -1 ) (10 8 yr) σ v t eddy t cool /t eddy (6) (7) (8) (9)
	M87	3.8	19.5±1.0	3.8	0.7-1.1 153±11 1.62 1.64±0.57
	Centaurus	6.0	15.7±1.0	6	1.2-2.9 127±10 2.88 1.10±0.69
	Abell 262	3.8	21.2±1.3	3.9	3.7-4.2 110±10 1.34 1.50±0.90
	Abell 3581	16.2 17.5±1.8	14	3-4.2	104±8 7.01 1.30±0.84
	2A0335+096	21.2	8.0±1.0	18	6.3-9.6 183±3 6.16 0.80±0.86
	Hydra-A	18.4 16.5±1.0	20 15.3-16.4 142±4 9.65 1.08±0.88
	Abell S1101	30.0 13.5±0.9	38 6.2-20.5 158±10 14.21 0.90±0.90
	Abell 1795	20.1 17.8±1.8	54	18.5	151±10 19.33 1.40±0.93
	RXJ1539.5	44.4 16.8±2.9	50	-	-	-	-
	Abell 2597	25.0 12.0±1.0	23 3.1-14.0 175±15 11.28 0.89±0.53
	PKS 0745-191	14.0 10.0±1.0	34 9.9-11.6 196±10 7.09 0.84±0.85
	RXJ0821+0752	-	-	-	-	-	-	-
	Abell 1664	39.4 18.3±1.9	61	-	-	-	-
	Abell 1835	28.0 12.6±1.7	45 5.8-16.9 120±4 21.51 0.63±0.66
	Phoenix							

Table 2 .

 2 6: Source Properties.

	Source (1)	Cat. Scale D L (kpc/ ′′ ) (Mpc) (M ⊙ yr -1 ) SFR IR (2) (3) (4) (5)	SFR (M ⊙ yr -1 ) (10 11 M ⊙ ) M * (6) (7)	M dust log 10 ( Ṁcool ) (M ⊙ ) (M ⊙ yr -1 ) (10 42 erg s -1 ) (10 42 erg s -1 ) (10 44 erg s -1 ) P mech P cav L X-ray (8) (9) (10) (11) (12)	M mol (M ⊙ ) 10 8 yr t dep (13) (14)
	M87 Centaurus Abell 262 Abell 3581 2A0335+096 Hydra-A Abell S1101 Abell 1795 RXJ1539.5 Abell 2597 PKS 0745-191 1 1.890 474.1 1 0.082 16.1 1 0.208 43.9 2 0.330 70.2 1 0.435 94.9 1 0.700 150.0 2 1.053 242.0 1 1.094 251.8 1 1.220 283.9 1 1.437 343.0 1 1.546 373.3 RXJ0821+0752 1 2.000 510.0 Abell 1664 1 2.302 604.2 Abell 1835 1 3.966 1260.1 Phoenix-A 1 6.750 3501.5 530±53 616.59±2.29 -0.14±0.07 0.13 0.16±0.76 6.15±0.14 1.6×10 6 0.97±0.01 0.15 <1.3×10 8 1.29±0.00 124.6±17.6 12.8±0.8 0.55 0.22±0.87 3.31±0.08 8.7×10 6 0.48±0.04 12.4±2.3 -0.78±0.33 0.86 ∼10 6 1.35±0.22 48.2±0.3 2.09 0.46±0.66 5.33±0.26 7.3×10 5 2.26±0.01 19.4±2.5 4.0 4.07±2.81 4.18±0.24 5.5×10 6 2.04±0.02 816.5±408.9 430.0 +200.0 6 7.4 +5.8 -1.8 9.7 +7.5 -2.6 3.1 24.0 +23.0 -6.0 -50.0 2.30 1.02±2.57 6.13±0.55 ∼10 7 2.37±0.02 37±0.9 780 +820.0 -260 8.0 3.45±5.01 6.99±0.52 6.7×10 7 2.27±0.02 -160 -1.86±1.14 2.3 -2.19±0.05 5.8±0.7 -2.93 3.98±2.29 3.24±0.31 8.4×10 7 2.49±0.05 295.1±86.7 67.0 +86.0 -29.0 17.07 13.48±1.73 5 3.5×10 7 2.89±0.01 400.2±141.1 1700.0 +1400.0 -300.0 36.91 36.30 1.4 2.2×10 7 -19.7±2.5 13 14.54 13.18±1.09 2.5 1.3×10 7 2.21±0.04 68.1 ±3.0 95.2±74.0 138 117.48±1.58 5.7 1.0×10 8 3.07±0.06 129.8±19.2 1800.0 +1900.0 -600.0 ∼8 -3.23±0.08 10000.0 800-4700	-4.7×10 5 0.03 1.74 0.9×10 8 5.5 -3.4×10 8 15.2 -5.4×10 8 2.6 9.77 1.1×10 9 23.5 -5.4×10 9 13.2 1.10 10.8×10 8 10.7 7.59 3.2×10 9 9.2 -1.3×10 10 69.8 -2.3×10 9 5.8 18.41 4.9×10 9 3.6 -2.3×10 10 6.5 2.59 1.1×10 10 8.3 39.38 3.0×10 10 4.3 -2.1×10 10 0.4

Notes -(1) Source name. (2) Category. Cat. 1: Extended filaments, Cat 2: Nuclear emission with disk-like morphologies and kinematics (see text for details). (3) Scale conversion of angular size to physical size. (4) Luminosity distance. (5) The star-formation rate estimated from infrared observations as given in the literature. References: Centaurus Mittal et al. (2011) from Herschel (36 ′′ ) and Spitzer (65 ′′ ) observations, Abell 262 (O'Dea et al. 2008), 2A0335+096 (O'Dea et al. 2008) from IR photometry within a 6 ′′ aperture, which excludes both the companion galaxy and the filament, PKS 0745-191, RXJ0821+0752, Abell 1664, Abell 1835 using Spitzer photometry using different apertures depending the band from 12 ′′ , 26 ′′ , 35 ′′ , see (O'Dea et al. 2008; Quillen et al. 2008), Abell S1101 from Herschel PACS and SPIRE imaging McDonald et al. (2015), Hydra-A and Abell 1795 from (Hoffer et al. 2012), Abell 1835 (McNamara et al. 2006), Abell 2597 (Donahue et al. 2007), Phoenix-A (Tozzi et al. 2015). (6) SFR from (McDonald et al. 2018), they estimated the SFR values in a variety of robust methods taking into account the AGN contamination. Phoenix: The spectrally decomposed the AGN component. For the rest of the sample they determine SFRs based on an ensemble of measurements from the literature, principally from IR dust emission, optical lines, stellar continuum and optical SED fitting. (

7

) Mass of the stellar population collected from literature, by using apparent K-band luminosities taken from the 2MASS Extended Source Catalog, it was applied galactic extinction, evolution and K-corrections. Then they used the M/L K relation (Bell luminosity correlation

(Bîrzan et al. 2004;Pulido et al. 2018

). (

11

) The cavity power were obtained from

Rafferty et al. (2006);Hlavacek-Larrondo et al. (2015)

;

Pulido et al. (

Table 2 .

 2 7: Properties of the cold molecular filaments.

	Source	V grad Ang. Res. Size	M mol	z
		(km s -1 )	(kpc) (kpc)	M ⊙
	Extended category			
	M87 Clump CO(2-1)	40	0.01 0.6 (4.7±0.5)×10 5 0.00428
	Centaurus S Filament CO(1-0)	100	0.4 4.2 (0.30±0.02)×10 8 0.01016
	Abell 3581 SN Filament CO(2-1) EW Filament CO(2-1)	170 80	0.3 2.6 (1.6±0.1)×10 8 0.02180 0.3 4.3 (2.7±0.2)×10 8 0.02180
	2A0335+096 N Filament CO(1-0) Uplifted Filament CO(1-0)	100 120	0.7 0.7	3 (3.7±0.2)×10 8 0.03634 7 (6.9±0.2)×10 8 0.03634
	Abell S1101 Filament CO(1-0)	160	1.9 11 (10.8±0.7)×10 8 0.05639
	Abell 1795 S Filament CO(2-1) Curved Filament CO(2-1)	50 200	0.7 0.7 10 (1.7±0.1)×10 9 0.06326 6 (3.0±0.2)×10 8 0.06326
	RXJ1539.5 E Filament CO(1-0) N Filament CO(1-0) W Filament CO(1-0)	100 110 400	2.6 21 (2.4±0.3)×10 9 0.07576 2.6 16 (6.2±1.3)×10 8 0.07576 2.6 18 (2.5±1.2)×10 8 0.07576
	Abell 2597 Nuclear CO(2-1) S Filament CO(2-1)	150 200	1.2 7.7 (2.2±0.1)×10 9 0.08210 1.2 10.8 (7.6±0.5)×10 8 0.08210
	PKS 0745-191 Total CO(1-0) N Filament CO(3-2) SW Filament CO(3-2) SE Filament CO(3-2)	100 200 60 80	2.5 9.5 (4.6±0.4)×10 9 0.10280 0.4 5.7 (2.0±0.3)×10 9 0.10280 0.4 3.8 (2.1±0.8)×10 9 0.10280 0.4 3.4 (1.7±0.5)×10 9 0.10280
	RXJ0821+0752 Two Clumps offset CO(1-0) 200	8.2 8.2 (2.3±0.4)×10 10 0.10900
	Abell 1664 Nuclear CO(1-0) NE filament CO(1-0) SE filament (HVS) CO(1-0) 200 110 180	2.0 2.3 (4.5±0.2)×10 9 0.12797 2.0 6.6 (1.5±0.7)×10 9 0.12797 2.0 6.4 (5.0±1.0)×10 9 0.12797
	Abell 1835 Total CO(1-0) Total CO(3-2)	100 120	2.4 25 (3.0±0.7)×10 10 0.25198 0.8 13.5 (1.4±0.6)×10 10 0.25198
	Phoenix-A Nuclear CO(3-2) SE filament CO(3-2) SW filament CO(3-2) NW filament CO(3-2) NE filament CO(3-2)	400 250 250 200 280	4.8 10 (15.0±0.1)×10 9 0.59600 4.8 15 ∼2.5×10 9 0.59600 4.8 16 ∼1.5×10 9 0.59600 4.8 22 ∼1.5×10 9 0.59600 4.8 10 ∼0.5×10 9 0.59600
	CategCompact categoryact			
	Abell 262 Disk CO(2-1)	350	0.2 2.3 (3.4±0.1)×10 8 0.01619
	Hydra-A Disk CO(2-1)	600	0.5 5.2 (5.4±0.2)×10 9 0.05435

Table 3 . 1 :

 31 Summary of the classification of CLoGS high-richness sub-sample of groups according to their properties and comparison to the galaxies in our MUSE sample.

	Category	No. of groups No. of MUSE sub-sample
	CLoGS sample size	53	
	Groups in high-richness sub-sample	26/53	18/53
	X-ray morphology:		
	Group-scale halo	14/26	10/17
	Galaxy-scale halo	3/26	2/17
	Point-like	9/26	6/17
	Dynamically active:	4/14	3/14
	Merger	2/14	2/14
	Sloshing	2/14	1/14
	Central radio AGN:	24/26	17/18
	Jet	6/24	3/18
	Diffuse	4/24	3/18
	Point-source	14/24	10/18
	Cool core fraction:		
	Temperature decline	9/14	6/12
	Hudson SCC	13/16	9/11
	Hudson WCC	3/16	2/11
	Notes -Values taken from Table 6 of O'Sullivan et al. (2017).	
	et al. also found that cool-core systems have low central entropy values and declining
	temperature profiles. On the other hand, O'Sullivan et al. (2017) defined groups as CC or
	NCC based on the temperature profiles. Thus systems with a clear decline between the
	peak and the central temperature values are then classified as CC groups. Note that, as
	briefly mentioned in Chapter 1, the radiative cooling process in galaxy groups is different
	than in galaxy clusters. In general, galaxy groups have a lower central temperature than
	galaxy clusters. Given that line emission is more effective at radiating away thermal
	energy at ≤1 keV than the continuum emission, central cooling times are shorten in
	galaxy groups. See figure		

Table 3 .

 3 2:The MUSE observational parameters listed for each object in the BGG sample.

	Group	BGG	z a	Scale Exp. time DIMM Seeing α J2000 (kpc/ ′′ ) (s) ( ′′ )	δ J2000 R b G. Type c Hα info d
	LGG 9 NGC 193 0.014723 0.359 3×900	1.98	00:39:18.6 +03:19:52 7 E/S0	Emission
	LGG 18 NGC 410 0.017659 0.373 3×900	1.10	01:10:58.9 +33:09:07 6	E2	Emission
	LGG 27 NGC 584 0.006011 0.121 3×900	1.59	01:31:20.7 -06:52:05 4	S0	Abs/Emis
	LGG 31 NGC 677 0.017012 0.378 3×900	0.65	01:49:14.0 +13:03:19 7	E3	Emission
	LGG 42 NGC 777 0.016728 0.354 3×900	0.86	02:00:14.9 +31:25:46 5	E1	Abs/Emis
	LGG 58 NGC 940 0.017075 0.359 3×900	0.77	02:29:27.5 +31:38:27 3	S0	Emission
	LGG 61 NGC 924 0.014880 0.310 3×900	0.73	02:26:46.8 +20:29:51 3	S0	Emission
	LGG 66 NGC 978 0.015794 0.334 3×900	1.16	02:34:47.6 +32:50:37 7 E/S0 Abs/Emis
	LGG 72 NGC 1060 0.017312 0.368 3×900	0.43	02:43:15.0 +32:25:30 8 E/S0 Abs/Emis
	LGG 103 NGC 1453 0.012962 0.305 3×900	0.80	03:46:27.2 -03:58:08 4	E3	Emission
	LGG 117 NGC 1587 0.012322 0.247 3×900	0.97	04:30:39.9 +00:39:42 4	E1	Abs/Emis
	LGG 262 NGC 4008 0.012075 0.262 3×900	0.79	11:58:17.0 +28:11:33 4	E5	Absorption
	LGG 276 NGC 4169 0.012622 0.218 3×900	0.68	12:12:18.8 +29:10:46 4	S0a	Emission
	LGG 278 NGC 4261 0.007378 0.155 3×880	0.78	12:19:23.2 +05:49:31 7	E2	Abs/Emis
	LGG 393 NGC 5846 0.005711 0.126 7×880	0.90	15:06:29.3 +01:36:20 5	E0	Emission
	LGG 421 NGC 6658 0.014243 0.305 3×870	1.82	18:33:55.6 +22:53:18 4	E2	Absorption
	LGG 473 NGC 7619 0.012549 0.262 3×870	0.47	23:20:14.5 +08:12:22 8	E3	Abs/Emis
	LGG 310 ESO 507-25 0.010788 0.218 3×900	1.90	12:51:31.8 -26:27:07 4	S0	Emission
	Notes -				

a Redshift z for each source is taken from O'Sullivan et al. (2015) and O'Sullivan et al. (2018) b Richness R value for each source is taken from O'Sullivan et al. (2017). c Morphological classification.

Table 3 . 3 :

 33 Galfit model for our MUSE stellar light distribution.

	Galaxy Group	r e ( ′′ )	i ( • ) ( • ) r e n sersic b/a PA (kpc)	χ 2
	NGC193	12.83±0.36 3.91±0.11 2.1±0.1 0.80 58.1 36.87 30740448.7
	NGC410	24.65±0.16 9.0±0.06 1.8±0.1 0.73 36.5 43.11 17089.7
	NGC584	17.46±0.09 2.18±0.01 2.0±0.1 0.70 59.0 45.57 216850.9
	NGC677	11.63±0.03 4.09±0.01 2.6±0.1 0.91 9.50 24.49 46423.2
	NGC777	17.01±0.04 5.89±0.01 2.1±0.1 0.82 -31.0 34.92 9479.9
	NGC924	14.53±0.13 4.47±0.04 2.2±0.1 0.53 52.0 57.99 303521.9
	NGC940	9.62±0.01 3.40±0.01 2.2±0.1 0.69 17.0 46.37 41760.7
	NGC978	11.3±0.02 3.69±0.01 1.3±0.1 0.66 82.3 48.7 7296.1
	NGC1060	11.09±0.02 3.97±0.01 2.1±0.1 0.78 81.6 38.74 47878.5
	NGC1453	10.43±0.01 2.80±0.01 1.3±0.1 0.82 29.2 34.92 7157.1
	NGC1587	12.43±0.03 3.17±0.01 2.8±0.1 0.81 56.3 35.9 53667.1
	NGC4008	16.18±0.04 4.04±0.01 2.1±0.1 0.70 -14.8 45.57 14622.7
	NGC4169	9.32±0.11 2.44±0.03 1.2±0.1 0.54 -27.2 57.32 331066.2
	NGC4261	17.9±1.37 2.74±0.21 1.6±0.1 0.85 -29.5 31.79 772686.9
	NGC5846	15.23±0.37 1.8±0.04 1.4±0.1 0.95 35.1 18.19 1048112.5
	NGC6658	18.82±0.25 5.55±0.07 0.5±0.1 0.21 5.1 77.88 14620833.9
	NGC7619	24.71±0.22 6.42±0.06 2.8±0.1 0.72 37.3 43.95 62882.9
	ESO507-25 14.94±0.29 3.34±0.07 1.2±0.1 0.	

Table 3 . 5 :

 35 Ionized gas and stellar component properties for each object in the sample.

	BGG		Ionized gas component			Stellar component
	Morphology	Size a (kpc) (10 -14 erg s -1 cm -2 ) (10 40 erg s -1 ) Hα flux b Luminosity Hα [NII]/Hα Kinematics	a stellar (kpc)
	NGC 193 Ext Filament	11.85	1.10±0.04	0.53±0.02	1.13	Unordered	5.14
	NGC 410 Com Filament	5.78	1.08±0.09	0.76±0.06	0.64	Unordered	10.76
	NGC 584 Ext Filament	7.26	2.91±0.12	0.23±0.01	0.88	Rotating-disk 2.52
	NGC 677 Ext Filament	11.34	5.36±0.24	3.50±0.16	0.58	Rotating-disk † 4.61
	NGC 777 Com Filament	9.91	0.19±0.02	0.12±0.01	2.27	Rotating-disk † 6.65
	NGC 924 Ext Disk (+Ring) 20.46	2.01±0.10	1.01±0.05	0.88	Rotating-disk 6.18
	NGC 940 Ext Disk (+Ring) 10.41	7.41±0.09	4.87±0.06	0.72	Rotating-disk 4.15
	NGC 978 Com Disk	3.34	0.96±0.04	0.54±0.02	0.47	Rotating-disk 4.64
	NGC 1060 Ext Filament	9.86	0.40±0.05	0.27±0.03	1.95	Unordered	4.62
	NGC 1453 Ext Disk	21.04	6.65±0.85	2.50±0.32	1.15	Rotating-disk 3.51
	NGC 1587 Ext Filament	11.61	5.07±0.45	1.72±0.15	0.69	Rotating-disk 3.41
	NGC 4008 Com Filament	5.50	0.18±0.02	0.06±0.01	0.45	Rotating-disk 5.06
	NGC 4169 Ext Disk	4.80	5.23±0.09	1.86±0.03	0.95	Rotating-disk 2.76
	NGC 4261 Com Disk	1.16	3.23±0.01	0.39±0.01	2.40	Rotating-disk † 3.00
	NGC 5846 Ext Filament	9.83	14.05±0.4	1.01±0.03	0.55	Unordered	1.96
	NGC 6658 No gas	-	-	-	-	Rotating-disk 12.52
	NGC 7619 Com Filament	3.28	0.29±0.02	0.11±0.01	1.14	Rotating-disk 7.62
	ESO 507-25 Ext Disk (+Ring) 15.04	19.3±0.42	5.01±0.11	0.64	Rotating-disk 3.81

Table 3 .

 3 6: Multi-wavelength properties of the BGG sample.

	BGG	M(H 2 ) a log(M ⋆ )	SFR	t cool /t ff	b CCT c	Core type d	T sys	e	K 10	f	R 500	M 500	Radio g X-ray h Notes i
		(10 8 M ⊙ ) (M ⊙ ) (M ⊙ yr -1 )		(Gyr) T profile Hudson	(keV)	(keV cm -2 ) (kpc) (10 13 M ⊙ )	
	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)	(9)		(10)	(11)	(12)	(13)	(14)	(15)
	NGC 193 NGC 410	<1.35 <1.17	10.92 11.37	--	-18.2	-0.102	CC CC	-SCC 0.98±0.02 0.88 +0.02 -0.03	24.3 34.5	432 458	2.33 2.78	JET pnt	GRP GRP	shock
	NGC 584	<0.11	10.62	0.024	-	-	-	-	-		>272.7	-	-	pnt	-
	NGC 677	<2.25	10.91	-	47.9	2.042	CC	WCC 0.79±0.01	31.9	406	1.94	diffuse GRP
	NGC 777	<2.08	11.32	0.014	39.2	0.314	NCC	SCC 0.89±0.02	34.8	434	2.37	pnt	GRP
	NGC 924	0.52±0.10 10.76	0.545	-	-	-	-	-		>406.1	-	-	pnt	-
	NGC 940 NGC 978 NGC 1060	61.0±2.15 10.94 <0.70 11.08 <0.78 11.42	2.0 0.157 5.6	-80.6* 1.421 (NCC) WCC 0.49 +0.15 ---0.41 +0.04 -0.03 -0.11 10.4 0.132 CC SCC 1.02±0.01	>552.9 23.6 41.8	282 312 468	0.65 0.87 2.97	pnt pnt jet	pnt gal GRP merger
	NGC 1453	<0.78	11.16	0.217	64.4	0.390	NCC	SCC 0.74±0.03	40.4	392	1.74	pnt	GRP
	NGC 1587 2.30±0.48 11.01 NGC 4008 <0.73 10.90 NGC 4169 1.44±0.34 10.89 NGC 4261 <0.37 11.05 NGC 5846 0.14±0.06 10.83	-0.128 4.972 0.034 0.019	31.6* 0.0101 NCC 16.9* 0.199 (NCC) ---15.0 0.097 CC 14.7 0.138 CC	SCC SCC -SCC SCC 0.95±0.01 0.37 +0.08 -0.06 0.56 +0.04 -0.07 0.71 +0.08 -0.10 1.36 +0.03 -0.02	15.3 20.5 >750.0 39.1 25.6	267 336 384 552 452	0.55 1.09 1.63 4.83 2.65	diffuse GRP pnt gal pnt pnt JET GRP jet GRP sloshing
	NGC 6658 NGC 7619	<0.71 <0.33	10.76 11.21	-0.255	-24.5	-0.135	-CC	-SCC 1.00±0.01 0.29 +0.08 -0.06	>591.3 36.4	233 464	0.36 2.88	-pnt	pnt GRP merger
	ESO 507-25 4.23±0.56 10.95	0.497	-	-	-	-	-		>333.9	-	-	diffuse	-

(1) Source name. (2) Molecular gas mass from single-dish IRAM and APEX observations

[START_REF] O'sullivan | [END_REF] O'Sullivan et al. 2018

).

Table 3 . 8 :

 38 Summary of the sources that have detected or undetected X-ray atmospheres.

	X-ray	Compact	Filaments	Extended Disk	Extended	No gas
		Disks		+ Structures	Disks	
	X-ray point 0	0	2	1	1
				(NGC 4169,	(NGC 940)	(NGC 6658)
				ESO 507-25)		
	X-ray Halo 2	9	1	0	0
		(NGC 978,	(NGC 193,	(NGC 1453)		
		NGC 4261)	NGC 410,			
			NGC 677,			
			NGC 777,			
			NGC 1060,			
			NGC 1587,			
			NGC 4008,			
			NGC 5846,			
			NGC7619)			
	No X-ray	0	1	1	0	0
			(NGC 584)	(NGC 924)		

Table 3 . 9 :

 39 Summary of the radio properties for each type of sources.

	Radio	Compact	Filaments	Extended		Extended	No gas
		Disks		Disk	+	Disks
				Structures		
	Radio point	1	5	3		1	0
		(NGC 978)	(NGC 410,	NGC 924,		(NGC 940)
			NGC 584,	NGC 1453,		
			NGC 777,	NGC 4169		
			NGC 4008,			
			NGC 7619)			
	Diffuse Radio	0	1	1		0	0
			(NGC 677)	(ESO 507-25)	
	Radio jets	1	3	0		0	0
		(NGC 4261) (NGC 193,			
			NGC 5846,			
			NGC 1060)			
	No radio	0	0	0		0	1
							NGC 6658

http://www.sr.bham.ac.uk/ ejos/CLoGS.html

http://userpages.planetefl.fr/flamareille/galaxie/

http://www.astro.ljmu.ac.uk/ ikb/research/autoz_code

https://github.com/TimothyADavis/makeplots

http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=VII/233

https://web.pa.msu.edu/astro/MC2/accept/

https://web.pa.msu.edu/astro/MC2/accept/

http://www.sr.bham.ac.uk/~ejos/CLoGS.html

https://www.mpe.mpg.de/~erwin/code/imfit/

http://cdsweb.u-strasbg.fr/~allen/mappings_page1.html
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Discussion

Source of Ionization

Previous research on BCGs. As mentioned, several mechanisms for the excitation of the gas has been proposed and discussed through the years, such as ionization due to a central AGN, young stellar population, shocks, cosmic rays, cooling-flows, conduction from the ICM to the cold filaments, magnetic fields, and also a mix of different models. Several years ago, Heckman et al. (1989) investigated the ionization mechanism of nine BCGs using optical long-slit spectra from the RC spectrograph at KPNO, and radio observations from VLA. The authors found a clear separation of two different classes of objects. Class I objects are small in extension (1-3 kpc), less Hα luminous, and the emission lines are associated with higher excitation than Class II objects. Whereas Class II objects are much larger (2-10 kpc), brighter in Hα luminosity, and the optical emission-line spectra indicate a different ionization with weaker [NII]/Hα and [SII]/Hα ratios than class I objects, but with increased [OI]/Hα. The authors discussed the possible ionization mechanisms mentioned before. The ionization by an (i) AGN was firmly ruled out due to several reasons. For example, the ionization by a central source is inconsistent with the lack of a strong radial gradient in the optical emission lines. Moreover, the AGN was not sufficiently luminous to reproduce the observed nebular luminosity (see also [START_REF] Conselice | [END_REF]). Thus the lack of a strong radial gradient on the optical emission-line ratios suggested and in-situ mechanism. Whereas X-ray from the ICM (ii) was energetically possible if the clouds are optically thick to soft X-ray emission. Repressurizing shocks driven by the ICM (iii) was also discussed, but they might need to be very efficient to reproduce the observed ratios. Heckman also mentioned that the photoionization from massive OB stars (iv) was maybe energetically feasible. However, the line emission ratios of the objects were more consistent with LINER because of the high [NII]/Hα ratios and weak [OIII]/Hβ ratios, and thus they argue that it might not alter the emission lines strongly. They also consider the possibility that the interaction between the radio source and the ICM (v) may be important in reproducing and reproducing the optical emission line. See also Lim et al. (2012) for an updated review of all the ionization and heating mechanisms of the gas in the BCGs.

Comparison with Models

The data set presented in this Chapter allows us to provide constraints on the ionization mechanism in lower mass systems. In Fig. 3.29, we show the BPT diagrams with mean values for each BGGs (blue points), overlaid with different grids of models, such as cooling ICM (top row), shocks (middle-top row), and collisional ionization by cosmic rays (middle-bottom row). Note that the mean values indicate the main dominant process. However, they correspond to a mix of different processes. Thus, the interpretation may be a bit misleading. We have also included for comparison mean values for 9 BCGs from the McDonald et al. (2012) sample. Note that both BGGs and BCGs cover a similar range of values in the BPT diagrams. The line ratio analysis rules out AGN as the dominant source of the ionization of the gas for all the sample sources, due to the relatively high [NII]/Hα ratios, and weak [OIII]/Hβ ratios. The lack of a gradient in the Hα-to-CO radial profiles, presented in the previous Chapter, suggested that a local process should dominate the ionization. Thus, the AGN should not contribute significantly to the ionization of the gas.

Photoionization by young stars:

Photoionization from massive OB stars may be feasible for some sources since there is a partial overlap with the region dominated by HII emission in the [NII]/Hα and [SII]/Hα BPT panels. The upper limit for stellar photoionization is shown with a black solid line in Fig. 3.29 (Kewley et al. 2006). However, ionization from star-forming regions fails to produce adequately high [OI]/Hα ratios. As noted by earlier studies, the overall optical line ratios are more compatible with LINERs (Heckman et al. 1989;McDonald et al. 2012). We remark that UV emission from massive stars is likely contributing to the gas ionization in certain areas, like the clumpy ring seen in the extended rotating disks (see Fig. 3.24). Therefore, pure star formation is unable to explain the overall optical line ratios observed in our sample. However, we do not rule out a partial contribution through this mechanism.

Cooling-flow models:

The first idea proposed to explain the emission lines observed in cooling flows were presented and described in Voit & Donahue (1990) and Donahue & Voit (1991). This model proposed, as the powering source of the ionization of the gas, the self-ionization from the condensing X-ray plasma, also known as cooling flow (Voit & Donahue 1990;Donahue & Voit 1991). This model is based on the idea that filaments are pressure confined by hotter gas, and in the absence of heating, will cool radiatively. While the hot gas cools and condenses, it will emit EUV and soft X-ray radiation, which will photoionize the gas and produce the emission lines. The Voit & Donahue (1990) model was originally based on an X-ray luminosity of ∼10 43 erg s -1 , while observations show a few magnitudes lower X-ray luminosities in cool core clusters and groups. Later on, Voit et al. (1994) updated the self-ionization models assuming an inhomogeneous cooling hot gas, reproducing the observed emission lines. Those models assume constant pressure between the different phases of the gas. They also account for different values for the ionization parameter, U, of the incident radiation on the cloud, different

A Appendix

A.1 DISTRIBUTION OF THE COLD MOLECULAR GAS Centaurus In projection, the 5.6 kpc CO(1-0) emission in Centaurus is distributed in two main structures: a central broad structure with an extension of ∼2 kpc followed by a large filament that extends to about ∼4.3 kpc to the SE and NW following the ionized gas plume detected in Hα emission and also seen in soft X-ray (Crawford et al. 2005). Several molecular peaks are detected along 4 kpc (20 ′′ ) inside the southern Hα filament. In addition, a small filament extends to the NE, following the central component with a length of 1 kpc (5 ′′ ). The width of the molecular filaments in Centaurus is unresolved and is smaller than 0.5 kpc.

From the Fig. 2.5 (third panel), we note that the molecular gas is distributed preferentially along the peripheries of the radio bubbles from VLA images (red contours) produced by the AGN, and beneath the X-ray cavities detected by Chandra observations. We also note that the molecular filaments match the dust lane detected with the HST Fabian et al. (2016). This cold molecular gas is forming stars across its entire detected extent yielding a low SFR of ∼0.13 M⊙yr -1 (Mittal et al. 2011), in comparison with the large amount of molecular gas (∼10 8 M ⊙ ) available to form stars.

Abell S1101

The brightest structures extend over ∼8.8 kpc (8 ′′ ) to the NS (southern clump) while a second structure is extended over ∼4.4 kpc (4 ′′ ) to the NS as well (northern clump). A small unresolved clump is found in the SW (western filament) following the brightest Hα emission from the warm ionized nebula; see Figure 2.7. Based on Chandra observations we can see that the molecular component is located preferentially around the X-ray cavities displaced by ∼7.5 kpc, which is where the inflated radio bubble from the central AGN formed (see Figure 2.5). In addition, the molecular clouds appear to be closely associated with the abundant dust lane of ∼10 7 M⊙ detected by