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The fuelling of super-massive black holes at the centre of galaxies and the subsequent feedback when the nucleus has become active, are among the key processes to understand the concerted growth of galaxies and black holes. The goal of this PhD work is to probe AGN feeding and feedback phenomena through the kinematic and morphology of the gas inside the central kpc, which have recently been possible due to the unprecedented ALMA spatial resolution ( 0.1") and sensitivity. The discovery of many massive molecular outflows in the last few years has given support to constrain AGN feedback mechanisms. However, it is still difficult to distinguish the origin of the outflows, whether they are AGN-driven or starburst-driven. Since there are only a few AGN observed with high spatial resolution, we propose to select a large range of nearby AGN (Seyferts, LINERs, radio galaxies) and perform a multi-wavelength analysis of the molecular and/or atomic gas footprints.
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Résumé

L'alimentation des trous noirs super-massifs au centre des galaxies et la rétroaction ultérieure lorsque le noyau est devenu actif, sont parmi les processus clés pour comprendre la croissance concertée des galaxies et des trous noirs. L'objectif de ce travail de thèse est l'étude du phénomène de l'alimentation et de la rétroaction des Noyaux Actifs de Galaxies (NAG) à travers la cinématique et la morphologie du gaz à l'intérieur du kpc central, qui ont récemment été possibles grâce à la résolution spatiale et la sensibilité sans précédent du télescope ALMA ( 0.1"). La découverte de nombreuses éjections moléculaires massives au cours des dernières années a contribué à restreindre les mécanismes de rétroaction NAG. Cependant, il est toujours difficile de distinguer l'origine de ces éjections, soit par les NAG ou par les starbursts. Comme il n'y a que quelques NAG observés avec une haute résolution spatiale, nous proposons de sélectionner une large gamme des NAG proches (Seyferts, LINERs, galaxies radio) et effectuer une analyse multi-longueur d'onde sur les empreintes du gaz moléculaire et/ou atomique.

CHAPTER 1 Introduction

The main goal of my thesis is to study the interplay of the fuelling of supermassive black holes (SMBH) at the center of galaxies and the subsequent feedback from their active galactic nuclei (AGN), key elements in galaxy evolution. Winds and outflows produced by the AGN can eject or heat the gas, terminate the star formation and through the lack of fuel for accretion, quench the black hole activity. Recent discoveries of massive molecular outflows have been promoting the idea that winds may be major actors in sweeping the gas out of galaxies, in agreement with theoretical predictions of AGN-driven wind models. AGN are fuelled by accretion of material onto the SMBH and the gas component can form stars on its way to the central engine. By studying the molecular gas in galaxy disks I want to understand: (i) how the star formation and nuclear activity are fuelled and what are the timescales involved, since both processes rely on a common cold gas supply, but with different timescales -∼10 4-5 yr for BH growth and ∼10 7-9 yr for star formation? (ii) what are the mechanisms driving gas from the disk towards the nucleus, removing its large angular momentum and forming large non-axisymmetric perturbations? (iii) What is the role of feedback in regulating the gas accretion and what is the mechanism driving the outflows?

The present work aims at probing AGN feeding and feedback phenomena through the kinematic and morphology of the molecular gas inside the central kpc of nearby AGN, recently possible due to Atacama Large Millimeter Array (ALMA)'s remarkable spatial resolution and sensitivity. 

Galaxies

Galaxies are majestic islands of stars, gas and dust that are held together by the mutual gravitational interaction between their constituents. But the gas and stars are only the tip of an iceberg: a galaxy consists mostly of dark matter, which we know only by the pull of its gravity. It was less than 100 years ago that the extragalactic astronomy started to be studied, despite the fact that several extragalactic objects were catalogued long before as "nebulae" objects [START_REF] Messier | Catalogue des Nébuleuses et des Amas d'Étoiles (Catalog of Nebulae and Star Clusters)[END_REF]Herschel, 1786). The idea that these "spiral nebulae" (as noted by (Rosse, 1850)) could be external to our own Milky Way was first speculated by Thomas Wright, however, it was on early twentieth century that their extragalactic nature was confirmed through Cepheid variables stars (Hubble, 1926(Hubble, , 1929)).

Thanks to large astronomical surveys, for example the optical Sloan Digital Sky Survey and the Hubble Space Telescope (HST) deep field surveys, we know that galaxies contain stellar masses between 10 5 M ⊙ in the case of dwarf galaxies and up to M * 10 12 in the most massive ones (Read & Trentham, 2005), with differing proportions of gas and dust in the interstellar medium (ISM). The observable Universe is home to around 0.2 -2 × 10 12 galaxies (Conselice et al., 2016).

Morphology

A considerable part of our knowledge about galaxies began with a simple classification of their visual appearance, originally seen on photographic plates. Morphological classifications from observations have been crucial to sort their variety of forms out and to provide clues to their formation and evolution.

The Hubble Sequence

Hubble initiated a classification system for galaxies in his book "The Realm of Nebulae" [START_REF] Hubble | Realm of the Nebulae Hummel[END_REF], that would later be modified with some refinements, but which is still in use today. The Hubble sequence, shown in Fig. 1.1, distinguishes galaxies in three main morphological types: ellipticals (E), spirals (S), and lenticular galaxies (S0). Irregular galaxies compose a fourth category for galaxies that do not fit in any other category.

Essentially, the Hubble classification scheme is based on the relative proportions of the bulge and the disk in galaxies. Elliptical (E) galaxies are smooth and almost featureless, with an ellipsoidal shape. They are usually gas-poor and mostly contain old, red stars, and the stellar orbits are randomly oriented around the centre. This might explain the low star formation rate that is generally observed in ellipticals (O'Sullivan et al., 2018). Massive elliptical galaxies are often observed at the centre of galaxy clusters. The different degrees of ellipticity in the sky further distinguish the classification, from near-circular, E0, galaxies to the most flattened being E7.

Active Galactic Nuclei

have been observed, each presenting their particularities. The main features are listed below [START_REF] Peterson | An Introduction to Active Galactic Nuclei (An introduction to active galactic nuclei[END_REF][START_REF] Kitchin | Galaxies in Turmoil Kohno[END_REF][START_REF] Beckmann | Active Galactic Nuclei Bell[END_REF]):

• Stellar appearance of the nucleus when compared to the host galaxy. The AGNs may even emit up to L∼10 15 L ⊙ , which in some cases may amount to about 1000 times the radiation of the entire host galaxy;

• One of the most remarkable features that was first observed in AGNs in the optical is the presence of intense and highly elongated emission lines. The emission lines may have widths at half height (FWHM) of up to ∼10000 km s -1 ;

• Variability in the continuum and in the emission lines, observed throughout the spectral range of the SED. The time scales of variability are generally of the order of months or years, but in some more luminous AGNs can present variations of days or even minutes in smaller wavelengths (X-rays and gamma rays);

• They may exhibit ejection of material at high velocities in the form of jets extending from 10 -5 pc to about 100 kpc;

Due to differences in active galaxies, such as luminosity, spectral properties, variability and brightness contrast between the nucleus and the host galaxy, we can classify them primarily into two main classes of objects: objects that have intense emission at wavelengths radio, the radio-loud, and objects that have emission more tenuous in this interval, denominated radio-quiet. Among the galaxies radio-loud are the quasars, radio galaxies of the Fanaroff-Riley classification, FRi and FRii, and blazars (BL-Lacs and FS-RQs -Flat Spetrum Radio Quasars). Seyfert galaxies, ULIRGS (Ultra Luminous Infrared Galaxies) and LINERs (Low-Ionization Nuclear Emission-line Region galaxies) are classified as radio-quiet. Among the different classes of AGNs, our work is to study the Seyferts and LINERs and I will summarize their main characteristics in the following sections.

Seyfert Galaxies

Seyfert galaxies are the class of low luminosity AGN most commonly observed in the Local Universe. The first AGN was observed by Fath in 1908 during his study of spectra of nuclear regions of some of the so-called "spiral nebulae" at Lick Observatory. Fath (1908) found in the NGC 1068 spectrum six intense emission lines, unlike that observed in most other nebulae, which had absorption lines due to the stars in the central region. One of the emission line was H β, present in the gaseous nebulae, such as Hii regions, and planetary nebulae. The other lines are associated to forbidden transitions: [O ii]λ3727, [Ne iii]λ3869 e [O iii]λ4363, 4959, 5007. Some years later, in 1943, Carl K. Seyfert was the first to observe that several galaxies present similar characteristics and could form a distinct class of objects. These galaxies, including NGC 1068, were characterized by high surface brightness in the central region
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emission-line spectra of LINERS are consistent with photoionization by a diluted Seyfertlike continuum (Ferland & Netzer, 1983;Halpern & Steiner, 1983). Radio observations at 5 and 15 GHz with the Very Long Baseline Array(VLBA) by Nagar et al. (2005) of LLAGN of the Palomar survey have detected radio cores at milliarcsecond resolution in all the sample. The high brightness temperatures (≥ 10 6 --10 11 K) implies that the radio cores are nonthermal and provide evidence that LINERs are associated with AGN activity.

However, some controversial results were found between the AGN-ionisation hypothesis, and either predicted emission line strengths (Cid Fernandes et al., 2011) or the spatial distribution of LINER-like ionised regions. The authors claimed that large-aperture (>100 pc) spectroscopy in LINERs is not primarily powered by AGN activity (Yan & Blanton, 2012). Other probable explanation for the excess LINER-like emission is ionisation by evolved stars (post-AGB) during the short but very hot and energetic phase in the asymptotic branch (Singh et al., 2013). About 27% of LIRGs may contain LINERs and most of the LINER emission in these infrared-selected galaxies is produced through shock ionization rather than photoionization by an AGN (Veilleux et al., 1995). Nevertheless, the vast majority of LINERs, and therefore most nearby weakly active nuclei, are genuine, accretion-powered AGN (Ho, 2008).

The Unified Model of AGN

Considering that the various classes of AGN share several characteristics, it was proposed that the source of energy of these objects be intrinsically the same. The Unified Model of AGN proposed by Antonucci & Miller (1985); [START_REF] Unsoeld | The new cosmos : an introduction to astronomy and astrophysics[END_REF] suggests that the SMBH, the accretion disk and the Broad Line Region (BLR), are surrounded by a dusty torus and that the different AGN types are explained by the line-of sight orientation of this obscuring material. This unification scheme therefore suggests that Sy 1 and Sy 2 are intrinsically the same type of objects and their differences are purely due to orientation effects.

According to Antonucci (1993), the broad emission lines present in the AGN spectra are produced in the BLR by high density gas clouds (n e ∼ 10 9--11 cm -3 ) in which the temperatures can reach up to 20000 K. Such extremely hot and dense clouds are responsible for velocity dispersions of the order 1-10×10 3 km/s and distributed in a non-resolved (r<1 pc) region around the accretion disk. Extending to larger radii (∼1-1000 pc) there is a lower density region,n e ∼ 10 3--5 cm -3 , where the narrow permitted and forbidden lines of the narrow-line region (NLR) are generated, with line widths in the range of 200-1000 km/s. The NLR also reveals an axial symmetry in both polar directions. According to the Unified Model, the AGN classification can be summarized in two main classes of objects, also shown in a schematic representation in Figure 1.7:

type 1 AGN: when the observer's viewing angle is close the torus polar axis, face-on, and can see directly the central region, the BLR and NLR. (Tran et al., 1992;Tran, 1995). The fact that Sy 1 are brighter than Sy 2 in UV and Xrays can also be explained by the presence of a dust toroid because the dust grains absorb this radiation and re-emit it in the infrared, reason why Sy 2 galaxies usually have an excess in the IR wavelengths. An obscuring toroidal geometry also explains the presence of ionization cones (Pogge, 1988;Storchi-Bergmann & Bonatto, 1991;Storchi-Bergmann et al., 1992) and the high hydrogen column densities observed on X-rays in Type 2 AGN (N H ∼ 10 22 -10 25 cm -2 , Shi et al., 2006).

The Obscuring Torus

The Obscuring Torus

The dusty structure of the AGN unified model is responsible for absorbing short wavelength light from the active nucleus and re-emitting it mainly in the infrared (IR) wavelengths, leading to a peculiar signature in the spectral energy distribution (SED) of a galaxy. In specific, the silicate feature at 9.7 µm in the mid-infrared (MIR) is frequently found in absorption in type 2 and is also expected to appear in emission in type 1. However, in most type 1 objects this feature is either mild or absent (Hao et al., 2007;Wu et al., 2009). In addition, there are some cases where silicate emission is detected in type 2 (e.g., in Sy 2 NGC 2110 by Mason et al., 2009;Sturm et al., 2006).

The recent significant advances in observational facilities, such as ALMA and VLTI, now allow us to resolve the central parsec scales in nearby AGNs. So far, only a few VLBI observations achieve sufficient spatial resolution to isolate the emission of these obscured structures, for instance, the cases of NGC 1068 (Gratadour et al., 2015;Jaffe et al., 2004;López-Gonzaga et al., 2014) and Circinus (Tristram et al., 2007(Tristram et al., , 2014)). Highspatial resolution using 8m-class telescopes demonstrated that the surrounding dusty environment is very compact, with sizes of a few parsecs (Jaffe et al., 2004;Tristram et al., 2009;Burtscher et al., 2009). In the molecular phase, García-Burillo et al. (2016) and Imanishi et al. (2016) presented the first resolved images of the torus of NGC 1068, the former using the continuum and the CO(6-5) emission observed with ALMA Band 9 and the latter using HCN(3-2) and HCO + (3-2) emission lines.

Another possibility to probe the physical processes related to the torus is understanding the radiation reprocessing mechanisms responsible for the singular behaviour of the AGN SEDs in the MIR. Several models have been developed in order to understand the torus emission. For example, Krolik & Begelman (1988) proposed that the torus should constitute of a large number of optically thick dusty clouds, otherwise the dust grains would be destroyed by the high AGN energy luminosity. Their presumption is reinforced by VLTI interferometric observations in the N-band range (8-13 µm) performed by Tristram et al. (2007) in the nucleus of the Circinus galaxy, providing strong evidence of a clumpy and dusty structure. Due to computational issues in modelling a clumpy medium, some studies have explored the effect of a dusty uniform distribution in a toroidal geometry [START_REF] Pier | [END_REF]Granato & Danese, 1994;Efstathiou & Rowan-Robinson, 1995;Dullemond & van Bemmel, 2005;Fritz et al., 2006). Nevertheless, in the last few years, some efforts have been made to handle a clumpy formalism and they can naturally explain the problem with the silicate issue mentioned above (Nenkova et al., 2002;Hönig et al., 2006;Nenkova et al., 2008a,b;Schartmann et al., 2008;Stalevski et al., 2012). Among them, the clumpy models presented by Nenkova et al. (2002Nenkova et al. ( , 2008a,b) ,b) are one of the most successful models for representing the re-processed MIR torus emission and allowing us to constrain some torus properties. One of the advantages of a clumpiness formalism is that they can reproduce more realistic MIR spectra. This is because they have a wide range of dusty cloud temperatures at the same radius from the central source and even distant clouds can be directly illuminated by the AGN, contrary to the smooth density distributions. Stalevski et al. (2012) has developed two-phase models, which consider the medium not only composed of dust clouds, but also with a diffuse medium filling the space between the clouds. It is noteworthy that, as the computational capacity increases, the treatments for the toroidal geometry have reproduced results more compatible with the observations. Recently, the CAT3D-WIND model was developed for the torus emission, taking into account the polar mid-IR emission seen in many nearby AGN (Hönig & Kishimoto, 2017).

AGN Feeding and Feedback

Feeding and feedback in AGN play a very important role to gain a proper understanding of galaxy formation and evolution. The nature of the interaction between the activity mechanisms in the nucleus and its influence in the host galaxy are related to the physical processes involved in feedback, including star formation, energetic and chemical recycling in the interstellar medium (ISM) and the feeding process, which accounts for the gas fueling of the black hole (BH) (Fabian, 2012;Combes, 2015). One of the problems when considering the AGN feeding is how the BH are fuelled to trigger the nuclear activity, since to drive sufficient gas towards the center requires a large removal of angular momentum from the gas. Gas inflows can trigger the BH activity but the mechanisms involved are not yet well determined. The gas inflows assumed in simulations are often stalled because of dynamical barriers. On the other hand, the mechanisms involved in feedback (radiation, winds and jets) can affect significantly the ISM of the host galaxy. Feedback processes can be responsible of regulating the BH growth and galaxy evolution and explain the observed proportionality between the bulge and the BH masses (M BH /M bulge ∼2×10 -3 ). Two main modes for AGN feedback can be distinguished: the quasar mode, through radiative processes or winds, when the AGN luminosity is high, close to the Eddington luminosity L Edd , and the radio mode, or kinetic mode with radio jets, occurring mainly in low-luminosity AGN and appearing to maintain the balance between cooling and heating. Winds and outflows produced by the AGN can lead the ejection or heating of the gas, terminate the star formation and through the lack of fuel for accretion, quench the BH activity.

Mass outflows driven by stars and AGN and detected inflows are a key element in many current models of galaxy evolution. To inhibit star formation in the host galaxy, outflows have to affect significantly the molecular gas where stars are formed. A noticeable manner
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Type of AGN

Typical L bol Typical Ṁbh (ergs s -1 ) (M ⊙ yr -1 ) QSOs 10 46 -10 48 1-100 Seyferts 10 43 -10 44 10 -3 -10 -2 LINERs 10 41 -10 42 10 -5 -10 -4 Ho et al. (1997). The typical Ṁbh is derived from the typical L bol assuming a standard radiative efficiency ǫ ∼0.1. Table from Jogee (2006).

total mass of few 10 8 M ⊙ should be available to fuel a luminous AGN, which represents a important fraction of the total mass of galaxies.

However, the main question is not the amount of fuel, but rather how to transport this mass to the galaxy center in a relative short time scale, corresponding to the typical duration of the AGN phase of ∼10 8 yr [START_REF] Martini | Coevolution of Black Holes and Galaxies[END_REF]. For the mass to infall to the center, it must lose its angular momentum. One of the outstanding problems is to identify the mechanisms driving the gas from ∼10 kpc towards the nucleus, removing its large angular momentum and forming large non-axisymmetries (Combes, 2001).

The Transport of Angular Momentum

A galaxy tends to concentrate its mass towards the center, and to transfer its angular momentum outwards in order minimize its total energy (Lynden-Bell & Kalnajs, 1972). The main problem to fuel the nucleus is to solve the transfer of "angular momentum problem", a long-standing question of how to remove the large angular momentum of the gas in a galactic disk and funnel it into the accretion disk in the central region, represented in the cartoon by Phinney of a baby being fed by a huge spoon (Figure 1.10). In a quantitative way, the last stable radius of a BH of mass M BH ∼ 10 8 M ⊙ has a specific angular momentum L = r × v of ∼ 10 24 M BH cm 2 s -1 . On the other hand, the matter in a stable orbit at a radius of r=10 kpc has a specific angular momentum of a few 10 29 M BH cm 2 s -1 , corresponding to a difference of more than 10 4 orders of magnitude. At a radius of 200 pc, L is still a factor of 10 3 larger. To power a Seyfert galaxy, with an accretion rate of ∼ 10 -2 M ⊙ /yr and a duty cycle of 10 8 years, a gas cloud of 10 6 M ⊙ is required to fuel the BH. This amount of mass is likely to be found within the inner 200 pc radius of Seyfert galaxies, but we still have to understand the physical processes able to lose their angular momentum out by more than 99.99% [START_REF] Jogee | Physics of Active Galactic Nuclei at all Scales[END_REF].

Gravitational torques, dynamical friction, viscous torques, and hydrodynamical torques (shocks) are some of the mechanisms which remove angular momentum from the dissipative gas component and channel it to small scales, thereby helping to fuel central starbursts and massive BHs. Gravitational torques due to galaxy-galaxy interactions (e.g.,

The large scale spiral structure of galaxies is often explained as a density wave propagating into the disk with a fixed angular velocity (Lin & Shu, 1964). Since the velocity of the density wave is slower than the velocity of gas and stars, inside corotation, gas enters in the density wave and it is compressed in spiral arms, triggering star formation.

Nuclear spiral arms could be the missing link between the dynamics of the galaxy disk and the nuclear activity, since the arms could channel matter into the nucleus. Granddesign nuclear spiral pattern can be driven by a large-scale non-axisymmetric perturbation, such as a stellar bar (Englmaier & Shlosman, 2000). Other hydrodynamical models also have shown that nuclear spiral shocks driven by bar-like and oval potentials (Fukuda et al., 1998;Maciejewski, 2004;Kim & Elmegreen, 2017) can trigger gas inflow. Also, it is easier to bring the gas to the nucleus if there is already a SMBH in the nucleus. The presence of a large mass concentration can change the behaviour of the precessing rate of orbits Ω -κ/2: instead of increasing with radius inside ILR, it will decrease (Buta & Combes, 1996). Inside the corotation resonance, torques are negative and the gas is driven into the ILR. Inside ILR, the gravity torques are positive and the precessing rate increases with radius, forming gas pattern in a leading spiral (Figure 1.12a).

In the case of a central black hole, the precession rate Ω -κ/2 is monotonically increasing towards infinity with decreasing radii, forming a trailing spiral (Figure 1.12b).

Figure 1.12 -Gas orbits in a barred potential. Left: without a central mass concentration, Ω -κ/2 is increasing with radius in the center: the gas winds up in a leading spiral inside the ILR ring. Right: with a central mass concentration, it is the reverse and the gas follows a trailing spiral structure, inside ILR. Figure from (Buta & Combes, 1996).

Fueling Mechanisms in Different Scales

In order to bring the gas into the nuclear region in galaxies, several mechanisms have been suggested, attempting to assemble the synergy between the theoretical and observational point of views. However, there is growing evidence that it is not only a single mechanism 1.6 Feeding for the whole galaxy, but instead, a combination of events taking place in different conditions, spatial scales and scenarios. The dynamical mechanisms invoked to explain the AGN fueling depend on the scale under consideration:

• 10 kpc scales: cosmological simulations show that mergers and galaxy interactions are able to produce strong non-axisymmetries (e.g. Hopkins et al., 2006;Di Matteo et al., 2008);

• k pc scales: bar instabilities, either internally driven by secular evolution or triggered by companions, can first feed a central starburst and then fuel the BH (García-Burillo et al., 2005). A further dynamical barrier in the ILR, where the gas is trapped in a nuclear ring, preventing the inflow (Piner et al., 1995;Regan & Teuben, 2004);

• 100 pc scales: at few hundreds of pc scales, the "bars within bars" scenario (e.g. Shlosman et al., 1989), together with m=1 instabilities and nuclear warps (Schinnerer et al., 2000) take over as a dynamical mechanism. Hydrodynamical models also have shown that nuclear spiral shocks driven by bar-like and oval potentials (Fukuda et al., 1998;Maciejewski, 2004;Kim & Elmegreen, 2017) can trigger gas inflow;

• pc scales: as we approach the center of galaxies, other mechanisms could contribute to the fueling: viscous torques, from dense gas in regions of large shear, or dynamical friction can drive massive clouds to the nucleus (e.g. Combes, 2003;[START_REF] Jogee | Physics of Active Galactic Nuclei at all Scales[END_REF]. Smoothed particle hydrodynamic simulations suggest fueling involves a series of dynamical instabilities (m=2, m=1) at ∼10 pc scales, and also predict the formation of a thick gas disk similar to the putative torus invoked to explain obscured AGN (see Figure 1. 13 Hopkins & Quataert, 2010;Hopkins et al., 2012).

To summarize, quoting Philip Hopkins: "its non-axisymmetric features all the way down''. These fueling episodes are eventually quenched by either nuclear star formation winds or AGN feedback.

The monster's fueling caught in the act

From the observational point of view, the relation between major merger and AGN activity is controversial. Many studies found that most of luminous AGN (L AGN 10 46 erg/s) present major mergers (Glikman et al., 2015;Fan et al., 2016). The work of Treister et al. (2012), using multiwavelength surveys of AGN, endorses this result for luminous objects, however, less luminous AGN appear to be driven by secular processes. Evidence of interactions in LLAGNs is also open to question: a number of studies have found a higher incidence of galaxies with signatures of interactions in AGN hosts as compared to control samples, while other studies have nevertheless found no increase in the incidence of major mergers (see e.g. the discussion in Storchi-Bergmann & Schnorr-Müller, 2019,

Feeding

and references therein). As pointed out in the review by Heckman & Best (2014), most of the AGN activity in the contemporary Universe appears to occur without the need for major mergers or strong tidal interactions.

The Hubble Space Telescope era was fundamental to bring new insights on the possible fueling mechanisms in the center of AGN. High resolution HST images have shown a diversity of morphological features in the inner kpc of nearby AGN hosts and star forming galaxies, such as nuclear spirals, nuclear rings, nested bars and chaotic dusty disks (e.g. [START_REF] Martini | [END_REF]Laine et al., 2002;Pogge & Martini, 2002;Martini et al., 2003;Peeples & Martini, 2006;Simões Lopes et al., 2007). Particularly, the inner few hundreds of pc of active galaxies often exhibit nuclear spirals, which may be the channels through the gas transfer into the nucleus and feed the AGN (Martini et al., 2003).

In the past decade, it had become possible to map the central regions of nearby galaxies using Integral Field Spectroscopy (IFS) in the optical and near-infrared (NIR) wavelenghts. By accessing the kinematics of the ionised ans warm molecular gas, several studies have show that the gas is generally in disk rotation with signatures of inflows and outflows superimposed. In the optical, mainly using the Gemini Multi-Object Spectrographs (GMOS) to map the emission of the H recombination and [N ii] lines, many inflows signatures were detected as nuclear spirals, as for example, in the Sys/LINERs NGC 6951, NGC 7213, NGC 1667, NGC 1358(Storchi-Bergmann et al., 2007;Schnorr-Müller et al., 2014, 2017a,b, , respectively) and along the nuclear bar in NGC 3081 (Schnorr-Müller et al., 2016). Furthermore, the warm molecular gas can be traced by the H 2 λ2.12µm molecule in the NIR regime. Instruments such as the Gemini Near-Infrared Integral Field Spectrograph (NIFS) and the Spectrograph for INtegral Field Observations in the Near Infrared (SINFONI) at the Very Large Telescope (VLT) now provide a way to probe the kinematics of the warm molecular with enough spatial resolution. Inflowing gas along nuclear spirals features were detected in several cases: NGC 4051 (Riffel-Rogemar et al., 2008), Mrk 1066 (Riffel et al., 2010), Mrk 79 (Riffel et al., 2013b) and NGC 2110 (Diniz et al., 2015). Davies et al. (2017) reported inflowing signatures in the H 2 in the active galaxies NGC 3227, NGC 5643 and NGC 7743. This also supports the presence of molecular bars in the nuclear regions of Seyfert galaxies. The fueling of gas to the central region is evidenced through streaming motions in highly eccentric orbits in the NGC 1068 galaxy (Müller Sánchez et al., 2009). Ongoing work in a sample of 40 local active galaxies by the Keck/OSIRIS Nearby AGN (KONA) group (Müller-Sánchez et al., 2018) will help to unveil the ultimately fueling mechanisms.

In the cold molecular gas, inflows have started to be traced in the sub-millimetric domain through interferometric observations, mostly targeting the CO molecule. Plateau de Bure Interferometer (PdBI) observations of nearby LLAGN with the NUGA program have revealed smoking-gun evidence of AGN fueling in one third of the galaxies (García-Burillo et al., 2005;[START_REF] García-Burillo | [END_REF]Hunt et al., 2008;Haan et al., 2009). This result suggests that galaxies may be alternating periods of fuelling and starvation, and might be found in a feeding phase at 100pc scales only 1/3rd of the time. Gas flows in NUGA maps revealed a wide range of large-scale and embedded m=2, m=1 instabilities in the circumnuclear disks of LLAGNs, related to the bar cycle. This reinforces the importance of secular evolution and dynamical decoupling to the AGN fueling cycle. Another example was found for the M 51 galaxy, also using PdBI observations, in which they detected molecular gas inflowing into the center driven by a nuclear stellar bar, at a mass inflow rate of 1M ⊙ /yr (Querejeta et al., 2016a).

The remarkable advances in sensibility and resolution of ALMA observations are now allowing us to study the kinematics of nuclear molecular disks with a wealth level of details. Evidence of AGN feeding was found in the Seyfert 1 NGC 1566, where a molecular trailing spiral structure from 50 to 300 pc was detected in ALMA Cycle 0, and according to its negative gravity torques, is contributing to fuel the central SMBH (Combes et al., 2014). In the radio galaxy PKS B1718-649, CO(2-1) was detected in absorption, indicating an inflow of molecular clouds into the center, previously suggested in Hi and in the warm molecular gas H 2 (Maccagni et al., 2018). The in-falling molecular clouds may trace chaotic cold accretion onto the SMBH of this young radio source and trigger its activity.

In order to highlight the relevance of multi-wavelengths observations to study the fueling phenomena, the LINER/Sy 1 galaxy NGC 1097 has been analysed with multi-imaging (HST and the VLT NACO camera) by Prieto et al. (2005), and a nuclear spiral in found interior to the 700 pc star-forming ring. They compared their results with hydrodynamic models of Maciejewski (2004), concluding that inflows were occurring along nuclear spirals. The same conclusions have arisen in following works using different tracers, for example, the ionised gas [N ii] observed with GMOS-IFU (Fathi et al., 2006) and in the warm molecular gas, H 2 , using SINFONI observations (Davies et al., 2009). Later on, a dense gas inflow observed in HCN(4-3) with ALMA, suggests an inflow rate of ∼0.1 M ⊙ /yr at 40 pc radius from the SMBH (Fathi et al., 2013).

To sum up, in Figure 1.14 I outline some examples of the detections of gas inflows in nearby AGN discussed in this section. Although the progress on AGN fuelling observations in the past few years is unquestionable, there is still a lack in the providing a framework for the identification of the primary mechanism driving the inflow of gas.

Feedback

Theoretical simulations based on the cold dark matter model (CDM) predict the mass distribution function of dark halos while the observations of the luminosity function of galaxies can usually be fitted as a Schechter (1976) function:

dn dL = φ * L L * e -L/L *
where L * is a characteristic galaxy luminosity and φ * is the normalization. When we compare the results from simulations with the observations (Fig. 1.15), we can see that they disagree for very low and very bright galaxies. The assumption that the galaxy Figure 1.15 -Role of feedback in modifying the galaxy luminosity function (Silk & Mamon, 2012).

mass, calculated according to the mass-to-luminosity ratio, follows the halo mass leads to model predictions with too many small galaxies and too many big galaxies in the nearby universe (Silk & Mamon, 2012). Therefore, feedback mechanisms are considered to be a crucial element in many current models of galaxy evolution.

Stellar feedback occurs through supernovae explosions and stellar winds, via the injection of energy, mass and metals back to the ISM by massive stars. These mechanisms appear to self-regulate the galaxy star formation, that are seen in global correlations such as the Schmidt-Kennicutt law. But to explain the formation of massive galaxies, supernova ejections are not sufficient, it requires the energy input of the BH (energy ∼ 20 -50 times bigger) and therefore the AGN feedback is invoked. Winds and outflows produced by the AGN can lead the ejection or heating of the gas, terminate the star formation and through the lack of fuel for accretion, quench the black hole activity. By suppressing the star formation in early-type galaxies at later epochs, the AGN feedback can also reproduce the bimodal distribution of galaxy colors: early type red galaxies and late-type blue galaxies where there is currently star formation ongoing.

Modes for AGN Feedback

Observations of massive galaxies and AGN suggest two distinguished main modes for AGN feedback:

Radio mode or kinetic mode: by launch of relativistic outflows with narrow opening angles, usually radio jets, occurring mainly in low-luminosity AGN (L< 0.01L Edd ). This significantly affect the evolution of their host galaxies. Outflows have been detected in the ionised, neutral and molecular gas phases, as it follows:

• Neutral: neutral outflows are usually observed as H i and Na i D absorption against the strong radio continuum and are often detected in the nuclear regions of radio galaxies, but they are even more common in powerful, young radio sources (Morganti et al., 2005;Rupke et al., 2005a;Krug et al., 2010;Lehnert et al., 2011;Cazzoli et al., 2016).

• Ionised: spectroscopic observations in the optical and near-infrared, and specially integral field observations (IFU) have reported ionised ouflows both in local and high z active galaxies (e.g., Nesvadba et al., 2008;Riffel & Storchi-Bergmann, 2011;Liu et al., 2013;Genzel et al., 2014;Carniani et al., 2015;Gallerani et al., 2018).

Outflows are detected either by the analysis of the channel maps and kinematics of the gas in emission, for example using the ionization tracers Hα, Hβ,

[O iii], [Fe ii], [Cii], [N ii] and [S ii],
or by the broad wing component of these emission lines. In addition, AGN-driven winds originated at the accretion disc scale are now detected, as the case of outflows seen in blueshifted absorption lines in the X-ray/UV spectra C iv, O vi, N v, characterizing a class of objects called Broad Absorption Line (BAL) QSOs. In some cases, powerful winds presenting extreme velocities, the ultra-fast outflows (UFOs) with velocities of order v∼0.1-0.3c, are observed in the x-ray spectra through the Fe xxv K-shell lines at 6.7 keV, and correspond to 20-40% of local AGN (Tombesi et al., 2010a,b). These winds are made by highly ionized gas which are believed to act as one of the driven mechanisms to push away the surrounding gas.

• Molecular: in the past decade many molecular outflows were detected probing warm and cold galactic winds. The increasing number of detections is due to the spectroscopy in the far-infrared with Herschel telescope, where galactic winds have been traced by the hydroxyl molecule (OH) at 79 and 119 µm (eg., Sturm et al., 2011;Veilleux et al., 2013a;Spoon et al., 2013;Stone et al., 2016;González-Alfonso et al., 2017). Also, thanks to the advances in interferometer arrays, such as ALMA and NOEMA, single-dish and/or interferometric observations in the (sub)millmetre range have been revealing massive molecular outflows mainly in CO(1-0) in local AGN (eg., Feruglio et al., 2010;Alatalo et al., 2011;Aalto et al., 2015;Dasyra & Combes, 2012;Dasyra et al., 2016;Combes et al., 2013;García-Burillo et al., 2014;Sakamoto et al., 2014;Cicone et al., 2014;Barcos-Muñoz et al., 2018;Fluetsch et al., 2019) and in upper CO J-transitions in high z QSOs (Carniani et al., 2017;Feruglio et al., 2017;Maiolino et al., 2017).

Why do we need the molecular phase?

It is still unclear which gas phase carries the bulk of the accelerated gas outside the galaxy. Several diagnostic tools are used in the literature in order to help to address this question, and also to investigate the driven mechanisms of outflows, whether they are starburts or
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meaning that the ratio between molecular to ionised mass outflow rates reduces at the highest AGN bolometric luminosities, indicating that the fraction of outflowing gas in the ionised winds could be one of the dominant phases in most powerful AGN.

Figure 1.19 -Outflow properties for molecular (blue), ionised (green), BAL (black) and X-ray (red) winds by (Fiore et al., 2017). The relation between wind mass rates Ṁout and wind kinetic power Ėkin as a function of the AGN bolometric luminosity, L AGN , are plotted in the left and middle panels, respectively. Right panel: wind momentum load Ṗout / ṖAGN as a function of v max . Solid, dashed and dotted line in the middle panel represent the correlations Ėkin =1, 0.1 and 0.01L AGN .

Regarding the correlation with the kinetic power Ėkin and L bol found for ionised and molecular winds (middle panel of Fig. 1.19), we can see that most molecular winds lie in the ratio Ėkin /L bol ∼1-10% and ionised winds between Ėkin /L bol ∼0.1-10%. About half X-ray absorbers and BAL winds have Ėkin /L bol in the range 1-10% with another half having Ėkin /L bol <1%. The right panel of Fig. 1.19 shows the wind momentum load (i.e. the wind momentum rate, Ṗout = Ṁout × v max , divided by the AGN radiation momentum rate, as a function of v max . Molecular winds have momentum load in the range 3 -100, about half have momentum load >10. This suggests that most massive outflows are not momentum conserving but rather energy conserving winds, extending on galactic scales, accordingly to model predictions (Faucher-Giguère & Quataert, 2012;Zubovas & King, 2012, 2014). The velocities of ionised winds are intermediate between molecular winds and X-ray absorbers and they present momentum loads widely ranging from 0.01 to 30. Most BAL and X-ray winds have Ṗout / ṖAGN 1, suggesting that they are probably momentum conserving, as predicted by King (2003). Fiore et al. (2017) also found that the depletion timescales and gas fractions of galaxies hosting strong winds are 3-30 times shorter and about 10 smaller, respectively, than the average of star-forming galaxies with similar SFR, stellar mass, distance from the main sequence and redshift.

The theoretical picture of multi-phase outflows

As mentioned above, outflows are largely observed in the ionised and atomic phase and in the past few year the discovery of flows also in the molecular phase have been raising the idea of a multi-phase outflow. Many recent outflows observations support the AGN energy-driven nature of outflows and the predictions from AGN feedback models, in which a fast and highly ionised wind, arising from the nuclear regions of the AGN, creates a shock wave that propagates into the ISM of the galaxy (Zubovas & King, 2012;Faucher-Giguère & Quataert, 2012). Also, the predictions of large-scale outflows driven by AGN winds agree with the typical values observed in massive molecular outflows: Ėout ∼5%L AGN and momentum rates Ṗout ∼20 L AGN /c (Cicone et al. 2014). Theoretical models suggest an origin of these molecular outflows as energy-conserving flows driven by fast AGN accretion disk winds under the quasar mode feedback. In this picture, AGN outflows cloud sweep galaxies clear of gas.

Figure 1.20 -A schematic view of the multiphase nature of the energy-driven outflow launched as a wind from the AGN as proposed by Zubovas & King (2014).

The basic properties of large scale outflows -mass and momentum flow rate, velocity vout ∼ 1000 km/s, kinetic energy -can be well explained by the model of AGN wind feedback. Within this model (see Fig. 1.20), AGN radiation pressure launches a relativistic wind from very close in, where the Thomson scattering optical depth self-regulates to be τ = 1. The wind then shocks against the surrounding gas/ISM and drives an outflow, and the shocked gas can reach temperatures of 10 7 K or larger. Radiative cooling up to temperatures about ∼10 4 K leads the emission of typical warm ionized gas lines (e.g., [O iii], Hα). Further cooling can induce to the formation of H 2 , and enhance the cooling rate, puting the outflowing material into molecular form, which stably coexists with tenuous hot gas. This scenario explains the observed multi-phase, galaxy-scale AGN-driven outflows and why they are predominantly composed of molecular gas moving at high velocities (Faucher-Giguère & Quataert, 2012;Zubovas & King, 2012, 2014). Zubovas & King (2014) show a schematic view of the multiphase nature of the energy-driven outflow launched by quasi-spherical wind with speed v∼0.1 c from the AGN ALMA is a mm-wave array and provides a unique spatial resolution (<0.3 ′′ ) and sensitivity capable to detect and resolve molecular and dust components. The unprecedented high resolution data from ALMA along with a multi-wavelength analysis enabled us to study in detail the morphology and kinematics of the dense molecular gas and thereby access the mechanisms driving the inflows and outflows, whether due to the AGN or starburst. Altogether, the work will take benefit from the advance in instrumentation to enhance the understanding of the physical processes in galaxies as well the fundamental keys of galaxy formation and evolution.

NUGA project

Although quasars with high AGN luminosity are among the best candidates to observe intense feedback in action, due to their large distances it is impossible to study with high angular resolution. On the other hand, nearby AGN are ideal laboratories to explore the details of outflow and inflowing gas mechanisms, for instance, low luminosity AGN.

NUGA was a high-resolution (0.5-1") CO survey of 25 low luminosity AGN performed with the IRAM PdBI that has revealed smoking gun evidence of gas funnelling into the nucleus in 1/3rd of the sample. This result suggests that galaxies may be alternating periods of fuelling and starvation, and might be found in a feeding phase at 100 pc scales only 1/3rd of the time [START_REF] García-Burillo | [END_REF]. The team led by Françoise Combes and Santiago García-Burillo pursued an ALMA follow-up for a sample of 7 nearby galaxies with active nuclei (Seyfert/LINER), spanning more than a factor of 100 in AGN power (X-ray and radio luminosities), a factor of 10 in star formation rate (SFR), and a wide range of galaxy inner morphology.

The NUGA goals are (i) to examine the relative importance of gas inflows and outflows powered by AGN/starbursts, and assess their dependency on AGN luminosity and SFR, (ii) considering a large number of cases, to derive in which phase of their fuelling/feedback cycle they are observed, and deduce the different steps of the process. In addition, we compare the warm H 2 morphology, ionized gas distributions and kinematics from SINFONI IFU observations, to the molecular counterparts. In Cycle 3, we obtained CO(3-2) and dense molecular gas tracers HCN(4-3)/HCO + (4-3)/CS(7-6) for 5 galaxies with 0.14-0.3" resolution, centred on the nucleus and covering the whole nuclear disks and rings. ALMA Cycle 4 observations of CO(3-2) emission of all NUGA sample aimed at resolving the molecular torus ( 0.1" resolution) and testing the various possible phases of evolution for the molecular tori. In Figure 1.22, I present the combined observations of Cycle 3 +Cycle 4 observations of the CO(3-2) emission line.

• Resolving molecular tori with ALMA: recently, García-Burillo et al. (2016) and Imanishi et al. (2016) presented the first resolved images of the torus of NGC1068, using the continuum and the CO(6-5), HCN(3-2) and HCO + (3-2) emission lines observed with ALMA. The dynamics of the molecular gas in the NGC 1068 torus revealed strong non-circular motions and enhanced turbulence superposed on a slow rotation pattern of the disk.

The sample

The NUGA project consists in a sample of 7 nearby LLAGN galaxies, spanning more than a factor of 100 in AGN power (X-ray and radio luminosities), a factor of 10 in SFR, and a wide range of galaxy inner morphology (with or without double bars). This sample has been selected to provide a wide range of gas inflow rate, AGN feeding rate, and therefore test the various possible phases of evolution for the molecular tori. All the galaxies are nearby (distances 7-18 pc) to allow us to resolve the molecular torus with the ALMA spatial resolution. Among the sample, 2 galaxies were observed in Cycle 0, NGC 1433and NGC 1566(Combes et al., 2013, 2014), and all of them have single dish millimeter observations. Additionally, the targets have high-resolution HST images, and are found in the IRAS Bright Galaxy Sample (Sanders et al., 2003). We also have proprietary SINFONI IFU observations of all galaxies, so that we can compare warm H 2 morphology, ionized gas distributions and kinematics, with the cold molecular counterparts. The galaxy properties are summarized in Table 2.1, and the nuclear morphologies in Figure 2.1.

Observations and Data Reduction

The observations were carried out with the ALMA telescope in Cycle 3 and 4, with 36 to 40 antennae, during the years 2016 and 2017. The corresponding ALMA projects ID were #2015.1.00404.S and #2016.1.00296.S, both with PI F. Combes. In cycle 3, five galaxies (NGC 613, NGC 1326, NGC 1365, NGC 1672and NGC 1808) were observed a these were obtained in Cycle 0 (Combes et al., 2014(Combes et al., , 2013) ) -TC and TM2 are compact configurations, TE and TM1 are extended.

simultaneously in CO(3-2), HCO + (4-3), HCN(4-3), and continuum, with Band 7. The compact configuration (TC, baselines 15 to 630m) and extended (TE, baselines 15 to 1400m) combined to give a synthezised beam of 0. ′′ 14 (∼ 15 pc), and a rms sensitivity of 1mJy/beam in 10km/s channels (80 µJy/beam in the continuum). The total integration time, including calibration and overheads, was 1h per source. This choice of correlator configuration, selected to simultaneously observe three lines, provided a velocity range of 1600 km/s for each line, but did not centre the lines (200km/s on one side and 1400 km/s on the other) which is adequate for a nearly face-on galaxy, and 1800 MHz bandwidth in the continuum.

In cycle 4, the 7 galaxies were observed at higher spatial resolution ∼ 0. ′′ 07 or 4 to 9 pc (according to the various distances), to search for molecular tori. The tuning configuration of Band 7 was then CO(3-2), HCO + (4-3) and continuum, to avoid a restricted velocity range in the expected broader spectral lines towards the nuclei. The observations were done in several blocks, a compact configuration (TM2, baselines 19 to 500m ) and extended (TM1, baselines 19 to 3100m), with a total duration of two hours per galaxy. The sensitivity reached was between 0.6 and 0.8mJy in 10km/s channels. Table 2.2 summarizes the resolution obtained for all the galaxies of the NUGA sample in each configuration.

The observations were all centred on the nuclei, with a single pointing covering a FOV of 18 ′′ . For NGC 1365, due to the large size of the galaxy and nuclear ring, and strength of CO emission, we performed a rectangular 13-point mosaic, ensuring a FOV of 45 × 36 ′′ , aligned on the major axis. The galaxies were observed in dual polarization mode with 1.875 GHz total bandwidth per baseband, and a channel spacing of 0.488 MHz corresponding to ∼0.8 km/s, after Hanning smoothing. The total integration time provided an rms of 30 µJy/beam in the continuum, and ∼0.6 mJy/beam in the line channel maps (corresponding to ∼1.2K, at the obtained spatial resolution).

The data were calibrated with the CASA software (version from 4.5.3 to 4.7.2, [START_REF] Mcmullin | Astronomical Data Analysis Software and Systems XVI[END_REF] using the pipeline scriptForPI.py provided by the ALMA ARC. The basic steps of calibration include flagging the bad scans, set the flux to the primary calibrator with setjy. The primary calibrator must be a bright source, e.g. quasars, with known
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flux. Then we calibrate the frequency-dependent response (amplitude/phase vs frequency) using the bandpass calibrator and the time-dependent antenna gain (amplitude/phase vs time) using a gain calibrator observed periodically during the observation run near to the target (gaincal). We then re-scale the gain solution and derive the flux density of the gain calibrator based on the flux of the primary calibrator. The flux calibration was done with quasars, which are regularly monitored at ALMA, and resulted in 10% accuracy. Finally, applycal will apply the calibrations to the target and create a 'CORRECTED_DATA' column in the Measurement Set (MS).

The imaging and cleaning was performed with the GILDAS software (Guilloteau & Lucas, 2000), that is usually about 4 times faster than the cleaning algorithms in CASA. For each line observed, in each TC, TE, TM1 and TM2 configurations, we exported the data measurements to a readable format in GILDAS. One example of the commands applied in CASA: where we specify the source name, the spectral windows (spw) and observed frequencies of the emission line. The exportuvfits will create a .uvfits file containing all the visibilities of the calibrated dataset. Using the mapping program on GILDAS, we then use the command @fits_to_uvt FitsFile UVTable to create uv-tables in the GILDAS format, as shown in this example for the galaxy NGC 613 and all the lines observed in each configuration:

souname = 'NGC_613' #
@fits_to_uvt NGC_613_CO32_TM1 NGC_613_CO32_TM1 FREQUENCY 344097 VELOCITY 0 LINE CO(3-2) @fits_to_uvt NGC_613_CO32_TM2 NGC_613_CO32_TM2 FREQUENCY 344097 VELOCITY 0 LINE CO(3-2) @fits_to_uvt NGC_613_CO32_TC NGC_613_CO32_TC FREQUENCY 344097 VELOCITY 0 LINE CO(3-2) @fits_to_uvt NGC_613_CO32_TE NGC_613_CO32_TE FREQUENCY 344097 VELOCITY 0 LINE CO(3-2) @fits_to_uvt NGC_613_HCO43_TM1 NGC_613_HCO43_TM1 FREQUENCY 354981 VELOCITY 0 LINE HCO(4-3) @fits_to_uvt NGC_613_HCO43_TM2 NGC_613_HCO43_TM2 FREQUENCY 354981 VELOCITY 0 LINE HCO(4-3) @fits_to_uvt NGC_613_HCO43_TC NGC_613_HCO43_TC FREQUENCY 354981 VELOCITY 0 LINE HCO(4-3) @fits_to_uvt NGC_613_HCO43_TE NGC_613_HCO43_TE FREQUENCY 354981 VELOCITY 0 LINE HCO(4-3) @fits_to_uvt NGC_613_HCN43_TC NGC_613_HCN43_TC FREQUENCY 352763 VELOCITY 0 LINE HCN(4-3) @fits_to_uvt NGC_613_HCN43_TE NGC_613_HCN43_TE FREQUENCY 352763 VELOCITY 0 LINE HCN(4-3) @fits_to_uvt NGC_613_CS76_TC NGC_613_CS76_TC FREQUENCY 341197 VELOCITY 0 LINE HCO(7-6) @fits_to_uvt NGC_613_CS76_TE NGC_613_CS76_TE FREQUENCY 341197 VELOCITY 0 LINE HCO(7-6)
The task uv_resample allows us to resample in the UV data in velocity to produce another dataset with the desired characteristics for the spectral resolution and reference channel. One example how we have used the task: read uv NGC_613_CO32_TM1.uvt uv_resample 100 50 0 10 write uv NGC_613_CO32_TM1_resample.uvt

In this example, we first read the UV dataset and then with uv_resample we select 100 channels, with a velocity resolution of 10 km/s and centered at the channel 50. The velocity associated to the channel 50 is set to zero, therefore we will have a velocity range of ±500 km/s. After applying the resample task for all the emission lines and configurations, we used the task uv_merge to create the concatenated uv-tables. A first look of the observations can be obtained imaging the final uv-tables using the task go uv_map that will generate a gildas format position-position-velocity data cube (a dirty image .lmv file).

To remove the continuum contribution from the line observations, we can create a continuum uv-table using the tool uv_continuum, which flags a region around the rest frequencies of spectral lines and average the remaining channels to produce that continuum uv-table. Using the new continuum uv-table, we subtract the continuum emission from the lines with the uv_subtract, that will create a new UV dataset only for the line emission. We can chose the weight_mode to be used, either natural (n) or a uniform (u, equivalent to robust=0.5 in casa). We achieve the maximum sensitivity with natural weighting and maximum resolution is obtained using uniform weighting. The cleaning deconvolution was performed using the Hogbom method, and we can use additional parameters to converge the solution, such as fres, which correspond the maximum amplitude of the absolute value of the residual image. This maximum is expressed as a fraction of the peak intensity of the dirty image. Another parameter is the maximum number of iterations, niter. The final maps were corrected for primary beam attenuation using the primary task. We can specify the full-width at half-power (FWHP) of the primary beam, defined as F W HP = 1.13λ/D and we can also select a radius to truncate the data. Very little CO(3-2) emission was detected outside the primary beam.

With the NUGA collaboration, we decide to produce 3 data cubes for each galaxy and for each line, including all data combined (Cycle 3 TC+TE and Cycle 4 TM1+TM2); compact configurations (TC+TM2); extended configurations (TE+TM1). For the combined TC+TM2 and all configurations, we adopted the natural weighting and for the combined extended configuration, TE+TM1, we used uniform weighting to have the best resolution. The TE+TM1 observations are aimed at resolving the molecular torus, while the best sensitivity observations are suitable to search for inflows and outflows and study the kinematics, the star formation and the turbulence of the large scale disks. All the data cubes were made available to the members of the NUGA project.

Continuum emission and AGN position

All galaxies were observed with their phase center coinciding with the position given in NED. However, we have now a high spatial resolution, and when the nucleus has a strong continuum point source, it is possible to refine the position of the central black hole, expected to be the source of strong radio emission.

The center position adopted is the pixel of maximum continuum emission, determined with an error equal to the TM1 beam indicated in Table 2.2, typically 0.1 ′′ . These positions are displayed in Table 2.1, and are for the following considered to coincide with the actual AGN nucleus and most of the cases coincide with the maximum of velocity dispersion in the CO(3-2) line. There is also the possibility that some continuum emission from the unresolved central source is coming from the inner torus around the AGN. Most galaxies in the sample are low-luminosity AGN, in which the dust emission close to the nucleus is expected between 10 and 100µm. We expect that the continuum point source at 0.8 mm is dominated by synchrotron emission (Prieto et al., 2010). 2cm, and also a molecular mass of 2.7 10 8 M ⊙ . There is no evidence of a strong central continuum point source at cm wavelengths. At 350 GHz, we detect a weak continuum source, coinciding with the maximum of the CO(3-2) emission (cf fig 2.2). About 83% of the Hα emission of the galaxy is coming from this nuclear ring (Crocker et al., 1996). There are no conspicuous dust lanes along the bar, and the ring is not interrupted by spiral structure at their contact. The ring in CO and also in Hα is oriented roughly perpendicular to the bar, suggesting either that the gas is on x2 orbits, or that it forms a decoupled nuclear-ring, with a pattern speed higher than that of the primary bar. In any case, this means that the primary bar pattern speed is slow enough to allow the presence of two ILRs. When the rotation curve of the galaxy (Garcia-Barreto et al., 1991;Storchi-Bergmann et al., 1996) is considered, the ring corresponds to the inner ILR.

The HST image in Hα reveals a marked asymmetry of the ring, which is not seen in CO(3-2) here, and is due to strong dust extinction in the West side (Buta et al., 2000). The ring is made of hundreds compact sources, which could be star clusters, and also some diffuse emission with tightly wrapped spiral character, which is also seen in our CO(3-2) high resolution map. The age range of the stellar population in the ring is 10-200 Myr and the derived star formation rate is 1 M ⊙ /yr (Buta et al., 2000). Inside the nuclear ring, the CO emission reveals a central CND, of radius ∼ 0.3 ′′ = 21 pc. This central structure appears slightly more inclined on the sky than the main galaxy, and is likely to be a tilted torus.

NGC 1365 is a strongly barred spiral galaxy, with the characteristic dust lanes, which are particularly conspicuous. As an archetypal barred galaxy, it has been extensively observed (e.g. Lindblad, 1999). While the Seyfert 1.8 nucleus is obvious in optical and X-rays (Nardini et al., 2015), it is hardly seen in radio. Stevens et al. (1999) discuss a marginal radio jet, the center of which corresponds to the central X-ray position. The main part of the radio emission at cm wavelength is the nuclear ring, with hot spots corresponding to star formation. Sakamoto et al. (2007) have mapped in CO(2-1) and isotopes a mosaic with SMA at 2 ′′ resolution, that shows clearly a 2 kpc-extent oval ring, connected to the leading dust lanes, characteristics of the bar morphology. The AGN has only a small contribution (∼5%) to the central infrared emission, which is dominated by star formation (Alonso-Herrero et al., 2012). At 350 GHz, we detect a central continuum point source, as can be seen in Figure 2.3. Our large-scale CO(3-2) map reveals the contrasted nuclear ring, of radius ∼ 9 ′′ = 770 pc. Inside this ring, which corresponds to the ILR of the bar, we detect a more compact molecular component, a CND with a ring shape, of radius 0. ′′ 3 = 26 pc. This rotating ring just encircles the central continuum source, and might be interpreted as the molecular torus. Lena et al. (2016) have recently presented optical integral field spectroscopy for the inner 6 ′′ . They find evidence for a fan-shaped blue-shifted outflow in [NII] and Hα kinematics, corresponding to the outflow in a cone seen with the [OIII] emission lines, extending at more than 1 kpc from the center, along the minor axis (Hjelm & Lindblad, 1996;Venturi et al., 2017). From gravity torques, it was possible to show that the gas is inflowing to the center, driven by the bar, in a time-scale of 300 Myr (Tabatabaei et al., 2013).

NGC 1433 is a strongly barred spiral galaxy, nicknamed the "Lord of Rings", because of the presence of clear nuclear, inner and outer rings at the bar resonances (Buta & Combes, 1996). Previous cycle 0 ALMA observations in Band 7, with 0. ′′ 5 resolution, have revealed that inside the nuclear ring at ∼ 400 pc, there is also an inner nuclear ring at ∼ 200 pc, corresponding to the inner ILR (Combes et al., 2013). They revealed also a mild molecular outflow along the minor axis, of 7 M ⊙ /yr, the smallest molecular outflow ever observed in the Local Universe. It is possible that the outflow in a previous more powerful phase has destroyed a potential torus. The tentative continuum point source near the center is not confirmed, and there is no evidence of any molecular torus. The only small velocity gradient in the center corresponds to the outflow along the minor axis. This is supported also by the coincidence of the optical and NIR emission in the center, showing no extinction (Smajić et al., 2014). The CO(3-2) emission has a very filamentary structure at small scale, as can be seen in Figure 2.3. The nuclear ring is the site of a starburst (Sánchez-Blázquez et al., 2011), and the gas is transiently stalled there though gravity torques (Smajić et al., 2014).

NGC 1566 is an intermediate barred spiral galaxy, possessing nuclear, inner and outer rings at resonances (Agüero et al., 2004). The broad lines detected in the nucleus, and the observed variability are typical of a Seyfert 1 (Alloin et al., 1985). This lowluminosity AGN appears to be increasing its activity over the last few hundred years, the line excitation is much higher in the BLR than along the NLR cone (Baribaud et al., 1992;Reunanen et al., 2002;Smajić et al., 2015). Previous cycle 0 ALMA observations have shown that the molecular gas followed a trailing spiral inside the nuclear ring, fueling the central black hole. The sense of winding of the spiral must be due to the gravitational influence of the black hole itself (Combes et al., 2014;Smajić et al., 2015). The image at high resolution confirms the trailing spiral structure in the nuclear disk (figure 2.4). The nucleus is also the site of young star formation, and of a consequent dispersion drop (da Silva et al., 2017;Emsellem et al., 2001).

NGC 1672 is a strongly barred Seyfert 2 galaxy, with a high star-forming activity in its center. The AGN activity is therefore hard to find, through line diagnostics (Storchi-Bergmann et al., 1996;Kewley et al., 2000). Brandt et al. (1996) with ROSAT find a diffuse X-ray nuclear source, rather soft, compatible with a bubble interpretation (thermal emission from star formation). While finding in addition two X-ray sources at the bar extremities, de Naray et al. (2000) conclude that the Seyfert 2 activity must be obscured by a Compton-thick nucleus of column density 10 24 cm -2 at least. The X-ray at the center appears diffuse and dominated by a starburst nucleus. Jenkins et al. (2011) with the high resolution of Chandra are the first to find a hard X-ray emission associated to the nucleus, in addition to a ring. This confirms that the galaxy is actually a low-luminosity AGN, a Seyfert 2. The circum-nuclear ring, of 5 ′′ = 275 pc radius, is conspicuous in the radio emission at 3cm from the VLA, and also in Spitzer 8µm band, tracing essentially the PAH dust (Jenkins et al., 2011). Díaz et al. (1999) provide the velocity field in the central 2kpc: it has a strong velocity gradient, with a mass of 9 × 10 8 M ⊙ inside 125 pc. The ring is located at the inner ILR, and is also quite contrasted in the CO(3-2) emission (figure 2.4). Inside the ring, some thin filaments join towards a central concentration, which looks like a torus of radius 0.5 ′′ =27 pc seen more inclined than the large-scale disk. The continuum emission peaks just at the center.

CHAPTER 3

Evidence of feeding in the hot-spot galaxy NGC 1808: a nuclear trailing spiral observed with ALMA

In this chapter I will present the results obtained using ALMA observations in Cycle 3 with a resolution of 0.27 ′′ (∼12 pc) for the hotspot galaxy NGC 1808. The preliminary results are published in Audibert et al. (2017) and a more detailed publication on the cold molecular gas of NGC 1808 is currently under preparation (Audibert et al., 2019, in prep.).

• NGC 1808

The galaxy NGC 1808 is remarkable for its very dusty appearance and especially for its well-known system of dark radial filaments. It is known for its peculiar nuclear region of "hot spots" (Sérsic & Pastoriza, 1965). NGC 1808 is a Starburst/Sy 2 galaxy located at 9.3 Mpc (1 ′′ =45 pc) and it is classified as an SAB(s)a. Accordingly to Reif et al. (1982), it has an inclination of 57 • and a PA=323 • in the optical (Dahlem et al., 1990). In Figure 3.1, a large scale (8.9'×8.9') optical image of the galaxy obtained with the Carnegie-Irvine Galaxy Survey (CGS) is shown (Ho et al., 2011). Atomic gas traced with H i is concentrated in the galactic bar, disk, and a warped outer ring, indicating a tidal interaction in the past with the neighbour galaxy NGC 1792 (Koribalski et al., 1996). It presents prominent polar dust lanes and gas outflow emerging from the nucleus, as revealed in optical studies that indicate an outflow of dust, neutral and ionised gas

Observations

We report ALMA Cycle 3 observations of CO(3-2), CS(7-6), HCN(4-3) and HCO + (4-3) in band 7 with a resolution of 0.27 ′′ (∼12 pc). NGC 1808 was observed (project ID: #2015.1.00404.S, PI F. Combes) simultaneously in CO(3-2), HCO + (4-3), HCN(4-3) and CS(7-6) for both the compact (TC, baselines 15 Evidence of feeding in the hot-spot galaxy NGC 1808: a nuclear trailing spiral observed with ALMA 49 (Sanders et al., 2003); 8: this work. a (α J2000 , δ J2000 ) is the phase tracking center of our interferometric observations. b Distance is the median values of z-independent distances from NED Steer et al. (2017) c SFR is derived from infrared luminosities (NED) d The RA-DEC positions are the new adopted center, derived from the central continuum peak in this work, with an uncertainty of ∼0.1" (see Sec. 4.3.1) to 630m) and the extended (TE, baselines 15 to 1400m) configurations. The TC configuration was observed in April 2016 with 40 antennas and an integration time, including calibration and overheads, of 20 minutes, providing a synthesized beam of ∼0. ′′ 36. The TE configuration was observed in August 2016 with 41 antennas, total integration of 40 minutes and a synthesised beam of ∼0. ′′ 14. The correlator setup, designed to simultaneously observe three lines, provided a velocity range of 1600 km/s for each line, but did not center the HCO + (4-3) and HCN(4-3) lines (200 km/s on one side and 1400 km/s on the other, which is adequate for a nearly face-on galaxy), and 1800 MHz bandwidth in the continuum.

The observations were centred on the nucleus, with a single pointing covering a FOV of 18 ′′ . The galaxy was observed in dual polarization mode with 1.875 GHz total bandwidth per spectral window, and a channel spacing of 0.488 MHz corresponding to ∼0.8 km/s, after Hanning smoothing. The flux calibration was done with radio quasar J0522-3627, which is regularly monitored at ALMA, and resulted in 10% accuracy.

The data from Cycle 3 (TC+TE) were calibrated and concatenated with the CASA software (version from 4.5.3 to 4.7.2, [START_REF] Mcmullin | Astronomical Data Analysis Software and Systems XVI[END_REF], and the imaging and cleaning were performed with the GILDAS software (Guilloteau & Lucas, 2000). The analysis were made in GILDAS together with python packages (radio-astro-tools, APLpy, PySpecKit [START_REF] Ginsburg | Revolution in Astronomy with ALMA: The Third Year[END_REF][START_REF] Robitaille | APLpy: Astronomical Plotting Library in Python[END_REF][START_REF] Ginsburg | PySpecKit: Python Spectroscopic Toolkit[END_REF]. The CLEANing was performed using the Hogbom method and a natural weighting, in order to achieve the best sensitivity, resulting in a synthesised beam of 0. ′′ 30×0. ′′ 24 for the concatenated data cube. The spectral line maps were obtained after subtraction of the continuum in the uv-plane using the tasks uv_continuum and uv_subtract. The data cubes were then smoothed to 10.16 km/s (11 MHz). The total integration time provided an rms of 74µJy/beam in the continuum, and in the line channel maps 0.66 mJy/beam per channel of 10 km/s. The final maps were corrected for primary beam attenuation. Very little CO(3-2) emission was detected outside the full-width half-power (FWHP) primary beam.

Molecular gas distribution and morphology

Figure 3.2 displays 40 of the CO(3-2) channel maps, with a velocity range of 400 km/s and a velocity resolution of 10.2 km/s. The channels show evidence of a regular velocity field in a patchy ring at a radius ∼7 ′′ (315 pc), that is most prominent in the south part and another broken ring at ∼3.5 ′′ (160 pc). They are connected by multiple spiral arms. Inside the star-forming ring at 3.5 ′′ , that is also detected in the ionised and H 2 gas by Busch et al. (2017), at the very center, a 2-arm spiral structure is clearly seen, that is also observed in CS, HCN and HCO + , as I will further discuss in Section 4.3.5.

The moment maps of the CO(3-2) line clipping the emission at <5σ rms are shown in Figure 3.3. The integrated intensity (zero-moment) map in the left panel of Figure 3.3 shows that the CO emission follows the ∼300 pc star-forming circumnuclear ring. When integrated over the spectral range (v ∼ ±200 km/s), the integrated emission in our ALMA FoV of 18 ′′ shown in Figure 3.5, is 2594 Jy.km/s. Therefore, we should expect some missing flux by a factor up to ∼40-50%, taking into account the uncertainties of the r 32 and r 21 ratios (deconvolution uncertainties were not taken into account in [START_REF] Aalto | [END_REF].

The mass of molecular can be estimated from the integrated flux S CO ∆V using the equation from Solomon & Vanden Bout (2005):

L CO ′ (K.km/s/pc 2 ) = 3.25 × 10 7 S CO ∆V 1 + z D L ν rest 2 (3.2)
where ν rest is the rest frequency of the observed line, in GHz, D L is the luminosity distance, in Mpc, z is the redshift and S CO ∆V is the integrated flux in Jy.km/s. The molecular mass then can be calculated using the CO-to-H 2 conversion factor M (H 2 ) = α CO r31L ′ CO . We find a CO luminosity of L CO ′ =6.1×10 7 K.km/spc 2 and molecular mass of 2.7×10 8 M ⊙ in our FoV, assuming a Milky-Way like CO-to-H 2 conversion factor of X CO = 2×10 20 cm -2 /(K.km/s) (e.g. Bolatto et al., 2013). In comparison, Dahlem et al. (1990) derived a total molecular mass of M H2 ≈2×10 9 M ⊙ using the SEST CO(1-0) observations in the central 43 ′′ beam and standard conversion factor. For the values of SEST CO(2-1) spectrum in the central 22 ′′ beam reported by [START_REF] Aalto | [END_REF], it gives a mass of 1×10 9 M ⊙ for a CO(2-1)/CO(1-0) ratio of 1.12.

The total CO(3-2) emission line profile integrated over the observed map (FoV of 18 ′′ ) is shown in Figure 3.5. We decomposed the spectrum in three components, C1, C2 and C3, and the results of the Gaussian fits for each component are displayed in Table 3.2. The total flux is S CO(3-2) =2594.4 Jy.km/s.

Continuum emission

Radio continuum emission in NGC 1808 was reported by Collison et al. (1994) using 3.6 cm radio observations with the Very Large Array (VLA). They found a family of compact Evidence of feeding in the hot-spot galaxy NGC 1808: a nuclear trailing spiral observed with ALMA 57

CO(3-2) kinematics

To derive the CO(3-2) kinematics, we have assumed a simple model for the rotation curve, proposed by Bertola et al. (1991), that considers the gas is on circular orbits in a plane, v c = Ar/(r 2 + c 2 ) p/2 , where for p = 1 the velocity curve is asymptotically flat and p = 3/2 the system has a finite total mass, therefore we expect 1 ≤ p ≤ 3/2. The observed radial velocity at a position (R, Ψ) on the plane of the sky can be described as:

v(R, Ψ) = v sys + (3.3) ARcos(Ψ -Ψ 0 )sin(θ)cos p (θ) R 2 sin 2 (Ψ -Ψ 0 ) + cos 2 (θ)cos 2 (Ψ -Ψ 0 ) + c 2 cos 2 (θ) p/2
where θ is the inclination of the disk (with θ = 0 for a face-on disk), Ψ 0 is the position angle of the line of nodes, v sys is the systemic velocity and R is the radius and A, c, and p are parameters of the model.

From the velocity map, the dominant velocity feature appears to be due to circular rotation in the disk. After subtracting a model for the velocity field by Bertola et al. (1991), as displayed in Figure 3.7, we do not find significant patterns in the residuals, although the amplitudes reach values of +80 km/s and -40 km/s in the central part of the galaxy. The best fit results in a position angle of 312.7 • and inclination i=51 • . To investigate these features better, we implemented a second approach. We used the tiltedring model (Rogstad et al., 1974), which consists in dividing the velocity field in concentric rings in radii ∆r and each ring is allowed to have an arbitrary v c , i and PA. For each radius, we can independently fit the parameters of Equation 4.1 to the observed velocity field. We show the results of the tilted-ring fitting to the velocity map in Figure 3.8. We adopted a ∆r=0. ′′ 3, that corresponds to the deprojected resolution of our observations in the galaxy plane. In the right panel, we display the residuals after subtracting the tiltedmodel ring to the velocity field. As can be seen in Fig. 3.8, the tilted-ring represents a better fit than the Bertola et al. (1991) model, the amplitude in the residuals are smaller (±30 km/s) and the mean velocity field is well described by rotation.

We also tested an additional method to derive the CO kinematics, using the "3D-Based Analysis of Rotating Objects from Line Observations" ( 3D BAROLO) software by Di Teodoro & Fraternali (2015). 3D BAROLO performs a 3D tilted-ring modeling of the emission line data-cubes to derive the parameters that better describe the kinematics of the data. We ran 3D BAROLO on the CO(3-2) data-cube in order to investigate non circular motions, since the code allows us to infer radial velocities in the fit of the rotation curves. The best fit for the 2D velocity field is shown in Figure 3.9.

We investigate the PVDs along the major (PA=314 • ) and minor axis (224 • ) of NGC 1808 (Fig. 3.10), to detect a possible outflow feature which would correspond to the polar dust 64 3.7 The ionised and warm molecular gas Thanks to our high-resolution ALMA observations we are able to disentangle the emission coming from the nuclear region within the spiral trailing feature observed in the central ∼50 pc and the contribution from a star-forming clump observed in all the molecular tracers at ∼140 pc from the nucleus, indicated in Figure 3.11. We measured the line intensity ratios R HCN/HCO + and R HCN/CS in the two regions, and plot in the submillimeter-HCN diagram (Fig. 3.15) proposed by Izumi et al. (2016), which suggest enhanced HCN(4-3)/HCO + (4-3) and/or HCN(4-3)/CS(7-6) integrated intensity ratios in circumnuclear molecular gas around AGNs compared to those in starburst galaxies (submillimeter HCN-enhancement). Indeed, we do find that the nuclear region of NGC 1808 presents excitation conditions typical of X-ray dominated regions (XDRs) in the vicinity of AGNs.

The ionised and warm molecular gas

In order to compare the CO(3-2) morphology with the ionised material and the warm molecular gas, we superposed the CO contours onto the NIR maps of Paα and H 2 λ2.12µm presented in Busch et al. (2017), shown in Figure 3.16. There is a remarkable resemblance between the ionised and warm molecular gas to the CO emission along the star forming ring at ∼4 ′′ radius.

Inflowing of cold and warm molecular gas

The hot and cold gas, as well as the stellar velocity field, all show a very similar degree of rotation and therefore a simple residual map, which we obtain by subtracting the stellar velocity field from the velocity fields of Br γ and H 2 , can give us an estimate of the non-rotational motions in the gas velocity fields. The high spatial resolution (<50 pc) of SINFONI observations show evidence of a nuclear two-arm spiral structure in the central 100 pc (marked with solid lines in Figure 3.17).

CHAPTER 4 ALMA captures feeding and feedback from the active galactic nucleus in NGC 613

In this chapter I report ALMA observations of CO(3-2) emission in the Seyfert/nuclear starburst galaxy NGC 613, at a spatial resolution of 17 pc, as part of our NUGA sample, presented in Audibert et al. (2019). Our aim is to investigate the morphology and dynamics of the gas inside the central kpc, and to probe nuclear fueling and feedback phenomena. The morphology of CO(3-2) line emission reveals a 2-arm trailing nuclear spiral at r 100 pc and a circumnuclear ring at ∼350 pc radius, that is coincident with the star-forming ring seen in the optical images. Also, we find evidence of a filamentary structure connecting the ring and the nuclear spiral. The ring reveals two breaks into two winding spiral arms corresponding to the dust lanes in the optical images. The molecular gas in the galaxy disk is in a remarkably regular rotation, however, the kinematics in the nuclear region is very skewed. The nuclear spectrum of CO and dense gas tracers HCN(4-3), HCO + (4-3), and CS(7-6) show broad wings up to ±300 km/s, associated with a molecular outflow emanating from the nucleus (r ∼25 pc). We derive a molecular outflow mass M out =2×10 6 M ⊙ and a mass outflow rate of Ṁout =27 M ⊙ yr -1 . The molecular outflow energetics exceed the values predicted by AGN feedback models: the kinetic power of the outflow corresponds to P K,out =20%L AGN and the momentum rate is Ṁout v ∼ 400L AGN /c. The outflow is mainly boosted by the AGN through entrainment by the radio jet, but given the weak nuclear activity of NGC 613, we might be witnessing a fossil outflow, resulted from a strong past AGN that now has already faded. Furthermore, the nuclear trailing spiral observed in CO emission is inside the inner Lindblad resonance (ILR) ring of the bar. We compute the gravitational torques exerted in the gas to estimate the efficiency of the angular momentum exchange. The gravity torques are negative from 25 to 100 pc and the gas loses its angular momentum in a rotation period, providing evidence of a highly efficient inflow towards the center. This phenomenon shows that the massive central black hole has a significant dynamical influence on the gas, triggering the inflowing of molecular gas to feed the black hole.

Introduction

The energy of active galactic nuclei (AGN) is well interpreted as due to gas accretion onto the supermassive black hole (SMBH) (Antonucci, 1993). Gas inflows into the center of galaxies can fuel the SMBH and the energy input by the AGN can trigger subsequent feedback. The feedback can in turn regulate the SMBH growth and suppress star formation (e.g. Croton et al., 2006;Sijacki et al., 2007). Feeding and feedback are key processes to understand the co-evolution of black holes (BH) and their host galaxies, which is now well established by the tight M-σ relation (e.g. Magorrian et al., 1998;Gültekin et al., 2009;McConnell & Ma, 2013). It is important to study the efficiency of angular momentum transport in galaxy disks in order to understand how the star formation and nuclear activity are fueled and what are the timescales involved, since both feeding processes rely on a common cold gas supply, but in different periods of time (∼10 5 yr for BH growth and ∼10 7-9 yr for star formation, García-Burillo, 2016). These time scales are related to the mechanisms that drive the gas from galactic scales (∼10 kpc) to nuclear scales (a few pc), through removal of angular momentum; large non-axisymmetric perturbations, such as bars or spirals, can do the job, but there is not yet identified a unique physical process associated with inward transport of gas in galaxy disks.

On large scales, cosmological simulations show that mergers and galaxy interactions are able to produce strong non-axisymmetries (e.g. Hopkins et al., 2006;Di Matteo et al., 2008). At kpc scales, bar instabilities, either internally driven by secular evolution or triggered by companions, can first feed a central starburst and then fuel the BH (García-Burillo et al., 2005). On the other hand, gas inflow is impeded by the inner Lindblad resonance (ILR), where the gas is trapped in a nuclear ring (see Piner et al., 1995;Regan & Teuben, 2004). At few hundreds of pc scales, the "bars within bars" scenario (e.g. Shlosman et al., 1989), together with m=1 instabilities and nuclear warps (Schinnerer et al., 2000) take over as a dynamical mechanism (see e.g., Hunt et al., 2008). Observations of nearby low luminosity AGN (LLAGN) with the NUGA program have revealed smokinggun evidence of AGN fueling in one third of the galaxies [START_REF] García-Burillo | [END_REF]. This result suggests that galaxies alternate periods of fueling and starvation, and might be found in a feeding phase at 300 pc scales only one third of the time.

As we approach the center of galaxies, other mechanisms could contribute to the fueling: viscous torques, from dense gas in regions of large shear, or dynamical friction can drive massive clouds to the nucleus (e.g. Combes, 2003;[START_REF] Jogee | Physics of Active Galactic Nuclei at all Scales[END_REF]. Simulations suggest that fueling involves a series of dynamical instabilities (m=2, m=1) at ∼10 pc scales, and also predict the formation of a thick gas disk similar to the putative torus invoked to explain obscured AGN (Hopkins & Quataert, 2010;Hopkins et al., 2012). These fueling episodes are eventually quenched by either nuclear star formation winds or AGN feedback.

The recent discovery of many massive (a few 10 7 M ⊙ ) molecular outflows in nearby AGN (eg., Fischer et al., 2010;Feruglio et al., 2010Feruglio et al., , 2017;;Alatalo et al., 2011;Sturm et al., 2011;Veilleux et al., 2013b;Cicone et al., 2014;Sakamoto et al., 2014;García-Burillo et al., 2014;Dasyra & Combes, 2012;Dasyra et al., 2014) has promoted the idea that winds may be major actors in sweeping gas out of galaxies. It has been already established that the mass outflow rates increase with the AGN luminosity, supporting the idea of a luminous AGN pushing away the surrounding gas through a fast wind. Observational works (Cicone et al., 2014;Fiore et al., 2017;Fluetsch et al., 2019) have shown that the molecular outflow properties are correlated with the AGN luminosity, where the outflow kinetic power corresponds to about 5%L AGN and the momentum rate is ∼20L AGN /c, in agreement with theoretical models of AGN feedback (Faucher-Giguère & Quataert, 2012;Zubovas & King, 2012, 2014). Outflows have been traced for a long time in ionized or atomic gas (Rupke et al., 2005a;Riffel & Storchi-Bergmann, 2011), making it now possible to compare the different gas phases. Carniani et al. (2015) found that ionised gas only traces a small fraction of the total gas mass, suggesting that the molecular phase dominates the outflow mass. This trend is also found by Fiore et al. (2017), but the ratio between molecular to ionised mass outflow rates is reduced at the highest AGN bolometric luminosities.

Probing AGN feeding and feedback phenomena through the kinematic and morphology of the gas inside the central kpc has only recently been possible due to the unprecedented Atacama Large Millimeter/submillimeter Array (ALMA) spatial resolution and sensitivity. Evidence of AGN feeding was found in NGC 1566, where a molecular trailing spiral structure from 50 to 300 pc was detected with ALMA Cycle 0 observations, and according to its negative gravity torques, is contributing to fuel the central BH (Combes et al., 2014). Also with Cycle 0 observations, a molecular outflow is also seen a the LLAGN in the Seyfert 2 NGC 1433. It is the least massive molecular outflow (∼ 4 × 10 6 M ⊙ ) ever detected around galaxy nuclei (Combes et al., 2013). A fast and collimated outflow has been detected in HCN(1-0) and CO(1-0) emission in the nucleus of Arp 220, extending up to 120 pc and reaching velocities up to ±840 km/s ( Barcos-Muñoz et al., 2018).

In the prototypical Seyfert 2 NGC 1068, a clear molecular ouflow has also been detected, entrained by the AGN radio jets (Krips et al., 2011;García-Burillo et al., 2014). NGC 1068 is also the first case to resolve the molecular torus, using the continuum and the CO(6-5), HCN(3-2) and HCO + (3-2) emission lines observed with ALMA (Gallimore et al., 2016;García-Burillo et al., 2016;Imanishi et al., 2016). The dynamics of the molecular gas in the NGC 1068 torus revealed strong non-circular motions and enhanced turbulence superposed on a slow rotation pattern of the disk. The AGN is clearly offcenter with respect to the torus, implying an m=1 perturbation (García-Burillo et al., 2016). Recently, we have reported observations of molecular tori around massive BHs in a sample of 7 nearby LLAGN (Seyfert/LINER), at the unprecedented spatial resolution of 3-10 pc (Combes et al., 2019, , hereafter Paper I). The ALMA observations bring a wealth of new information on the decoupled molecular tori, which are found to have radii ranging from 6 to 27 pc, unaligned with the orientation of the host galaxy and frequently slightly off-centered to the AGN position. The kinematics of the gas inside the sphere of influence (SoI) of the central BH also allowed us to estimate the BH masses (M BH ∼ 10 7-8 M ⊙ ).

In this chapter, I present the combined ALMA cycle 3 and 4 observations in the CO(3-2) line of the Seyfert galaxy NGC 613, with a spatial resolution of 17 pc. These observations were part of the sample presented in Paper I, but the data analyzed here have more sensitivity in order to detect faint broad wings usually associated to outflows. through MIR spectroscopy (Goulding & Alexander, 2009) and X-ray observations using the ROSAT and XMM-Newton (Liu & Bregman, 2005;Castangia et al., 2013, respectively). Water masers have been detected in the nucleus by Kondratko et al. (2006).
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(3) Position Angle 120 • (3) Distance b 17.2 Mpc (1) SFR c 5.3 M ⊙ yr -1 (1) M Hi 4.7×10 9 M ⊙ (4) M * -Stellar Mass 4.5×10 10 M ⊙ (5) L IR 3×10 10 L ⊙ (6) α J2000 d 01h34m18.19s (7) δ J2000 d -29d25m06.59s ( 
NGC 613 shows clear evidence of star formation, shock excitation and AGN activity (Davies et al., 2017). Radio continuum observations show evidence for a collimated jet from the AGN and a nuclear ring with a moderate inclination of i∼55 • (Hummel et al., 1987;Hummel & Jorsater, 1992). The presence of the outflow has already been suggested by the high velocity dispersion of the [Feii] line along the radio jet (Falcón-Barroso et al., 2014). The ring-like structure in Brγ emission in NGC 613, comprising "hot spots" of current massive star formation (Böker et al., 2008;Falcón-Barroso et al., 2014), indicates an ongoing star-forming episode. We collect the main properties of NGC 613 in Table 4.1.

Observations

We report the combined ALMA Cycle 3 and Cycle 4 observations of CO(3-2), CS(7-6), HCN(4-3) and HCO + (4-3) and continuum in band 7, at rest frame frequencies ν rest of

Observations

345.8, 342.9, 354.5, 356.7 and 350 GHz, respectively. The observations of the NUGA sample are described in Paper I; here we include additional details for NGC 613.

In Cycle 3, NGC 613 was observed (project ID: #2015.1.00404.S, PI F. Combes) simultaneously in CO(3-2), HCO + (4-3), HCN(4-3) for both the compact (TC, baselines 15 to 630m) and the extended (TE, baselines 15 to 1400m) configurations. The largest recoverable angular scale corresponding to the shortest baseline is about 12 ′′ . The TC configuration was observed in April 2016 with 40 antennas and an integration time, including calibration and overheads, of 20 minutes, providing a synthesized beam of ∼0. ′′ 38. The TE configuration was observed in August 2016 with 41 antennas, total integration of 40 minutes and a synthesised beam of ∼0. ′′ 14. The correlator setup, designed to simultaneously observe three lines, provided a velocity range of 1600 km/s for each line, but did not center the HCO + (4-3) and HCN(4-3) lines (200 km/s on one side and 1400 km/s on the other, which is adequate for a nearly face-on galaxy), and 1800 MHz bandwidth in the continuum.

The Cycle 4 observation were carried out in November 2016 and July 2017 (project ID: #2016.1.00296.S, PI F. Combes) at higher spatial resolution (∼6.5 pc) aiming at resolving the molecular torus. The tuning configuration of Band 7 was in the CO(3-2), HCO + (4-3) and continuum, to avoid a restricted velocity range in the expected broader spectral lines towards the nucleus. The correlator setup was selected to center the CO(3-2) and the HCO + lines in the 2 GHz bandwidth. The compact configuration (TM2, baselines 19 to 500m) was observed with 44 antennas for an integration time of 14 minutes and a synthesised beam of 0. ′′ 31 and the extended (TM1, baselines 19 to 3100 m) with 43 antennas for 1.2 hours and a synthesised beam of ∼0. ′′ 08.

The observations phase center was that of the nucleus (Table 4.1), with a single pointing covering a Field of View (FoV) of 18 ′′ . The galaxy was observed in dual polarization mode with 1.875 GHz total bandwidth per spectral window, and a channel spacing of 0.488 MHz corresponding to ∼0.8 km/s, after Hanning smoothing. The flux calibration was done with radio quasars close to the position in the sky of the target, which are regularly monitored at ALMA, and resulted in 10% accuracy.

The data from Cycle 3 and 4 were calibrated and concatenated with the CASA software (version from 4.5.3 to 4.7.2, [START_REF] Mcmullin | Astronomical Data Analysis Software and Systems XVI[END_REF], and the imaging and cleaning were performed with the GILDAS software (Guilloteau & Lucas, 2000). In Paper I, we have used only the most extended configurations (TM1+TE), but in this work we have combined all the configurations to improve the sensitivity. The analysis were made in GILDAS together with python packages (radio-astro-tools, APLpy, PySpecKit [START_REF] Ginsburg | Revolution in Astronomy with ALMA: The Third Year[END_REF][START_REF] Robitaille | APLpy: Astronomical Plotting Library in Python[END_REF][START_REF] Ginsburg | PySpecKit: Python Spectroscopic Toolkit[END_REF]. The CLEANing was performed using the Hogbom method and a natural weighting, in order to achieve the best sensitivity, resulting in a synthesised beam of 0. ′′ 21×0. ′′ 19 for the concatenated data cube. The spectral line maps were obtained after subtraction of the continuum in the uv-plane using the tasks uv_continuum and uv_subtract. The data cubes were then smoothed to 10 km/s (11.5 MHz). The total integration time provided an rms of 87µJy/beam in the continuum, and in the line channel maps 0.43 mJy/beam per channel of 10 km/s (corresponding to ∼1K, at the obtained spatial resolution). The
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final maps were corrected for primary beam attenuation. Very little CO(3-2) emission was detected outside the full-width half-power (FWHP) primary beam.

Because of lack of very short baselines (<15m), extended emission was filtered out at scales larger than 12 ′′ in each channel map. Since the velocity gradients are high in galaxy nuclei, this does not affect significantly the line measurements: indeed, the size in each velocity channel is not expected to be extended.

Results

Continuum emission

Previous ALMA band 3 and 7 observations by [START_REF] Miyamoto | [END_REF] detect continuum emission from both the circumnuclear disk (CND) and the star-forming ring (250< r <340 pc). At 95 GHz with a ∼0. ′′ 6 resolution, they find a continuum jet with a PA=20 • , which corresponds to the 4.9 GHz and 14.9 GHz jets (Hummel & Jorsater, 1992), close to the minor axis of the ring. In the nucleus, the negative spectral index, α ∼-0.6, is compatible with synchrotron emission, with a small fraction of free-free, while the index α ∼ -0.2 along the star-forming ring can be from free-free emission [START_REF] Miyamoto | [END_REF].

At our resolution of 0. ′′ 2 (∼ 17 pc), the central continuum is resolved at 350 GHz, with some compact emission along the star-forming ring, as display in Figure 4.2. The ∼2.2 mJy peak emission is detected at 25σ significance. We determine the peak of the continuum emission by fitting a circular Gaussian source in the uv-plane using the GILDAS uv_fit task. The fitted results in the central continuum emission for the flux is 2.4±0.1 mJy and for the RA and DEC relative do the phase center are ∆RA=-0. ′′ 587 and ∆DEC=-0. ′′ 03219, with a relative uncertainty of ±0. ′′ 003. These values are listed as reference of the new adopted center and AGN position in Table 4.1. Within the error bar, the AGN position is consistent with the positions derived by [START_REF] Miyamoto | [END_REF] and from X-ray observations (Liu & Bregman, 2005).

Molecular gas distribution and morphology

Figure 4.3 displays the CO(3-2) channel maps, with a velocity range of 450 km/s and a velocity resolution of 10 km/s. The channels show evidence of a regular velocity field in a ring at a radius ∼3.5 ′′ (300 pc), with two winding arms structure coming from the NW and SE directions. These spiral arms coincide with the beginning of the dust lanes along the bar seen in the HST/F814W image (Figure 4.1): they are the contact points between the tangent dust lanes and the ring.

At small radii, there is a spiral structure in the center channels (±100 km/s) that can be more clearly seen in Figure 4.5. The 2-arm nuclear gas spiral at r 100 pc is ALMA captures feeding and feedback from the active galactic nucleus in NGC 613 77

( 100 pc) though, the stellar and molecular morphologies are dissimilar.

In the middle panel of Figure 4.5, the intensity-weighted velocity (first-moment) map shows a clear rotation pattern in the galaxy plane, with velocities peaking between ∼ ±200 km/s from the systemic velocity (v sys 1481 km/s, see discussion below). The velocity distribution and morphology in the central 200 pc are more perturbed, due to the filamentary streams and the nuclear spiral. The NW winding arm is mostly blueshifted and the SE redshifted, indicating that rotation and possibly gas pile-up is taking place; this will be discussed further in Section 4.5.

Close to the AGN, the velocity dispersion is high (σ ∼130 km/s), as displayed in the right panel of Figure 4.5 (second-moment map). In the nuclear spiral the velocity dispersion ranges from 70∼120 km/s and the average dispersion along the ring is ∼40 km/s, with more elevated values in the clumpy regions. Furthermore, we can distinguish a disturbance in the overdense region in the west part of the ring, with an increased dispersion 150 km/s. This region also corresponds to an enhanced spot observed in [Feii] with SINFONI, suggesting a strongly shocked medium (see also Sect. 4.3.6).

CO luminosity and H 2 mass

The mean intensity map is plotted in Fig. 4.5 (left). Since the galaxy is more extended than the primary beam, it is difficult to quantify the missing flux. We compare it to the central spectrum obtained with the 15-m single dish obtained with the Swedish-ESO Submillimeter Telescope (SEST) in CO(1-0) and CO(2-1) over a 43 ′′ and 22 ′′ FoV, respectively. In Figure 4.6, we display the total CO(3-2) spectrum integrated over the 18 ′′ FoV. Towards the central position, Bajaja et al. (1995) found a CO(2-1) spectrum peaking at T * A = 200 mK with FWHM=300 km/s, yielding a total integrated flux of 1504 Jy km/s, in a beam of 22 ′′ . Their beam is very similar to our FoV of 18 ′′ . The flux comparison is relevant, since our FoV encompasses the entire nuclear ring, and the emission in this nuclear region corresponds to the strongest surface density at different wavelengths (Comerón et al., 2010;Ho et al., 2011;Li et al., 2011), as already discussed by Combes et al. (2014).

We assume a ratio of r 31 = T 3-2 /T 1-0 of 0.82, typical for Seyfert galaxies (Mao et al., 2010) and a ratio r 21 = T 2-1 /T 1-0 compatible with 1, within the error bars. The latter is derived from the SEST CO(2-1)/CO(1-0) observations in the galaxy center, by convolving the beam of CO(2-1) to 43 ′′ , implying a higher CO excitation at the center of NGC 613. This is expected for thermalized excitation and a dense molecular medium. In that case, the CO(3-2) flux should be higher than the CO(2-1), as we could presume the flux S ν ∝ ν 2 in the Rayleigh-Jeans approximation, for gas at temperature larger than 25K and density larger than 10 4 cm -3 ). Using these values, the expected CO(3-2) intensity is ∼2266 Jy.km/s in a 22 ′′ beam. When integrated over the spectral range (FWHM∼250km/s), the integrated emission in our ALMA FoV of 18 ′′ shown in Figure 4.6, is 1307 Jy.km/s. Therefore, we should expect some missing flux by a factor up to ∼40-50%, taking into account the uncertainties of the r 31 and r 21 ratios. Hence, we find a molecular mass of 5.6×10 8 M ⊙ in our FoV, assuming thermally excited gas, and a ALMA captures feeding and feedback from the active galactic nucleus in NGC 613 79 (Burbidge et al., 1964;Blackman, 1981;[START_REF] De Vaucouleurs | Third Reference Catalogue of Bright Galaxies[END_REF], and therefore we adopted the values of PA=120 • and i=41 • , listed in Table 4.1. We assume a simple model for the rotation curve, proposed by Bertola et al. (1991), assuming the gas is on circular orbits in a plane, v c = Ar/(r 2 + c 2 ) p/2 , where A, c, and p are parameters of the model, and for p = 1 the velocity curve is asymptotically flat and p = 3/2 the system has a finite total mass, therefore we expect 1 ≤ p ≤ 3/2. Figure 4.7 shows the result of fitting the radially averaged velocities to this model; the dotted lines represent the best fit for circular velocity, v c .

We can refine the above fit of the radially averaged velocities by fitting the entire velocity field with the same model by Bertola et al. (1991). The observed radial velocity at a position (R, Ψ) on the plane of the sky can be described as:

v(R, Ψ) = v sys + (4.1) ARcos(Ψ -Ψ 0 )sin(θ)cos p (θ) R 2 sin 2 (Ψ -Ψ 0 ) + cos 2 (θ)cos 2 (Ψ -Ψ 0 ) + c 2 cos 2 (θ) p/2
where θ is the inclination of the disk (with θ = 0 for a face-on disk), Ψ 0 is the position angle of the line of nodes, v sys is the systemic velocity and R is the radius. We used the tilted-ring model (Rogstad et al., 1974), which consists in dividing the velocity field in concentric rings in radii ∆r and each ring is allowed to have an arbitrary v c , i and PA.

For each radius, we can independently fit the parameters of Equation 4.1 to the observed velocity field.

We show the results of the tilted-ring fitting to the velocity map in Figure 4.8. We adopted a ∆r=0. ′′ 3, that corresponds to the deprojected resolution of our observations in the galaxy plane. In the right panel, we display the residuals after subtracting the Bertola et al. (1991) model to the velocity field. As can be seen, the model represents quite well the observed velocity field, with no significant amplitudes in the residuals along the galaxy disk, except in the west part of the ring, where there is an important contribution from non-circular motions. This region coincides with the contact point between the ring and the SE winding arm, and it is also probably perturbed by shocks, as suggested by the high velocity dispersions in the molecular gas and an enhancement in the [Feii] emission (Fig. 4.13). This non-circular motions along the minor axis and on the winding spiral ALMA captures feeding and feedback from the active galactic nucleus in NGC 613 85 The line ratios are plotted on the sub-millimeter diagram of Izumi et al. (2016), as displayed in Figure 4.12. We find that the CND region lies in the AGN-dominated part of the diagram, while the clump in the star forming ring of NGC 613 is indeed dominated by star formation. Ultimately, we do find that the nuclear region of NGC 613 presents line ratios that indicate excitation conditions typical of XDRs in the vicinity of AGN.

Comparison to the warm molecular and ionised gas

In order to compare the CO(3-2) morphology with the ionised material and the warm molecular gas, we superposed the CO contours onto the NIR maps of [Feii], Brγ and H 2 λ2.12µm presented in Falcón-Barroso et al. ( 2014), shown in Figure 4.13. There is a remarkable resemblance between the ionised and warm molecular gas to the CO emission along the star forming ring. The position and ages of the hot spots in the ring suggest a "pearls on a string" scenario of evolution of star formation as proposed by Böker et al. (2008). In this scenario, star formation only occurs in particular overdense regions and the young clusters move along the ring, following the gas movement, and meanwhile age, resulting in an age gradient along the ring. The expected sequence of star formation was indeed observed in the southern part of the ring: the hottest stars are found near the contact point of the dust lanes, and then fewer hot stars are found along the ring (see Fig. 8 of Böker et al., 2008).

At the center, the nuclear spiral corresponds to the massive reservoir of the bright warm H 2 and [Feii], while contrasting with the weak emission in Brγ. Indeed, as discussed by Falcón-Barroso et al. ( 2014), the high [Feii]/Brγ ratio in the center indicates that excitation is dominated by shocks and photoionization in the nucleus, and follows the correlation between the strength of the [Feii] and 6 cm radio emission in Seyfert galaxies (Forbes & Ward, 1993).

The high values of the ratio [Feii]/Brγ=17.7 in the nucleus of NGC 613, are not typical of starburst galaxies, where we expect the ratio in the range 0.5-2 (Colina et al., 2015) and the [Feii] emission originates in supernova-driven shocks. Indeed, the large ratio in the nucleus is similar to those found in AGN, indicating that the most likely mechanism for the production of [Feii] emission is shock excitation from the radio jets and/or supernova remnants (SNRs), typical for Seyfert galaxies [START_REF] Rodríguez-Ardila | [END_REF]. In fact, X-ray emission, which is dominant in Seyferts, can penetrate deeply into atomic gas and Additionally, in Figure 4.16 we show the contours for the blue and red wing emission, and we see that the contours overlap and the blue component arises in the northern part of the nucleus and the red in the south. Due to the small size of the outflow, we can barely resolve each wing contribution, however, there is an indication that they do not follow the rotation pattern of the mean velocity field. The direction of velocities are also opposite to what is found in the molecular torus (cf Paper I).

We compare the molecular to the radio emission observed with the Karl G. Jansky Very Large Array (VLA) at 4.86 GHz (Hummel & Jorsater, 1992) in Figure 4.16. The VLA radio jet emission is shown in the right panel with the molecular outflow blue and red wings emission contours overlaid. The molecular outflow emission coincides with the central blob of the radio jet and appears to be aligned with the orientation of the radio jet at PA=12 • .

In order to derive conservative values for the flux related to the outflow in the broad emission, instead of fitting one Gaussian component for the "core" and one broad component for the outflow (including some low-velocity emission that might not be associated with the outflowing material), we have taken two different approaches. First, we fit a Gaussian to the nuclear spectrum to take into account the contribution of the main rotating disk (black line in Fig. 4.15). After subtracting the core contribution to the CO spectrum, we have the residuals, as shown by the gray line. We then integrated the contribution of the blue and red regions in the residual spectrum. The results of the fit of the main core and blue and red wings in the residuals are listed in Table 4.4. The derived molecular mass corresponding to the main disk component inside the radius of 23 pc is 4.8 × 10 7 M ⊙ , which agrees with the mass of the 14 pc molecular torus of 3.9 × 10 7 M ⊙ found in Paper I (using the same conversion factor and r 31 as in Paper I).

The second approach consists in creating moment maps only taking the velocity channels from -400 to -120 km/s for the blue component and from +120 km/s to 300 km/s for the red wing. We try to avoid the contribution from the H 13 CN by limiting the velocity channels up to 300 km/s. We display the blue and red wings contour maps in Figure 4.16, superposed to the intensity weighted velocity map of the original CO map, which represents the mean velocity pattern. The integrated fluxes corresponding to velocity intervals of the red and blue maps are also listed in Table 4.4. The peak temperatures of the blue and red wings represent ∼5% of the peak of the main core component, however they are still detected with a 50σ significance in the case of the residuals wings.

The maximal velocities of the red and blue components are up to about ±300 km/s in projection (∼460 km/s if in the galaxy plane, i=41 • ). Given their location near the nucleus, we tentatively interpret these high-velocity features as the two sides of an outflow. Globally, these features represent as much as 8% of the total molecular emission in the nuclear ring region. b In this case we just assumed that S peak is the maximum flux in the nuclear spectrum within the selected velocity range of the blue and red wings.
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CO-to-H 2 conversion in the nuclear region of NGC613

From the integrated flux S CO ∆V(Jy km/s) listed in Table 4.4, we can derive the molecular mass involved in the outflow using the equation from Solomon & Vanden Bout (2005):

L CO ′ (K.km/s/pc 2 ) = 3.25 × 10 7 S CO ∆V 1 + z D L ν rest 2
where ν rest = 345.796 GHz, and D L is the luminosity distance in Mpc. The molecular mass, including helium, is then derived from M(H 2 ) = α CO L CO ′ r 13 (Tacconi et al., 2013). This implies a molecular mass of M out =1.9-2.2×10 6 M ⊙ . This mass was obtained using r 31 =0.82, a luminosity distance of 17.2 Mpc and the standard Galactic CO-to-H 2 , conversion factor (α CO,MW = 4.36 M ⊙ (K.km/spc 2 ) -1 Dame et al., 2001;Bolatto et al., 2013). However, this mass could be an upper limit if the flow is made of more diffuse optically thin gas.

The standard α CO = 4.36 for the Milky Way is the recommended value to use in the inner disk of galaxies. However, several observational works (e.g., Israel, 2009b,a;Sandstrom et al., 2013) found that in the center of galaxies (R 1 Kpc) the conversion X CO can be a factor up to 3-10 times lower than X CO,M W . As pointed out by Bolatto et al. (2013), the recommended value to be applied in galaxy centers is α CO,cen ∼ 1 4 α CO,M W , with a 0.3 dex uncertainty. In our case, the masses involved in the outflow would be four times lower, i.e., in the range of M out = 4.8 -5.5 × 10 5 M ⊙ , providing a more conservative estimative of the mass.

The assumption of a smaller α CO has been already discussed in the literature. In the case of the outflow in NGC 1068, the 1 4 α CO,M W factor was also assumed (García-Burillo et al., 2014), in agreement with LVG analysis of the CO line ratios in the central region of this galaxy (Usero et al., 2004). Another example is the molecular outflow detected in M 51, where the authors assumed α CO = 1 2 α CO,MW (Querejeta et al., 2016b;Matsushita et al., 2007). In a study of molecular gas excitation in the jet-driven winds of IC 5063, Dasyra et al. (2016) found that the outflowing molecular gas is partly optically thin, implying a α CO one order of magnitude smaller than the Galactic.

The molecular outflow

Most molecular outflows are detected in ultra-luminous infrared galaxies (ULIRGs) (Cicone et al., 2014). Therefore, the CO-to-H 2 conversion factor usually assumed in the literature is α CO = 0.8, a factor ∼5 times lower than the Milky Way factor α CO,M W . Since NGC 613 has a rather moderate infrared luminosity (L IR = 3 × 10 10 L ⊙ ), there is no reason a priori to adopt the lower factor of applied to ULIRGs. In fact, we would like to highlight that uncertainties in α CO impact the comparison of scaling factors between outflows and host galaxies properties (e.g., Fiore et al., 2017;Fluetsch et al., 2019) by a factor of ∼5.

Mass outflow rate

To estimate the mass outflow rate, along with the observational quantities (outflow mass M out , size R out and velocity v out ), we need to assume a certain geometry. Following Fiore et al. (2017) and Cicone et al. (2014), for a spherical or multi-conical geometry, in which the outflowing clouds are uniformly distributed along the flow, the mass outflow rate Ṁout can be calculated as:

Ṁout = 3v out M out /R out (4.2)
If instead we assume a time-averaged thin expelled shell geometry (Rupke et al., 2005b), also adopted in the study of molecular outflows in the local Universe (Veilleux et al., 2017;Fluetsch et al., 2019), we have

Ṁout = v out M out /R out (4.3)
which corresponds to the outflow mass averaged over the flow timescale, t f low = Rout vout . The difference in the mass loading factor between the two proposed scenarios for the outflow geometry is a factor 3 times larger in the multi-conical/spherical description.

In the following estimates, we use Eq. 4.3 to derive more conservative outflow energetics, since the observations cannot constrain the geometry, and thus favour one scenario over the other.

As discussed in Section 4.4.1, the outflow is found in a region of R out =0. ′′ 28 (∼23 pc) and here we will consider the maximum projected velocity of the wings, v out =300 km/s. If the outflow direction is between the observer line of sight and the galaxy plane, even assuming the maxima projected velocities, the de-projected velocities would encompass the adopted value, therefore, v out =300 km/s is a conservative value. The flow timescale is then t f low ∼ 10 4 yr, which is comparable to the timescales of the BH growth bursts episodes of nuclear activity, with a duration of 10 4-5 yr [START_REF] Wada | Coevolution of Black Holes and Galaxies[END_REF].
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For an outflow mass of M out =(1.9-2.2)×10 6 M ⊙ (assuming the standard α CO,MW ), we find a mass outflow rate of Ṁout =(25-29) M ⊙ yr -1 . If instead, we use the mass derived assuming the typical values for galaxy centers, α CO = 1 4 α CO,MW , we find that the mass load rate is Ṁout ∼ 7 M ⊙ yr -1 .

The nuclear molecular outflow in dense gas tracers

We also detected the presence of broad wings in the nuclear spectrum of dense gas tracers HCN(4 -3), HCO + (4 -3) and CS(7 -6), as indicated in Figure 4.17. We also show the CO nuclear spectrum for comparison, and the high-velocity components cover the same velocity width of the CO wings (±300 km/s). We find that the ratio between the peak fluxes for the main core in the dense gas and CO are ∼5, ∼8.5, ∼36, for HCN(4 -3), HCO + (4 -3) and CS(7 -6), respectively. We also can notice in Fig. 4.17, there is some indication that, at least for HCN(4-3) and CS(7-6), the line ratios of the blue wings tend to be higher than the core.

In order to quantify the line ratio in the core and wings, we show the HCN(4 -3)/CO(3 -2) along the nuclear spectra in Figure 4.18. The ratio is shown up to velocities +200 km/s due to the tuning of Cycle 3 described in Section 4.2. The core component, define by the disk rotation with velocities up to ±100 km/s, has a ratio of ∼0.2 and the ratio increases for the high-velocities towards the wings, up to values of ∼0.6, suggesting and enhancement of HCN in the outflow. As discussed in Section 4.3.5, the nuclear region of NGC 613 presents excitation conditions typical of XDRs in the vicinity of AGN, when analysing the dense gas ratios in the sub-millimeter-HCN diagram (Izumi et al., 2016) in Figure 4.12. Yet, we find evidence that the HCN in the outflow can be a factor 3 times higher than the values found in the nuclear CND.

A similar trend was also reported in the molecular outflow of the QSO galaxy Mrk 231. The detection of the outflow in HCN(1-0) by Aalto et al. (2012) covers the same velocity range (±750 km/s) of the CO(1-0) outflow (Feruglio et al., 2010), and they found a high ratio of the HCN/CO∼0.3-1 in the outflow, higher than in the line core. The HCN is enhanced in the line wings by factors of 2-5, and they suggest that the outflow is mostly entrained in dense gas n 10 4 cm -3 , which is consistent with the molecular gas being compressed and fragmented by shocks (Aalto et al., 2012). High resolution observations of HCN and HCO + in the higher J=3→2 transition exhibit prominent, spatially extended line wings for HCN(3-2) in Mrk 231 (Aalto et al., 2015). In Mrk 231 there were no line wings detected in HCO + (3-2), while in NGC 613, there is some indication of high-velocity gas. Aalto et al. (2015) claimed that the elevated HCN abundance in the outflow is possibly caused by high temperatures in the X-ray irradiated gas regions surrounding AGN (Harada et al., 2013).

Another possibility to explain the HCN enhancement in the outflow of NGC 613, is that the HCN emission stems from shocks potentially originated from the interaction of the ouflowing gas with the radio jet. The fact that the molecular outflow is spatially aligned with the central blob of the radio jet detected by Hummel & Jorsater (1992) (see gas (e.g., see Fig. 4.13), also found in other Seyfert galaxies (Hicks et al., 2013). Falcón-Barroso et al. (2014) suggest a cyclical episode of starburst about ∼10 Myr ago, followed by another episode of nuclear activity.

We estimate for the nuclear molecular outflow a mass rate of Ṁout ∼ 27 M ⊙ yr -1 . Although this estimate is uncertain by a factor of a few, given the unknown projection and the assumptions previously discussed in the text, the SFR in the nuclear region is about 3 orders of magnitude lower than Ṁout . In general, galactic winds driven by starbursts correspond to mass outflows rates of the same order as the SFR (e.g., Veilleux et al., 2005). Given the discrepancy between the SFR in the nuclear region of and the mass load rate of the outflow, we conclude that star formation alone is not able to drive the nuclear molecular outflow in NGC 613.

It has been already established that the mass outflow rate increases with the AGN luminosity, supporting the idea of a luminous AGN pushing away the surrounding gas through a fast wind. Previous observational works (Cicone et al., 2014;Carniani et al., 2015;Fiore et al., 2017) have shown that the molecular outflow properties are correlated with the AGN luminosity, where the outflow kinetic power corresponds to about 5%L AGN and the momentum rate is ∼20L AGN /c, in agreement with theoretical models of AGN feedback (Faucher-Giguère & Quataert, 2012;Zubovas & King, 2012). For a sample of molecular and ionised outflows, Carniani et al. (2015) found that the ionised gas only traces a small fraction of the total gas mass, suggesting that the molecular phase dominates the outflow mass. This trend is also found by Fiore et al. (2017), but the ratio between molecular to ionised mass outflow rates is reduced at the highest AGN bolometric luminosities. However, the authors have analysed different samples of galaxies, and this conclusion could be affected by selection bias.

From XMM-Newton observations of NGC 613, Castangia et al. ( 2013) reported a Xray luminosity of logL X (2 -10keV ) =41.3 erg/s. Applying a bolometric correction from Marconi et al. (2004) gives an AGN bolometric luminosity of L AGN,X = 1.7 × 10 42 erg/s. The bolometric luminosity derived by Davies et al. (2017) using the [Oiii] emission associated only with the AGN contribution, traced as an extended ionization cone aligned with the radio jet, is L AGN,[OIII] = 4 × 10 42 erg/s. If we include the shock and star forming contributions of the total O [iii] emission, it gives L bol,[OIII] = 3.75 × 10 43 erg/s. The shock contribution most likely arises from the radio jet launched by the AGN, but here we cannot disentangle the contribution from star formation; the latter probably overestimates the bolometric AGN luminosity, while the former probably sets a lower limit.

In a recent study, Fluetsch et al. (2019) have identified 45 molecular outflows in the local Universe using previous results from the literature and new detections from ALMA archive. They propose an even tighter empirical relation between the mass outflow rate and the SFR, stellar mass, M * , and the bolometric L AGN : log( Ṁout ) = 1.14 log 0.52 SF R M ⊙ yr -1 + 0.51

L AGN 10 43 erg.s -1 (4.4) -0.41 log M * 10 11 M ⊙
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where the SFR is calculated from the total IR luminosity and Ṁout is in M ⊙ yr -1 . We adopt the bolometric AGN luminosity derived from the O [iii] emission line, L AGN = 4 × 10 42 erg/s (Davies et al., 2017), the total SFR inferred from the IRAS fluxes, SFR=5.3M ⊙ yr -1 and the stellar mass of M * = 4.5 × 10 10 M ⊙ calculated in Paper I, derived from the S 4 G3.6 µm IR image and the GALFIT decomposition (Salo et al., 2015). Hence, according to Eq. 4.4, we should expect an outflow mass rate of 4.8 M ⊙ yr -1 in NGC 613, which corresponds to a factor of 6 times lower than our estimate.

The kinetic power of the nuclear outflow can be estimated as P K,out = 0.5v 2 Ṁout . For the α CO,M W assumption, Ṁout ∼ 27 M ⊙ yr -1 , and we find P K,out = 8 × 10 41 erg/s, which corresponds to 20%L AGN . This value exceeds the predictions from AGN feedback models and cosmological simulations that require that a fraction of the radiated luminosity should be coupled to the surrounding gas ∼ 5%L AGN (Di Matteo et al., 2005;Zubovas & King, 2012). However, these predictions are based on powerful AGN, accreting close to the Eddington limit and we hypothesise that the coupling efficiency between AGN-driven outflows and L AGN should be outweighed in LLAGN. The Eddington luminosity derived from the BH mass (M BH =3.7×10 7 M ⊙ , Paper I) is L Edd = 4.6 × 10 45 erg/s, leading to a low accretion rate L AGN /L Edd 1 × 10 -3 . If we assume the lower α CO = 1/4α CO,M W , the kinetic power of the outflow is P K,out ∼ 2 × 10 41 erg/s, and the coupling is 5%L AGN . In both assumptions, the results indicate that the AGN can power the nuclear outflow in NGC 613, but the former requires a higher coupling efficiency.

The momentum flux of the outflow can be computed from P out = Ṁout v ∼ 5 × 10 34 dynes. Compared to the momentum provided by the AGN photons, L AGN /c=1.3×10 32 dynes, it is higher by a factor of Ṁout v ∼ 400L AGN /c. In case of energy-conserved winds, AGN feedback models predict a momentum boost by factors up to 50 (e.g. Faucher-Giguère & Quataert, 2012). Even assuming the lower α CO , the value would exceed the predictions (∼ 100L AGN /c). One possibility to explain the high apparent energetics of the outflow in NGC 613 is that the AGN activity was stronger in the past. As discussed by Fluetsch et al. (2019), they found that 10% present outflows that exceed the theoretical predictions. They suggest these galaxies could have fossil outflows, resulting from a strong past AGN that now has already faded. In the case of the LLAGN NGC 1377, a collimated molecular outflow is detected at 150 pc scales (Aalto et al., 2016), possibly entrained by a faint radio jet, and the authors suggested that the nuclear activity of NGC 1377 may also be fading.

Alternatively, it is possible that the outflow is driven through the AGN radio jets. The radio power of the jet can be estimated from the 1.4 GHz luminosity, P 1.4 , using the relation of Bîrzan et al. (2008). If we compute the P 1.4 luminosity using the NRAO VLA Sky Survey (NVSS) flux measurement of 179.6 mJy at ν=1.4 GHz (Condon et al., 1998), we find a radio power P jet = 1.2 × 10 43 erg/s. Since this value is very elevated, it might include emission from the circumnuclear star-forming ring. To avoid this contribution, we used only the flux of the linear component of the radio jet at 4.86 GHz by Hummel & Jorsater (1992). At 4.86 GHz, the flux associated to the jet is S ν =7.2 mJy, and using a spectral index of α=-0.8 to derive the flux at 1.4 GHz, we find P jet = 5.5 × 10 42 erg/s. Hydrodynamical simulations of the interaction of the jet with a clumpy interstellar medium has shown that the jet is able to drive a flow efficiently as soon as the Eddington ratio of the jet P jet /L Edd is larger than 10 -4 (Wagner et al., 2012). This condition is
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required for the jet-driven outflow velocity to exceed the velocity dispersion of the M -σ relation but it also depends on the cloud sizes in the ISM. In NGC 613, this ratio is about 1.2×10 -3 , and the jet power is about one or two orders of magnitudes higher than the kinetic luminosity of the outflow. We conclude that the jet is able to drive the molecular outflow, even with low coupling.

The molecular outflow in NGC 613 is an intriguing case where a very powerful molecular outflow is detected in a LLAGN. The SFR is very weak in the nuclear region, and therefore, not able to drive the flow. Radio jets are found to play a role in the driven mechanism to accelerate the molecular gas in other LLAGN. This is the case for the LINERs NGC 1266 and NGC 6764, as suggested by Alatalo et al. (2011) and Leon et al. (2007), respectively, and the Seyfert 2 NGC 1433 (Combes et al., 2013). The properties of the flow require the contribution of the AGN through the entrainment of its radio jets.

Torques and AGN fueling

In Paper I, we reported the ALMA observations of the CO(3-2) line for all the galaxies in the NUGA sample. In three cases, NGC 613, NGC 1566 and NGC 1808, the CO emission has revealed a nuclear trailing spiral, as the large-scale one. Inside the nuclear ring at the ILR of the bar, usually a leading spiral is expected, developing transiently, and generating positive torques, which drive the inner gas onto the ring. However, when the gravitational impact of the black hole is significant, the spiral can then be trailing, and the torques negative, to fuel the nucleus (Buta & Combes, 1996;Fukuda et al., 1998).

We find filamentary structures in NGC 613, pointing to a radial gas transport from the circumnuclear star forming ring into the core region dominated by the AGN, as displayed in Figure 4.5. The ring morphology appears disturbed by a radial outflow of material from the AGN, which is confirmed by the existence of a weak jet in archival radio maps. However, the radio jet does not seem to have any significant effect on the morphology of the large reservoir of molecular gas that has accumulated inside the central 100 pc.

If gas is inflowing from the bar dust lanes into the ring, as expected from gravity torques (García-Burillo et al., 2005), there is also an inflow in the CND, due to the nuclear trailing spiral, as already observed for NGC 1566 (Combes et al., 2014). Inside the nuclear spiral structure, there is a very dense and compact (radius ∼ 14 pc) rotating component, which might be interpreted as the molecular torus (Paper I).

In order to explore the efficiency of feeding in NGC 613, we have estimated the gravitational torques exerted by the stellar potential on the molecular gas, following the methodology described by García-Burillo et al. (2005). The gravitational potential is computed in the plane of the galaxy using a red image (F814W) from HST, since 2MASS images have insufficient angular resolution. We have not separated the bulge from the disk contribution since NGC 613 is a late type (Sbc) galaxy. This means that the bulge was effectively assumed to be flattened. Dark matter can be safely neglected inside the central kpc. The image has been rotated and deprojected according to PA=120 • and i=41 • , ALMA captures feeding and feedback from the active galactic nucleus in NGC 613 99

and then Fourier transformed to compute the gravitational potential and forces. A stellar exponential disk thickness of ∼1/12th of the radial scale-length of the galaxy (h r =3.8kpc) has been assumed, giving h z =317pc. This is the average scale ratio for galaxies of this type (e.g., Barnaby & Thronson, 1992;Bizyaev & Mitronova, 2009). The potential has been obtained assuming a constant mass-to-light ratio of M/L=0.5 in the I-band over the considered portion of the image of 1 kpc in size. This value is realistic in view of what is found statistically for spiral galaxies (Bell & de Jong, 2001). The pixel size of the map is 0.06 ′′ =5 pc, the average value between the ALMA and HST resolutions. The stellar M/L value was fit to reproduce the observed CO rotation curve.

The potential Φ(R, θ) can be decomposed into its different Fourier components:

Φ(R, θ) = Φ 0 (R) + m Φ m (R) cos(mθ -φ m (R)) (4.5)
where Φ m (R) and φ m (R) are the amplitude and the phase of the m-mode, respectively. The strength of the m-Fourier component,

Q m (R) is defined as Q m (R) = mΦ m /R|F 0 (R)|,
i.e. by the ratio between tangential and radial forces (Combes & Sanders, 1981). The strength of the total non-axisymmetric perturbation Q T (R) is defined similarly with the maximum amplitude of the tangential force F max T (R). Their radial distributions and the radial phase variations are displayed in Fig. 4.19.

The derivatives of the potential yield the forces per unit mass (F x and F y ) at each pixel, and the torques per unit mass t(x, y) are then computed by t(x, y) = x F y -y F x . The sign of the torque is determined relative to the sense of rotation in the plane of the galaxy. The product of the torque and the gas density Σ at each pixel allows one then to derive the net effect on the gas, at each radius. This quantity t(x, y) × Σ(x, y), is shown in Fig. 4.20, together with the deprojected CO map.

The torque weighted by the gas density Σ(x, y) is then averaged over azimuth, i.e.

t(R) = θ Σ(x, y) × (x F y -y F x ) θ Σ(x, y) (4.6)
The quantity t(R) represents the time derivative of the specific angular momentum L of the gas averaged azimuthally (García-Burillo et al., 2005). Normalising at each radius by the angular momentum and rotation period (T rot ) allows us to estimate the efficiency of the gas flow, as shown in Fig. 4.21. The torques are negative in the winding arms at r∼500 pc (corresponding to the dust lanes) and are indeed contributing to drive the outer gas into the star-forming ring at ∼350 pc. The observations of nuclear rings are more common among barred galaxies (Kormendy & Kennicutt, 2004;Peeples & Martini, 2006;[START_REF] Jogee | Physics of Active Galactic Nuclei at all Scales[END_REF], and can be explained by the gas slowing down as it crosses the ILR, consequently weakening the gravitational torques, and the gas piles up in rings (Combes & Gerin, 1985;Byrd et al., 1994). We can see in Fig. 4.21 that the efficiency certainly drops in the inner ILR region. The filaments within the nuclear region, between 100 and 200 pc, show that the gas gains angular momentum in one rotation, which is T rot ∼12 Myr.

The nuclear bar strength is moderate, however, the BH has a strong influence on the nuclear molecular gas, as shown in Fig. 4.21, the fueling efficiency is high in the nuclear ALMA captures feeding and feedback from the active galactic nucleus in NGC 613 103 spiral. Between 25 and 100 pc, the gas loses its angular momentum in one rotation, which is T rot (100pc) ∼9.5 Myr. Inside 25 pc, the torques are positive and correspond to the region where we detect the molecular outflow. Since the gas in this region is not in quasistationary orbits, but rather ejected from the galaxy plane, the computation cannot be interpreted in terms of the average torque here.

As shown in Fig. 4.20, the nuclear spiral structure inside the ILR ring of the bar is of a trailing nature and is located inside the negative torque quadrants. This might appear surprising, since in many cases the spiral structure is predicted to be leading in this region, and the torque positive, maintaining the gas in the ILR ring (Buta & Combes, 1996). However, in the presence of a sufficiently massive black hole, this behaviour can be reversed: the spiral becomes trailing, and the torque negative. Indeed, the indicator of the precession rate of elliptical orbits in the frame of the epicyclic approximation, Ω -κ/2, is significantly modified by a central massive body. Instead of decreasing regularly towards zero at the center, the Ω -κ/2 curve increases steeply as r -3/2 . The gas undergoes collisions, loses energy and spirals progressively towards the center. When the precession rate decreases, the series of elliptical orbits precess more and more slowly, and then lag at smaller radii, forming a leading structure. When the precession rate increases, they form a trailing structure (Combes et al., 2014).

One way to detect spiral structure in the nuclear gas is to amplify the dust extinction features in the HST images. However, we would like to stress that observations of spiral dust lanes interior to the star-formation rings are not very common (Martini et al., 2003;Peeples & Martini, 2006). Notwithstanding, a clear case is seen in NGC 2207, where dusty spirals extend from ∼50 to 300 pc, suggesting that the gas continues to sink inside the ILR and might be promoting gas accretion into the nucleus (Elmegreen et al., 1998). Multiple spiral arms were also detected inside the star-forming ring (r ∼700 pc) in the LINER/Sy 1 galaxy NGC 1097 by Prieto et al. (2005). They compared their results with hydrodynamic models of Maciejewski (2004), concluding that inflows were occurring along the nuclear spirals. Although nuclear star forming rings are common, their interior structure is difficult to distinguish in dust maps, making the molecular gas emission a better tracer. The NUGA maps show clear evidence of trailing spirals in three objects of the sample, highlighting the importance of the high resolution ALMA observations. NGC 613 is therefore an example of a trailing spiral inside the nuclear ring of a bar i.e., the case described in Buta & Combes (1996). This means that the mass of the black hole should be sufficiently high to have an influence on the gas dynamics on a 100 pc scale. In summary, the gravity torques are negative in the winding spirals, and the gas accumulates in the star forming ring at the inner ILR of the nuclear bar. The filamentary structure gains angular momentum and then the nuclear spiral at 100 pc present a very high efficiency in fuelling the central BH.

Conclusions

We have presented the combined ALMA cycle 3 and 4 observations for the Seyfert/nuclear starburst galaxy NGC 613. The combined observations in CO(3-2) reach a spatial resolution of 0.2 ′′ ∼17 pc. We study the morphology and the kinematics of the molecular gas in the central 1 kpc and our main findings are summarized below:

• The 350 GHz continuum map shows a compact, barely resolved, emission peak at the position of the AGN, surrounded by a patchy ring, matching the star-forming ring seen on optical images.

• The morphology of CO(3-2) line emission reveals several components: a 2-arm nuclear spiral at r 100 pc trailing the gas toward the center, a circumnuclear ring ∼350 pc, that correspond to the star-forming ring. Also, we find evidence of a filamentary structure connecting the ring and the nuclear spiral. The ring reveals two breaks into two winding spiral arms, at NW and SE, corresponding to the dust lanes in the HST images.

• The kinematics of the CO emission show a rather regular rotational velocity field in the inner kpc disk. We applied a tilted-ring model to fit the velocity map and the residuals show indeed the bulk of the molecular gas in circular motion except in the west part of the ring, which perturbations are due to the contact point between the ring and the SE winding arm.

• There is a remarkable coincidence between the molecular gas and the warm H 2 and ionised gas, traced by the [Feii] and Brγ emission lines, in the star-forming ring. Line diagnostics in the NIR indicate that the clumps in the ring are in agreement with young star-forming excitation. On the other hand, the nucleus of NGC 613 presents an excitation mechanism typical of Seyfert or LINER.

• We measured the line intensity ratios R HCN/HCO + and R HCN/CS in the nuclear region and in a clump along the ring. We find that the ratio for the nuclear region points to the AGN-dominated part of the HCN-submillimeter diagram, while the ratio for the clump is located in the starburst-dominated part. These results indicate that the nuclear region of NGC 613 presents line ratios in agreement with excitation conditions typical of XDRs in the vicinity of AGN.

• In the PV diagrams, we find skewed kinematics in the nuclear region of r∼25 pc. This feature is seen as broad wings (v±300 km/s) in the CO nuclear spectrum, and the wings are also present in the dense gas tracers. We identify this feature as a molecular outflow emanating from the nucleus. The molecular outflow is co-spatial with the central blob detected in the radio jet.

• We derive the molecular mass associated to the outflow as M out =2×10 6 M ⊙ . The mass outflow rate is Ṁout =27 M ⊙ yr -1 . If instead, we use the mass derived assuming the typical values for galaxy centers, α CO = 1 4 α CO,MW , we find that the mass load rate is Ṁout ∼ 7 M ⊙ yr -1 .

• We find a HCN enhancement in the outflow, probed by an increasing of the HCN(4-3)/CO(3-2) ratio along the wings in the nuclear spectra. While the core has ratios of about ∼0.2, this value increases in the wings up to ∼0.6, indicating that the outflow is entrained mostly in a dense gas (n 10 4 cm -3 ). Another possibility is that the HCN ALMA captures feeding and feedback from the active galactic nucleus in NGC 613 105 emission stems from shocks potentially originated from the interaction of the ouflowing gas with the radio jet.

• The molecular outflow energetics exceed the values predicted by AGN feedback models. The kinetic power of the nuclear outflow corresponds to P K,out =20%L AGN and the momentum rate is Ṁout v ∼ 400L AGN/c . We speculate that, given its current weak nuclear activity, NGC 613 might be a case of fossil outflows, resulted from a strong past AGN that now has already faded.

• The outflow can be entrained by its radio jet. We find that P jet /L Edd ∼10 -3 and the jet power is about one or two orders of magnitudes higher than the kinetic luminosity of the outflow. In these conditions, the jet is able to drive the molecular outflow.

• The trailing spiral observed in CO emission is inside the ILR ring of the bar. We have computed the gravitational potential from the stars within the central kpc, from the I-band HST image. Weighting the torques on each pixel by the gas surface density observed in the CO(3-2) line has allowed us to estimate the sense of the angular momentum exchange and its efficiency. The gravity torques are negative from 25 to 100 pc. Between 50 pc and 100 pc, the gas loses its angular momentum in a rotation period, providing evidence of fueling the AGN.

The molecular outflow in NGC 613 is an intriguing case where a very powerful molecular outflow is detected in a LLAGN. The SFR is very weak in the nuclear region, and therefore, not able to drive the flow. The properties of the flow require the contribution of the AGN through the entrainment of its radio jets. On the other hand, there is a clear trailing spiral observed in molecular gas inside the ILR ring of a bar, indicating that the super-massive black hole is influencing the gas dynamics. Instead of maintaining the ILR ring density, the torques are then driving gas towards the nucleus, a first step towards possibly fueling the AGN. NGC 613 is a remarkable example of the complexity of fuelling and feedback mechanisms in AGN, and reinforce the importance of detailed analysis of nearby galaxies with ALMA capabilities to shed light on the gas flow cycle in AGN.

CHAPTER 5 A search for the molecular counterpart of high velocity ionized outflows in QSOs

With terminal velocities of thousands of kilometers per second and up to ∼0.1c, the ionized gas winds in QSOs with broad absorption line (BAL) or ultra fast outflow (UFOs) detections could constitute a source of high ram pressure that could accelerate molecular gas to high velocities, as long as the molecular clouds have the time to (re)form in the flow. We have undertaken some projects to observe the CO emission in objects with high velocity ionised in BAL or UFOs detections to search for a possible molecular counterpart of the ionized outflows. We selected a sample of well-studied, intermediate-z QSOs with strong outflow signatures in X-ray to optical wavelengths. The sample could represent analogues of many high-z systems, to test if these QSOs could be hosting outflows that are most efficient in expelling molecular gas outside of galaxies. For these molecular observations, we specifically aim to (i) detect new massive molecular outflows, (ii) compare the mass, velocity, and mass flow rate of the different gas phases (ionized atomic vs. molecular) in these flows, (iii) determine the efficiency of momentum transfer from one phase to the other, and (iv) identify the phase that contributes the most to mass expulsion and star formation suppression. In this chapter, I will present our attempts to construct a representative sample of BALs and UFOs up to z 1, and the requested observational time with ALMA and NOEMA. These QSOs will serve as prototypes for a subsequent study of high-momentum outflows in QSOs at the peak of the star-formation history of the Universe.

The AGN-wind impact on the molecular gas in host galaxies: hunting for multi-phase outflows

The discovery of many massive molecular outflows in the last few years have been promoting the idea that winds may be major actors in galaxy evolution (e.g. Feruglio et al., 2010;Sturm et al., 2011;Dasyra & Combes, 2011, 2012;Dasyra et al., 2016;Combes et al., 2013;Morganti et al., 2013;Cicone et al., 2014;Veilleux et al., 2013a;Fiore et al., 5.1 The AGN-wind impact on the molecular gas in host galaxies: hunting for multi-phase outflows 2017). The physical processes involved in feedback mechanisms (e.g. winds, shocks, radiation pressure) are invoked to explain the observed correlation between the host galaxy bulge and the black hole (BH) masses (M BH /M bulge ∼2×10 -3 ). However, the answer to whether outflows remove the molecular gas from galaxies at a high enough pace to inhibit their star formation is often inconclusive. Several other questions are still open from an observational view point: whether molecular and ionised outflows are accelerated by the same mechanism? How efficiently does the molecular gas acceleration happen? Which gas phase carries the bulk of the accelerated gas outside a galaxy?

Theoretical models suggest an origin of these molecular outflows as energy-conserving flows driven by fast AGN accretion disk winds under the quasar mode feedback. The molecular outflows come from clumps of cool gas embedded in the outflowing shocked ISM. They are entrained by the advancing outer shock front created by a fast and highly ionised wind arising from the nuclear regions of the AGN and persist for a long time. The temperature of the shocked ISM is in the right range for thermal instability (McKee & Ostriker, 1977), and Richtmyer-Meshkov instabilities induced by the forward shock mean that new cold clumps may form in the outflow behind it (Faucher-Giguère & Quataert, 2012;Zubovas & King, 2012, 2014). Predictions of large-scale outflows driven by AGN winds agree with the typical values observed in massive molecular outflows: Ėout ∼5%L AGN , momentum rates Ṗout ∼20 L AGN /c and there is a strong correlation between mass outflow rates and L AGN (Cicone et al., 2014;Fiore et al., 2017). In this picture, AGN-driven outflows could sweep galaxies clear of gas.

We selected a sample of ideal targets for observational tests of this scenario: potential broad absorption lines (BAL) QSOs and some previous ultra-fast outflows (UFOs) detected in the X-ray and UV range. BAL QSOs present high-velocity (-1000km/s < v <-30,000km/s) ionized gas outflows and UFOs can have terminal velocities of ∼0.1c, probing highly ionized absorbing material outflowing from their nuclei, possibly connected with accretion disk winds/outflows. At these velocities, the bulk of the ionized gas and potentially a large fraction of the subsequently-entrained molecular gas will be lost to the intergalactic medium. Previous massive outflows detections from the literature, reporting velocities up to v out 1000km/s and outflow mass-loss rates of several times 100M ⊙ /yr (Cicone et al., 2014;Carniani et al., 2015), and the multiphase nature of the outflow in the prototypical Mrk 231 support this hypothesis (Feruglio et al., 2010;Morganti et al., 2016). Additionally, the recent detection by Tombesi et al. (2015) of a powerful AGN accretion disk wind with a v ∼0.25c in the X-ray spectrum of IRAS F11119+3257, a nearby type 1 ULIRG hosting a powerful molecular outflow, is rising the evidence that winds are promising candidates to explain the AGN feedback scenario. Up to now, Mrk231, IRAS F11119+3257 (Veilleux et al., 2017) and the UFO/BAL quasar APM 08279+5255 at z=3.912 (Feruglio et al., 2017) are the only cases reported in the literature where both the nuclear and the galaxy scale winds were detected, asserting the need of more observations to address the accretion disk wind/outflow connection.

Our main goal is the observation of molecular outflows in a sample of powerful AG-N/QSOs, via the broad emission lines that constrain the detection of massive outflows (e.g., of a typical limit of 10 7 M ⊙ ). Besides, due to the high tail of the velocity distribution (v > ±500 kms -1 ), the gas at high velocities could be tentatively detectable in A search for the molecular counterpart of high velocity ionized outflows in QSOs 109

absorption in front of the millimetre continuum source -just like in the UV and optical wavelengths (e.g. 4C 12.50, Dasyra & Combes, 2012). These sources are promising candidates, since they are very bright in the IR wavelengths and not obscured through the ionized gas tracers in the optical to X-rays, indicating that they could be in a late stage of the quasar evolution. They span over an order of magnitude in L AGN and SFR and have expected outflow mass loading factors in the range predicted to AGN-driven outflows.

With this sample, we will improve the yet poor statistic of the molecular component of multiphase outflows, crucial to link the micro-to-macro scales of AGN feedback. ALMA and NOEMA sensitivity and resolution will provide further constrains in the physics of AGN-driven outflows, and their impact in the host galaxy. In particular, large-scale molecular outflows in quasars with well-studied outflows/winds in the X-ray/UV/optical in nearby galaxies will serve as a pilot to study the high-z Universe, e.g., at the star formation history peak, where outflows could matter most for galaxy evolution.

Sample Selection

By cross-correlating BAL QSO catalogs (e.g., SDSS) with radio and mm catalogs and an extensive literature hunt, we compiled a sample of galaxies at 0.002< z <1.5 that present absorption in multiple optical/UV lines, e.g., CIV, MgII, Lyα, Hα, NIII, SIII or SIV (e.g. Chamberlain & Arav, 2015;Violino et al., 2016) or even evidence of UFOs in X-rays blue-shifted Fe K absorption lines (Tombesi et al., 2010a,b). Moreover, the sample corresponds to luminous or ultraluminous galaxies at low to intermediate z in which the low J CO transitions are suitable for ALMA and NOEMA observations. A brief overview of the southern and northern sources is shown below.

ALMA sample

• HE 0238-1904: is a QSO with a large scale outflow (∼3 kpc) detected in the extreme UV HST/COS observations, using the O IV * /O IV ratio (Figure 5.1c). The high-ionization outflow, has a velocity of 5,000 kms -1 and an outflow's mass rate of 40 M ⊙ /yr (Arav et al., 2013).

• IRAS 04505-2958: The IRAS source is a ULIRG (L IR =3.2×10 12 L⊙) and the midand far-IR emission was associated with a luminous quasar. In Lípari et al. (2009), a study of BAL + IR + Fe II QSOs using HST-GMOS suggested the presence of a very large scale shell (∼60 kpc), that could be associated with a scenario of extreme + explosive outflow in which part of the interstellar medium of the host galaxy was ejected in multiple shell. The broad Hβ and CIV lines of IRAS 04505-2958 have a blueshifted outflow velocity of ∼-1700 kms -1 (see Figure 5.1b).

• PG 1126-041 (Mrk 1298): This source is a LIRG and a bona-fide mini-BAL, similar to Mrk 231. The bulk of the triply ionized carbon in the flow has velocities in the range -2000 kms -1 to -4000 kms -1 (Figure 5.1a, Sulentic et al., 2006). Giustini A search for the molecular counterpart of high velocity ionized outflows in QSOs 111

Sample Selection

• 3C 445: is a bright, nearby and luminous (L bol ∼10 45 erg s -1 ) broad line radio galaxy (BLRG). From its rather large Balmer decrement, the line-of-sight reddening toward 3C 445 suggests an absorbing column density of N H ∼5×10 21 cm -2 . Chandra observations in the X-rays by Reeves et al. (2010) suggest a presence of a X-ray absorber in 3C 445, which may be associated with an outflowing but clumpy accretion disk wind, with an observed outflow velocity of ∼10,000 kms -1 .

• NGC 7582: . It is a very nearby and X-ray bright Seyfert 2. The XMM-Newton observations of a radio-quiet AGNs sample reported a blue-shifted Fe K absorption line for NGC 7582, indicating an UFO of ∼0.285c with a velocity width of 11,000 kms -1 (Tombesi et al., 2010a(Tombesi et al., , 2011)). From IRAS data, its L IR =7.8×10 10 L ⊙ . Previous detections of CO(1-0) with SEST observations performed by Claussen & Sahai (1992) and Baan et al. (2008) indicate a CO(1-0) flux of 2.9 Jy (Figure 5.2a).

• NGC 5506: is a bright nearby narrow emission line X-ray galaxy. Fexxvi Lyα absorption lines using Suzaku show evidence of a outflow at 6.63 keV (Gofford et al., 2013). Previous CO(1-0) observations were performed by Vila-Vilaró et al. (1998) using the NRO 45m telescope and detected an I CO(1-0) =11.9 K km/s (Figure 5.2b).

• IRAS F04250-5718: it is a bright Seyfert 1.5. The detection of UV absorption lines suggests that IRAS F04250-5718 is driving a biconical outflow extending out to 2.9 kpc, with a velocity of 580 km/s (Liu et al., 2015).

• IRAS 15462-0450: a type 1 infrared ultraluminous QSO (log(L FIR ) = 11.95L ⊙ ).

The observed flux with IRAM 30m is reported as 119mJy for CO(2-1) (Figure 5.2c, Xia et al., 2012) . Lípari et al. (2003) detected a clear extreme velecity outflow at [Oiii]+ Hβ in the MKO optical spectrum.

IRAM sample

• Mrk 79: local Seyfert 1 galaxy with previous CO(1-0) observations (Maiolino et al., 1997). XMM-Newton EPIC observations have detected a narrow absorption feature ascribable to FexxviLyα at E∼7.63 keV, consistent with a blueshifted velocity of ∼0.1 c (Tombesi et al., 2010a).

• Mrk 290: Seyfert 1 galaxy. XMM-Newton EPIC spectrum have detected a narrow absorption FexxviLyα line in one out of four observations. The line rest-frame energy is E∼8keV, which would suggest a blue-shifted velocity of ∼0.14c (Tombesi et al., 2010a). HST/COS UV spectrum reveals intrinsic absorbers outflowing with velocities ∼500 km/s from Nv, Civ and Lyα line absorptions (Zhang et al., 2015).

• PG 1351+640: a mini-BAL QSO with intrinsic UV (Zheng et al. 2001) and X-ray absorbing outflows (Liu et al. 2014, Giustini 2016). CO (1-0) observations with the OVRO detected at S CO ∆v=4.6 Jy K km/s (Evans et al., 2001).
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then we have used the relations of Kennicutt (1998), SF R( Ṁ /yr) = 1.72×10 -10 L F IR (L ⊙ ) and Solomon & Vanden Bout (2005), log L F IR (L ⊙ ) = 1.7 log(L ′ CO K.km/s.pc 2 ) -5, to estimate the expected CO luminosity as a function of the SFR: log(L ′ CO )[Kkm/spc 2 ] = 0.59 log(SF R) + 8.65 (5.3)

Once we computed the predicted L ′ CO for the sources without previous single-dish observations, we have use the (Solomon & Vanden Bout, 2005) to estimate the CO intensity, S CO :

L ′ CO (K.km/s.pc 2 ) = 3.25 × 10 7 S CO (Jy)∆v(km/s)D 2 L (M pc) ν 2 obs (GHz)(1 + z) 3
(5.4)

To compute the σ rms sensitivity levels that our requested observations need to reach, we requested the detection of outflows whose 3 σ emission is 20 times lower than the peak emission. The 20 times fainter value is based on the previous CO wings detections in Mrk 231 by Feruglio et al. (2015). The estimated continuum fluxes were computed using a power-law extrapolation from radio cm wavelengths.

The expected outflow mass can be estimated from the slope of the relation found by Fiore et al. (2017) between the AGN bolometric luminosity L AGN and Ṁout for the molecular outflows, Ṁout ∝ L AGN 0.76 . Another parameter that we can estimate is the mass loading factor, η = Ṁout SF R . The mass loading factor of molecular winds is usually η 10 and can provide clues about the outflow driven mechanism, since AGN driven winds have mass loading factors systematically larger than starburst driven winds in local star-forming galaxies (Fiore et al., 2017).

The summary of the observations that were proposed for ALMA and IRAM 30m/NOEMA are presented in the following Tables 1.1 to 1.8. ( ǫ ): from previous CO(1-0) detections (Maiolino et al., 1997). ( η ): to compute the rms, we expect to detect only 10% of peak emission as wings and broad outflows. Therefore, the requirement for the sensitivity computation was that at least a detection of an outflow whose 6σ emission is ten times lower than the ambient medium emission. For the case of the very bright emission CO(1-0) line in Mrk 79, we request >10σ.

( ǫ ): time integration estimated using the reported rms and a velocity resolution of 30 km/s (except for Mrk,290 where we have used vres=50 km/s in order to obtain a more reasonable integration time and still be able to detect the broad wings.) 

Immediate objectives for the molecular outflows detections

Our goal is to obtain observations that can constrain the nowadays standard view of acceleration of molecular clouds by the passage of a high-velocity ionized medium. For this purpose, we aim at the detection and characterization of the molecular gas component of extreme ionized gas outflow in QSOs with previously known outflows from X-ray/UV/optical absorption. The molecular outflows are expected to be detected in broad CO emission (and a less possible absorption), with velocities up to v 1000kms -1 .

We specifically aim at:

• determining the molecular gas content of each QSO host galaxy from a CO(1-0) or (2-1) emission line detection. For a more conservative than the Milky-Way-like excitation, α CO = 0.8M ⊙ /Kkm/s, the mass reservoir detection limit we aim for is 1 × 10 8 -8 × 10 10 M ⊙ . This fundamental property is still unknown for some sources.

• detecting new massive molecular outflows. We are searching for the molecular counterpart of the ionized gas outflow causing the UV /optical BALs and X-ray UFOs in CO emission through the high-end of velocities in the CO broad wing components.

• determining the velocity distribution of the accelerated molecular gas. Momentum conservation indicates that the terminal velocity has to be lower for the molecular gas than for the ionized gas, likely by an order of magnitude or more. With dust also entering the computation, the velocity distribution difference of the two phases needs to be observationally constrained

• comparing the mass, velocity, and mass flow rate of the different gas phases (ionized atomic vs. molecular) in these flows. This will allow us to estimate the accelerated molecular gas mass from the outflow-related CO wing. The mass, together with the v distribution, will provide the momentum and mass flow rate. By setting a cutoff at v escape , we will quantify the outflow molecular gas mass rate.

• identifying the phase that contributes the most to mass expulsion and star formation suppression. By comparing it with the atomic gas mass loss rate, this will identify the most important phase for galaxy evolution studies.

This work addresses the feeding and feedback phenomena in nearby AGN, through the study of the morphology and kinematics of the cold molecular gas in galaxy disks and the characterization of the mechanisms driving gas inflows and/or outflows.

In the NUclei of GAlaxies -NUGA -project, we have performed high resolution observations of the CO(3-2) and dense gas tracers emission with ALMA in a sample of 7 nearby low-luminosity AGN. In this work, we focus on the study of two individual objects: NGC 1808 and NGC 613.

We mapped the CO(3-2) and HCN(4-3), HCO + (4-3) and CS(7-6) emission and compared the morphology of the cold gas to optical images from HST and ionised and warm molecular gas observed in the NIR with SINFONI. We derived the rotation curves and have modelled the observed velocity field of the CO(3-2) line emission in the galaxy disks in order to find patterns of non-circular motions that could be associated to streaming motions of inflowing gas and/or outflow signatures. We also have inspected the position-velocity diagrams along the major and minor axis of the galaxies, to confirm these signatures. An intensity line ratio diagnostic using HCN(4-3)/HCO + (4-3) and HCN(4-3)/CS(7-6) ratios was tested to distinguish the dominant energy source exciting the molecular gas, whether by the AGN or star formation. To estimate the fueling efficiency, we have computed the gravitational potential from the stars within the central kpc, from the HST images. Weighting the torques on each pixel by the gas surface density observed in the CO(3-2) line has allowed us to estimate the sense of the angular momentum exchange and its efficiency. The main conclusions for both galaxies are summarized below:

•NGC 1808

The "hot spot" H ii/Sy galaxy NGC 1808 was studied using ALMA Cycle 3 observations at 12 pc spatial resolution. The CO(3-2) is distributed in a patchy ring at a radius 350 pc, that is most prominent in the south part and another broken ring at 180 pc. They are connected by multiple spiral arms. Inside the star-forming ring, a 2-arm spiral structure is clearly detected at ∼50 pc radius. The nuclear spiral region corresponds to the peak of the velocity dispersions (σ 100 km/s). The CO morphology shows a remarkable resemblance between the ionised and warm molecular gas along the star forming ring at ∼4 radius, traced by the Pa α and H 2 emission with SINFONI. We found that the nuclear spiral is kinematically decoupled from the larger disk, the position angle being tilted from 323 to close to 270 • . Previous CO(1-0) ALMA observations reported a molecular outflow in the central ∼250 pc, but we did not detect outflow signatures in our high-resolution observations. The velocities are mainly due to circular rotation and some perturbations from coplanar streaming motions along the spiral arms. We confirm the HCN enhancement in circumnuclear molecular gas around AGN, by measuring the HCN(4-3)/HCO + (4-3) and HCN(4-3)/CS(7-6) intensity ratios in the sub-millimeter diagram. We find that the nuclear region of NGC 1808 presents line ratios that indicate excitation conditions typical of X-ray dominated regions in the vicinity of AGN. What is remarkable in our observations, is that the nuclear trailing spiral is even more contrasted in the dense gas tracers. The two-arm spiral structure is also detected in the residual maps in the NIR, supporting the scenario of gas inflow towards the nucleus of NGC 1808.

•NGC 613

In the Seyfert/nuclear starburst galaxy NGC 613, we have combined ALMA Cycles 3 and 4 observations at a spatial resolution of 17 pc. The morphology of CO(3-2) line emission reveals a 2-arm trailing nuclear spiral at r 100 pc and a circumnuclear ring at ∼350 pc radius, that is coincident with the star-forming ring seen in the optical images. The molecular gas in the galaxy disk is in a remarkably regular rotation, however, the kinematics in the nuclear region is very skewed. We find broad wings in the nuclear spectra of CO and dense gas tracers, with velocities reaching up to ±300 km/s, associated with a molecular outflow emanating from the nucleus (r ∼25 pc). We derive a molecular outflow mass M out =2×10 6 M ⊙ and a mass outflow rate of Ṁout =27 M ⊙ yr -1 . The molecular outflow energetics exceed the values predicted by AGN feedback models: its kinetic power corresponds to P K,out =20%L AGN and the momentum rate is Ṁout v ∼ 400L AGN /c. The outflow is mainly boosted by the AGN through entrainment by the radio jet, but given the weak nuclear activity of NGC 613, we proposed that we might be witnessing a fossil outflow, resulted from a strong past AGN that now has already faded. From 25 to 100 pc, the nuclear trailing spiral observed in CO emission inside the ILR ring is efficiently driving gas towards the center. The gravitational torques exerted in the gas show that the gas loses its angular momentum in a rotation period, i.e., in ∼10 Myr dynamical timescale. NGC 613 is a remarkable example of the complexity of fuelling and feedback mechanisms in AGN: given the relative short flow timescale, t flow ∼ 10 4 yr, the molecular outflow could be a response of the inflowing gas, and eventually acts to self-regulate the gas accretion.

What is the role of feedback in regulating the gas accretion and what is the mechanism driving the outflows?

Among the total NUGA sample of 8 galaxies (including the prototypical Sy 2 galaxy NGC 1068 studied by our group), there is evidence of outflows in half of the sample, namely, NGC 1433, NGC 1068, NGC 613 and NGC 1808 (detected in CO(1-0) by Salak et al. (2016), but not confirmed in our high resolution analysis in CO(3-2) emission). The mass outflow rates range from ∼1-70 M ⊙ yr -1 , and we confirm the expectations from Conclusion and perspectives 125 theoretical models, even in the case of LLAGN: the mass load rates of the outflows increase with the radio power and the AGN luminosity. In the case of the H ii/Sy 2 galaxy NGC 1808, the weakest active object among the detections, the outflow is most likely to be starburst-driven. However, in the other three galaxies, the nuclear SFRs are not able to drive the observed outflows and the properties of the flow require an AGN contribution. Therefore we favour the AGN-driven scenario, in particular the radio mode, where the molecular flow is entrained by the interaction between the radio jet and the ISM. Additionally, we found that the two more energetic outflows, NGC 1068 and NGC 613, happen to be the only cases with H 2 O maser detections, indicating another possible driver mechanism if the masers are tracing accretion disks or are jet-masers. At the same time, the observed outflows could regulate gas accretion in the CND and in short timescales quench the star formation in the nuclear rings, maintaining the balance between gas cooling and heating.

How the star formation and nuclear activity are fuelled and what are the timescales involved? And what are the mechanisms driving gas from the disk towards the nucleus, removing its large angular momentum and forming large non-axisymmetric perturbations?

The molecular galaxy disk morphologies reveal the presence of contrasted nuclear rings in the totality of the sample. These rings are quite often the spots of nursery of stars, i.e. usually associated with high SFRs and young star formation and most commonly observed in the optical and NIR. The detection of molecular gas along these star-forming rings was therefore expected, since the cold molecular gas is where stars are born. The nuclear rings detected in CO(3-2) emission are usually at the ILR, and in a few cases located at the inner ILR of the nuclear bar, with radius varying from ∼170 to 800 pc. The distribution of cold gas sometimes is patchy and/or broken along the ring. Since all galaxies in the sample are barred, with different bar strength levels, the detection of molecular rings provides evidence of the efficiency of torques due to the bar, driving and piling up the cold gas in rings to eventually form new stars. Although bars are very efficient to drive the gas to a few hundreds of pc scales, an additional mechanism is necessary to bring the gas to the very center and feed the modest black holes at the center of these LLAGN. We find clear evidence of nuclear trailing spirals in 3 galaxies inside the ILR or inner ILR: NGC 613, NGC 1566 and NGC 1808. From the morphology of our CO(3-2) maps, NGC 1326 and NGC 1672 also present some spiral shape connecting the rings and the CNDs. Previous works have computed the torques in NGC 1365 and NGC 1433. In the case of NGC 1365, it was possible to show that the gas is inflowing to the center, driven by the bar, on a timescale of 300 Myr (Tabatabaei et al., 2013). For the Sy 2 galaxy NGC 1433, the gas is driven towards a nuclear ring of 200 pc radius, at the inner ILR of the nuclear bar, and viscous torques could drive the gas infall towards the very center, for instance, through its dust spiral arms (Smajić et al., 2014). One of the next steps of this project is to compute the torques for all the galaxies in the sample in order to quantify the fueling efficiency.

We will apply the same methodology used in this work to study the kinematics of the molecular gas in the remaining NGC 1365, NGC 1326 and NGC 1672 galaxies. Another possibility is to analyse the line ratios of the dense gas tracers and higher J transitions in CO with radiative transfer codes (e.g. RADEX, van der Tak et al., 2007), that will help us to address the gas excitation conditions. Thanks to the high resolution of the NUGA observations, we have discovered molecular tori in the central regions of 7 out of 8 galaxies in the sample. These molecular tori are defined by their decoupled morphology and kinematics compared to the large scale galaxy disks and often detected in the denser gas HCO + (4-3). We found molecular tori are typical few pc extented, from 3-30 pc, and compared to the dynamical timescales of the large (>1 kpc) main disk, few hundreds times larger than the nuclear disks, it is natural that these scales may decouple. They present varying orientation along the line of sight, unaligned with their host galaxy and frequently the torus and the AGN are slightly off-centered by a few 10 pc. This project will take advantage from the upcoming Cycle 6 observation in band 9, expected to be performed in August 2019. The inclusion of the ALMA band 7 and 9 continuum in the SED of the NUGA galaxies will help us to constrain the dust emission and derive more realistic physical parameters from the torus emission models, e.g., using the clumpy models from Nenkova et al. (2008a,b) and the cat3d-wind from (Hönig & Kishimoto, 2017).

The project will notably benefit from the improving in the statistics by joining forces with the Galactic Activity, Torus and Outflow Survey (GATOS, P.I. S. García-Burillo). GATOS is also mapping the CO(3-2) and HCO + (4-3) emission with ALMA in the circumnuclear disks of 10 Seyfert galaxies, selected from a ultra-hard X-ray sample, with similar spatial resolution of 0.1". Together, NUGA and GATOS will provide a wider range of AGN luminosities and Eddington ratios to explore the connection of inflowing/outflowing gas and molecular tori properties to the host galaxies.

Finally, the second project is focused on the multiphase outflows, that may be an ubiquitous phenomenon in cosmic structures of different masses and ages. We have undertaken some projects to observe the CO emission in objects with high velocity ionised in BAL or UFOs detections to search for a possible molecular counterpart of the ionized outflows. We selected a sample of well-studied, intermediate-z QSOs with strong outflow signatures in X-ray to optical wavelengths. The sample could represent analogues of many high-z systems, to test if these QSOs could be hosting outflows that are most efficient in expelling molecular gas outside of galaxies. We have recently obtained NOEMA observation of the Sy 1 galaxy Mrk 79, hosting an UFO detected in the X-rays with a blueshifted velocity of ∼0.1 c (Tombesi et al., 2010a). The characterization of the molecular counterpart of multiphase outflows will allow us not only to probe galactic outflows in their full extent, from the nuclear (<1pc) to the largest scales (>10 kpc), but also to have a comprehensive view of their driving mechanism. A multiphase investigation of outflows in a statistical sample is crucial to link the micro-to-macro scales of AGN feedback.

Fig

  et al., 2015). XMM-Newton and Chandra observations by Jiménez-Bailón et al. (2005) indicate the co-existence of a starburst component along with a LLAGN contribution in the nucleus.

  7) References: 1: NASA/IPAC Extragalactic Database (NED); 2: Veron-Cetty & Veron (1986); 3: (de Vaucouleurs et al., 1991); 4: Gadotti et al. (2019); 5: Combes et al. (2019); 6:(Sturm et al., 2002); 7: this work. a (α J2000 , δ J2000 ) is the phase tracking center of our interferometric observations. b Distance is the median values of z-independent distances from NEDSteer et al. (2017) c SFR is derived from infrared luminosities (NED) d The RA-DEC positions are the new adopted center, derived from the central continuum peak in this work, with an uncertainty of ∼0.1" (seeSec. 4.3.1) 
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 51 Figure 5.1 -UV spectra showing the absorption troughs of the four nearby BAL QSOs in which we aim to detect outflowing molecular gas. 1.a) PG1126-041 from Sulentic et al. (2006). 1.b) IRAS04505-2958 from Lípari et al. (2009). 1.c) UV spectrum of HE0238-1904 from Arav et al. (2013) and 1.d) LBQS1206+1052 from Chamberlain & Arav (2015).

  

  

  

  

Table 1 .

 1 1 -L bol and Ṁbh for QSOs and local AGN. The full range in bolometric luminosity (L bol ) for Seyfert and LINERS is taken from

Table 2 .

 2 2 -Configuration of the observations and resulting spatial resolution .35 & 0.15x0.13 ′′ 0.33x0.30 & .092x.064 ′′ N1326 0.35x0.26 & 0.16x0.14 ′′ 0.36x0.29 & .086x.058 ′′ N1365 0.33x0.24 & 0.15x0.14 ′′ 0.35x0.28 & .087x.060 ′′ N1433 0.56x0.42 ′′a 0.37x0.30 & .067x.059 ′′ N1566 0.64x0.43 ′′a 0.35x0.29 & .061x.045 ′′ N1672 0.35x0.19 & 0.16x0.12 ′′ 0.41x0.29 & .096x.064 ′′ N1808 0.36x0.24 & 0.14x0.11 ′′ 0.30x0.29 & .082x.064 ′′

	Galaxy Cycle 3, TC & TE	Cycle 4, TM2 & TM1
	N 613	0.41x0

Table 3

 3 

	.1 -Properties of NGC 1808
	Parameter	Value	Reference
	αJ2000 a	05h07m42.34s	(1)
	δJ2000 a	-37d30m46.98s	(1)
	V hel RC3 Type	995 kms -1 SAB(s)a	(1) (2)
	Nuclear Activity Sy 2/ Starburst	(1,3)
	Inclination	57 •	(4)
	Position Angle	311 •	(5)
	Distance b	9.3 Mpc	(1)
	SFR c	4.7 M ⊙ yr -1	(1)
	M Hi M * -Stellar Mass	3.4×10 9 M ⊙ 2.1×10 10 M ⊙	(4) (6)
	L IR αJ2000 d	5.1×10 10 L ⊙ 05h07m42.33s	(7) (8)
	δJ2000 d	-37d30m45.88s	(8)

References: 1: NASA/IPAC Extragalactic Database (NED); 2:

[START_REF] De Vaucouleurs | Third Reference Catalogue of Bright Galaxies[END_REF]

; 3: Veron-Cetty & Veron (1986); 4:

Reif et al. (1982)

; 5:

(Dahlem et al., 1990)

; 6: Combes et al. (2019); 7:
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  Peak fluxUsing these values, the expected CO(3-2) intensity is ∼4723 Jy.km/s in a 18 ′′ beam.

		Table 3.2 -Line fluxes	
	Line	S CO (Jy.km/s)	V (km/s)	∆V a (km/s)	b (Jy) S peak
	C1	658.1 ± 113.8 -111.3 ± 1.7 78.1 ± 5.3	7.9
	C2 1673.3 ± 187.6	0.5 ± 4.2	164.2 ± 15.8	9.6
	C3	263.0 ± 53.7	132.5 ± 2.0	60.6 ± 6.2	4.1
	Results of the Gaussian fits for the total CO(3-2) emission assuming the 3 velocity
		components (C1, C2 and C3), shown in Fig. 3.5.

a Full width at half maximum (FWHM) b

Table 3 .

 3 3 -Line ratios: R HCN/HCO + and R HCN/CS Ratios of the HCN, HCO + ans CS lines in the CND region and in the clump shown in

	Region	R HCN/HCO + R HCN/CS
	AGN	2.96±0.44 9.78±1.47
	Clump (3σ) 0.27±0.04 1.63±0.24
	Clump (5σ) 0.09±0.014 0.59±0.09

Table 4

 4 

	.1 -Properties of NGC 613
	Parameter	Value	Reference
	a a α J2000 δ J2000 V hel RC3 Type	01h34m18.23s -29d25m06.56s 1481±5 kms -1 SB(rs)bc	(1) (1) (1) (1)
	Nuclear Activity	Sy/ Starburst	(1,2)
	Inclination	41 •	

Table 4

 4 

			.2 -Line fluxes	
	Line	S CO(3-2) (Jy.km/s)	V (km/s)	FWHM (km/s)	a (Jy) S peak
	C1	541.1±54.7 -126.3±1.7 95.0±3.6	5.4
	C2	654.0±90.7	5.2±5.0	175.5±20.8	3.5
	C3	109.1±27.7 146.2±2.8	68.0±8.4	1.5
	Results of the Gaussian fits for the 3 velocity components (C1, C2 and C3), shown in
			Fig. 4.6.		
			a Peak flux		
	agreement with the PA and inclination from optical studies, in the range of PA=111∼124 •
	and i=36∼47 •				

Table 4 .

 4 3 -Line ratios: R HCN/HCO + and R HCN/CS Ratios of the HCN, HCO + ans CS lines in the CND region and in the clump shown in Fig. 4.10.

	Region	R HCN/HCO +	R HCN/CS
	AGN	1.76±0.26 7.95±1.19
	Clump (3σ) 0.23±0.03	3.6±0.5
	Clump (5σ) 0.034±0.005 >3.7±0.6

Table 4 .

 4 4 -Gaussian fit in the nuclear spectrum Results of the Gaussian fit for the main disk contribution of the nuclear spectrum extracted in a r=0.28 ′′ aperture shown in Fig.4.15.

	Component	S CO (Jy.km/s)	Position (km/s)	FWHM (km/s)	S peak (mJy)
	Core a	68.5 ± 1.1 -11.8 ± 0.4 107.2 ± 0.9	600
		S CO (Jy.km/s)	Velocity Range (km/s)	S peak (mJy)
		Integrated Residual Wings	
	Blue	2.63 ± 0.8 [-400,-90]		21.8
	Red	2.62 ± 0.9 [+80,+300]		24.9
	Integrated Red and Blue Maps
	Blue	2.3± 0.8	[-400,120]		41.5 b
	Red	2.3 ± 0.9	[+120,+300]		41.7 b
	a				

Table 5 .

 5 1 -Summary of proposed ALMA 2016 observations

	Source	z	Line	Observed Line Continuum Sensitivity Outflow Angular Resolving	Time	Additional
	Name			Frequency Flux	Flux	Requested Mass α Resolution Scale Requested	lines in
	(-)	(-)	(-)	(GHz) (mJy)	(mJy)	(mJy)	(M ⊙ )	(")	(pc)	(mins) sideband(s) β
	HE0238-1904	0.631 CO(2-1) 141.348	6	<1	0.4	7.9×10 8	2.5	16600	99.6	-
	HE0238-1904	0.631 CO(3-2) 212.015	7.5	<1	0.5	4.4×10 8	1.6	10625	46.55	SiO(8-7)
	IRAS04505-2958 0.286 CO(1-0) 89.635	19	<1	0.63	6.2×10 8	1.5	8250	40.72	SiO(3-2)
	IRAS04505-2958 0.286 CO(3-2) 268.893	48	<1	0.6	1.7×10 8	0.63	3465	40.1	CS(7-6)
	PG1126-041	0.060 CO(1-0) 108.746	12	1	0.4	2.9×10 7	1.50	1700	77.4	-
	PG1126-041	0.060 CO(2-1) 217.489	27	0.6	0.54	1.7×10 7	0.63	730	42.7	CS(5-4)
	LBQS1206+1052 0.395 CO(3-2) 247.882	16.8	1.6	0.56	1.8×10 8	0.63	3250	46.6	-
	LBQS1206+1052 0.395 CO(4-3) 330.495	13.4	1.3	0.9	1.7×10 8	0.42	2170	61.2	-
	3C445	0.056 CO(2-1) 218.271	44	2.3	0.8	2.1×10 7	1.6	1634	35.4	CS(5-4)
	3C445	0.056 CO(3-2) 327.396	55	1.8	1.1	1.2×10 7	1.1	1123	73.2	SiO(8-7)
	NGC7582	0.005 CO(2-1) 229.334	280	4.5	0.56	1.1×10 7	0.15	15	43.1	SiO(5-4)
	NGC7582	0.005 CO(3-2) 343.990	350	3.6	1.0	5.9×10 6	0.06	6	69.6	SiO(8-7)
	(									

α ): outflow mass lower detection limit, assuming a line width of 500 kms -1 and α=0.8 M ⊙ /(K km s -1 pc 2 ) . ( β ): our sidebands are tuned in a way to provide, if possible, information on tracers of shock fronts or dense clouds. 116 5.

3 Estimation of I CO and expected outflow properties

  Table5.2 -Summary of proposed ALMA 2017 observations ): outflow mass lower detection limit, assuming a line width of 500 kms -1 and α=0.8 M ⊙ /(K km s -1 pc 2 ) . ( β ): our sidebands are tuned in a way to provide, if possible, information on tracers of shock fronts or dense clouds.

	Source	z	Line	Observed Line Continuum Sensitivity Outflow Angular Resolving	Time	Additional
	Name			Frequency Flux	Flux	Requested Mass α Resolution Scale Requested	lines in
	(-)	(-)	(-)	(GHz) (mJy)	(mJy)	(mJy)	(M ⊙ )	(")	(pc)	(mins) sideband(s) β
	IRAS04505-2958 0.286 CO(1-0) 89.635	19	<1	0.63	6.2×10 8	0.21	784	104.4	SiO(3-2)
	IRAS04505-2958 0.286 CO(3-2) 268.893	48	<1	0.6	1.7×10 8	0.21	784	26.0	CS(7-6)
	PG1126-041	0.060 CO(1-0) 108.746	12	1	0.4	2.9×10 7	0.50	584	77.4	-
	PG1126-041	0.060 CO(2-1) 217.489	27	0.6	0.54	1.7×10 7	0.5	584	37.8	CS(5-4)
	3C445	0.056 CO(2-1) 218.271	44	2.3	0.8	2.1×10 7	0.5	511	40.7	CS(5-4)
	3C445	0.056 CO(3-2) 327.396	55	1.8	1.1	1.2×10 7	1.0	1021	32.8	SiO(8-7)
	NGC7582	0.005 CO(3-2) 343.990	350	3.6	1.0	1.3×10 7	0.3	26	47.6	SiO(8-7)
	NGC 5506	0.006 CO(1-0) 114.596	315	12.6	6.3	2.6×10 8	0.21	30	41.4	-
	NGC 5506	0.006 CO(2-1) 229.188	630	7.3	12.6	6.5×10 7	0.21	30	39.0	SiO(5-4)
	IRAS 04250-5718 0.104 CO(2-1) 208.820	68.1	0.23	1.36	3.2×10 9	0.3	550	28.5	SiO(5-4)
	IRAS 04250-5718 0.104 CO(3-2) 313.221	85.1	0.16	1.7	1.8×10 9	0.3	550	28.5	SiO(8-7)
	IRAS 15462-0450 0.100 CO(2-1) 209.526	119	0.24	2.4	5.2×10 9	0.3	533	28.5	-
	IRAS 15462-0450 0.100 CO(3-2) 314.279	148	0.17	3.0	2.9×10 9	0.3	533	28.5	-
	(									

α

Table 5 .

 5 3 -Summary of proposed ALMA 2018 observations ): based on the previous CO wings detections in Mrk 231(Cicone et al.,2012, Feruglio et al. 2015), we expect to detect wings and broad outflows ∼20 times fainter than those peak values. ( β ): outflow mass lower detection limit, assuming a line width of 500 kms -1 and α=0.8 M ⊙ /(K km s -1 pc 2 ) . ( γ ): our sidebands are tuned in a way to provide, if possible, information on tracers of shock fronts or dense clouds. ( ǫ ) expected mass loading factor η = Ṁout/SFR. The outflow mass rates were estimated from the observational correlation between Ṁout and L AGN presented byFiore et al. 2017 (see fig 1 left).

	Source	z	Line	Observed Continuum σrms α Outflow log(L AGN ) SFR	η ǫ Angular Resolving Time Additional
	Name			Frequency	Flux	Mass β				Resolution Scale	lines in
	(-)	(-)	(-)	(GHz)	(mJy)	(mJy) (M ⊙ )	(L ⊙ )	(M ⊙ /yr) (-)	(")	(pc)	(h) sideband γ
	IRAS04505-2958 0.286 CO(3-2) 268.893	<1	0.48 1.7×10 8	12.37	260	5.1	0.21	784	0.56 CS(7-6)
	PG1126-041	0.060 CO(2-1) 217.489	0.6	0.2 1.7×10 7	11.47	3	94	0.3	350	2.05 CS(5-4)
	3C445	0.056 CO(2-1) 218.271	2.3	0.44 2.1×10 7	12.04	3.5	220	0.3	306	0.82 CS(5-4)
	IRAS 04250-5718 0.104 CO(2-1) 208.820	0.23	0.68 3.2×10 9	12.37	32	42	0.3	550	0.53 SiO(5-4)
	IRAS 15462-0450 0.100 CO(2-1) 209.526	0.24	0.14 5.2×10 9	12.05	145	5.3	0.3	533	4.68	-
	(										

α

Table 5

 5 

	.4 -Summary of proposed observations for NOEMA Winter 2016 proposal
	Source	Coordinates	z	Line	Frequency	σrms α	time
	Name	(J2000)	-	Name	(GHz)	(mJy)	(hrs)
	NGC 4051	12:03:09.6 +44:31:53	0.00234	CO(1-0)	115.002	0.82	8
	3C120	04:33:11.1 +05:21:16	0.0330	CO(1-0)	111.588	0.58	8
	3C 48	01:37:41.3 +33:09:35	0.3670	CO(1-0)	84.324	0.53	8
	H1413+117	14:15:46.2 +11:29:44	2.56	CO(3-2)	97.134	0.50	8
	(						

α ): rms estimated by one transit of 5 h on-source (8 h with overheads) and a velocity resolution of 30 km/s A

search for the molecular counterpart of high velocity ionized outflows in QSOs 117

  ): estimated from IRAS fluxes and 50% of L IR due to the starburst component. ( γ ): L IR due to the starburst component from Farrah et al. (2012) ( η ): L 22µm using the WISE W4 (22µm) magnitude and applying the relation from Calzetti et al. (2007) (SFR(M ⊙/yr)=1.27×L 24µm (erg/s) 0.885 ) to estimate the I CO .

		Table 5.5 -30m Proposal Summer 2017			
	Source	Coordinates	z	Line	Frequency	σrms	I CO	β	logL IR time α
	Name	(J2000)	-	Name	(GHz)	(mK[T * A ]) (Jy km/s)	(L ⊙ )	(hrs)
	Mrk79	07:42:32.80 +49:48:34.7 0.022 CO(1-0)	112.769	1.4	0.21 ǫ	11.64 β	2.9
	Mrk290	15:35:52.36 +57:54:09.2 0.029 CO(1-0)	111.960	2.4	24.4	10.48 β	0.8
	PG1351+640	13:53:15.83 +63:45:45.7 0.088 CO(1-0)	105.928	1.8	4.6 ǫ	12.45 β	1.0
	LBQS1206+1052	12:09:24.08 +10:36:12.1 0.395 CO(1-0)	82.599	1.0	1.5		11.87 η	3.5
	FBQSJ142703.6+270940	14:27:03.63 +27:09:40.4 1.166 CO(2-1)	106.430	2.1	8.6		12.69 γ	0.7
	SDSSJ024254.66-072205.6	02:42:54.66 -07:22:05.7	1.217 CO(2-1)	103.986	1.1	1.6		12.00 γ	2.7
	SDSSJ123549.95+013252.6 12:35:49.95 +01:32:52.6s 1.289 CO(2-1)	100.691	1.2	2.9		12.31 γ	2.2
	SDSSJ221511.93-004549.9	22:15:11.94 -00:45:50.0	1.476 CO(2-1)	93.128	1.9	7.7		12.84 γ	0.8
	SDSSJ155633.77+351757.3 15:56:33.77 +35:17:57.6 1.501 CO(2-1)	92.186	1.0	2.6		12.39 γ	2.8
	HS0810+2554	08:13:31.28 +25:45:03.1 1.512 CO(2-1)	91.761	1.3	3.4		13.67 η	1.7
	( α ): integration time estimated using a velocity resolution of 30 km/s					
	(								

β 

Table 5 .

 5 6 -Summary of proposed observations for NOEMA Winter 2017 proposal CO is based on detected peak signals of our 30m-telescope run in August 2017 and the values reported by Xia et al. 2012 for IRAS F11119+13257 (see Fig 2). The half power beam width in the 3mm band is ∼22".

	Source Name	Coordinates (J2000)	z -	Line Name	Frequency logL α IR (GHz) (L ⊙ )	logL bol (erg/s) (M ⊙ /yr) (mJy) (mJy) (hrs) Ṁ β S CO γ σrms η time ǫ out
	Mrk79	07:42:32.80 +49:48:34.7 0.022 CO(2-1)	225.534	11.64	44.9	2.3	533.0	3.2	8
	Mrk290	15:35:52.36 +57:54:09.2 0.029 CO(2-1)	223.915	10.48	44.6	2.1	60.2	1.0	9
	PG1351+640 13:53:15.83 +63:45:45.7 0.088 CO(2-1)	211.853	12.45	45.6	2.8	70.5	1.1	7
	(								

α ): estimated from IRAS fluxes and 50% of L IR due to the starburst component. ( β ): outflow mass rates estimated from the slope of mass outflow rate as a function of the AGN bolometric luminosity for molecular outflow detections (blue dashed line in Fig.

1a

). ( γ ): S

Table 5

 5 

	.7 -Summary of proposed observations for NOEMA Summer 2017 and
	re-submission Winter 2017 proposal				
	Source	Coordinates	z	Line	Frequency	σrms	time α
	Name	(J2000)	-	Name	(GHz)	(mJy)	(hrs)
	NGC 4051	12:03:09.6 +44:31:53	0.00234	CO(1-0)	115.002	0.98	8
	3C120	04:33:11.1 +05:21:16	0.0330	CO(1-0)	111.588	1.02	8
	(						

α ): time integration estimated using the reported rms and a velocity resolution of 30 km/s 118 5.

4 Immediate objectives for the molecular outflows detections

  Table5.8 -Summary of the proposed observation for NOEMA Summer 2018 ): estimated from IRAS fluxes and 50% of L IR due to the starburst component. ( β ): outflow mass rates estimated from the slope of mass outflow rate as a function of the AGN bolometric luminosity for molecular outflow detections. ( γ ): mass loading factor, η = Ṁout/SFR. The SFR was estimated based on the L IR . ( η ): S CO is based on detected peak signal of our 30m-telescope run in August 2017.

	Source Name	Coordinates (J2000)	z -	Line Name	Frequency logL α IR (GHz) (L ⊙ )	logL bol (erg/s) (M ⊙ /yr) Ṁ β out	η γ S CO (mJy) (mJy) (hrs) η σrms time
	Mrk79 07:42:32.80 +49:48:34.7 0.022 CO(1-0)	112.79	11.64	44.9	2.3	7.9 134.6	0.6	6
	(							

α

2.4 Molecular gas distribution and morphology
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• XXXth General Assembly of the IAU -FM6: Galactic Angular Momentum "Morphology and kinematics of the cold gas inside the central kiloparsec of nearby AGN with AL August 2018, Vienna, Austria, contributed talk.

• XXXth General Assembly of the IAU -FM3: Radio Galaxies: Resolving the AGN phenomenon, August 2018, Vienna, Austria Poster: "Probing the gas fuelling and outflows in nearby AGN with ALMA"

• EWASS 2017 -European Week of Astronomy and Space Science "Probing the gas fuelling and outflows in nearby AGN with ALMA" June 2017, Prague,Czech Republic, contributed talk.

• Galaxy Evolution Across Time "Probing the gas fuelling and outflows in nearby AGN with ALMA" June 2017, École Normale Superièure (ENS), Paris, France, contributed talk.

• Quasars at All Cosmic Epochs, April 2017, Padova, Italy Poster: "Probing the gas fuelling and outflows in nearby AGN with ALMA "

• ELBERETH -Conférence des doctorants en astronomie et astrophysique d'Île-de-France "A search for the molecular counterpart of high velocity ionized outflows in nearby BAL QSOs" November 2016, Institut d'Astrophysique de Paris (IAP), Paris, France, contributed talk.

• YERAC -Young European Radio Astronomers Conference "A search for the molecular counterpart of high velocity ionized outflows in nearby BAL QSOs" September 2016, Bonn, Germany, contributed talk.

• 9th IRAM Millimeter Interferometry School, October 2016, Grenoble, France