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SUMMARY: COLD GAS IN THE CENTRE OF
RADIO-LOUD GALAXIES

Active Galactic Nuclei (AGN) are some of the most energetic sources in the Universe.
They are powered by the accretion of material onto the supermassive black hole (SMBH)
in the centre of the galaxy. In up to ∼ 30% of AGN (Best et al., 2005), the SMBH
expels energy into the interstellar medium (ISM) through relativistic jets of radio plasma.
These AGN are called radio loud, while other AGN are radio quiet and expel most of the
energy through radiation. Figure 6.9 shows Centaurus A, one of the most studied nearby
radio AGN. The radio emission is shown in green colours and can be separated in three
different main components: the core in the centre of the galaxy, the jets flowing out of
the galactic disk and the lobes expanding in the halo of the galaxy.
Because of their energetic output, AGN are thought to play a crucial role in the
evolution of a galaxy and its environment. The process by which this occurs is known
as AGN feedback. In cosmological simulations, feedback is one of the key ingredients
to empty a galaxy of its gas, prevent the ISM from cooling and eventually quench star
formation (e.g. Springel et al. 2005b; Schaye et al. 2014; Schaller et al. 2015; Harrison
2017). This enables simulations to match, the cosmic star-formation history of simulated
galaxies with the observed one, as well as the co-evolution of the SMBH and of the
bulge of the host galaxy (Croton et al., 2006; Booth & Schaye, 2009; Faucher-Giguère
& Quataert, 2012; DeBuhr et al., 2012; King & Nixon, 2015). Evidence of feedback
has been detected in AGN at low and high redshifts (e.g. McNamara & Nulsen 2007;
Birzan et al. 2004; Harrison 2017) by studying the ionized, molecular and atomic gas.
Some of the feedback processes that have been observed are, for example, cavities in the
cool-core clusters (e.g. Boehringer et al. 1993; Fabian et al. 2006; Birzan et al. 2012),
strong radiative winds (e.g. Pounds et al. 2003; Tombesi et al. 2010; Rupke & Veilleux
2011) and fast gaseous outflows driven by radio jets (e.g. Holt et al. 2008; Morganti et al.
2005b; Tadhunter et al. 2014). In Figure 6.9, for example, it is possible to observe the
interaction between the radio lobes and the X-ray emission of the intergalactic medium.
One of the main open questions in AGN feedback is to quantify its effect on the
evolution of the galaxy, i.e. the efficiency of feedback. Even though outflows from
AGN seem to have enough mechanical power to influence the ISM of the host galaxy
(e.g. McNamara & Nulsen 2012), the total mass of a gaseous outflow driven by the AGN
activity and expelled out of the host galaxy is typically too small to reduce significantly
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the star formation history of the galaxy. Consequently, it is difficult to match the high
efficiency of feedback expected by simulations, i.e. all gas is rapidly expelled from the
galaxy and star formation quenches, with the low efficiency of feedback that we observe.
Moreover, it is unclear what mechanisms generate and drive these outflows under the
varying conditions of the ISM. Radiative winds of the AGN can be the one of the main
causes (e.g. Veilleux et al. 2005; Fabian 2012), while in radio-loud AGN, the outflows can
also be associated to the expansion of the radio jets (e.g.Morganti et al. 2005b; Kanekar
& Chengalur 2008; Tadhunter et al. 2014).
To study the interaction between the energy released by the AGN and the interstellar
medium, i.e. the effects of AGN feedback, radio-loud AGN have different advantages
compared to radio-quiet AGN. For example, radio-loud sources contain often all potential
outflow driving mechanisms, such as AGN radiative winds and radio jets. Moreover, in
radio AGN, it is possible to determine the age of the radio nuclear activity. This allows us
to study the effects of feedback on the host galaxy at different stages of the radio activity.

Fig. 6.9: Multi-wavelength image of the radio AGN Centaurus A. The 870-micron
submillimetre data, from LABOCA on APEX, are shown in orange. X-ray data from
the Chandra X-ray Observatory are shown in blue. Visible light data from the Wide Field
Imager (WFI) on the MPG/ESO 2.2 m telescope located at La Silla, Chile, show the stars
and the galaxys characteristic dust lane in close to "true colour". Image Credit: ESO
press release: https://www.eso.org/public/images/eso0903a/.
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Cold gas in radio AGN
Neutral hydrogen (H i) has been detected in almost ∼ 40% of early-type galaxies, the
typical host or radio AGN (Serra et al., 2012), and it is known to be present (at least in
some cases) down to the circumnuclear regions of these galaxies (e.g. Conway & Blanco
1995; Gallimore et al. 1999; Emonts et al. 2010). Therefore, observations of the H i in the
central regions of radio AGN may allow us to characterize its kinematics and physical
conditions (e.g. column density, temperature) and understand how they are influenced
by the energy released by the AGN, as well as if and how the H i gas contributes to
fuel the nuclear activity. Many radio AGN show a circumnuclear disk or torus of gas.
Most of the gas mass in the circumnuclear regions of AGN is cold (T . 103 K), in the
molecular and atomic phase. Part of this gas likely fuels the nuclear activity falling onto
the SMBH, while the energy released by the AGN can change its distribution, kinematics
and physical conditions, i.e. some of the effects of AGN feedback. Evidence of this can
be found, for example, in the outflows driven by the AGN that are detected in the neutral,
molecular and ionized phase of the gas, even though the most massive component is
found to be cold (e.g. Morganti et al. 2005b; Feruglio et al. 2010; Cicone et al. 2013).

Fig. 6.10: H i absorption detected in different regions of Centaurus A. In the top panel
the white contours indicate H i absorption while the black contours indicate H i emission.
Absorption at the systemic velocity of the galaxy traces a regularly rotating disk of H i
gas. (Struve et al., 2010)

In radio AGN, neutral hydrogen can be detected in absorption against the 1.4 GHz
continuum emission of the active nucleus (e.g. Dickey 1982; Heckman et al. 1983;
van der Hulst et al. 1983). One advantage of H i absorption is that its detection or not
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depends on the brightness of the background continuum, and not on the source itself.
H i absorption studies reach lower limits in column density at higher redshifts than H i
emission studies, and detect amounts of H i impossible to be detected in emission with
high spatial resolution.
The H i absorption lines associated to gas in radio AGN have many different shapes,
widths, peaks, and positions with respect to the systemic velocity. Gas at the systemic
velocity has no motions along the line of sight of the background continuum. This
gas is typically associated with a rotating disk of neutral hydrogen. In Centaurus A,
for example, H i absorption is detected at the systemic velocity of the galaxy (vsys =
547 km s−1 , e.g. van der Hulst et al. 1983; Struve et al. 2010, see Fig. 6.10). Combining
the information of H i absorption and emission, it is possible to confirm that the bulk
of the absorption line (bottom right panel of the Figure) traces to gas rotating in a
disk (Struve et al., 2010). Given that the absorbed gas is always located in front of the
radio continuum, if the velocities of the gas are red-shifted with respect to the systemic
velocity, the gas is moving towards the radio source. In some cases, the redshift of
the line is so large that it cannot be explained by projection effects of the rotating gas,
and the H i line likely traces gas falling into the AGN and fuelling its radio activity.
These lines have been detected in early-type galaxies hosting a radio AGN (van Gorkom
et al., 1989). If instead, the lines are blue-shifted with respect to the systemic velocity of
the galaxy, the gas is moving away from the radio source. These absorption lines have
been associated with outflows of H i gas caused by the radio activity. In a handful of
radio AGN (e.g. NGC 1266, Alatalo et al. 2011; IC 5063, Morganti et al. 1998; 3C 293,
Morganti et al. 2003; Mahony et al. 2013), H i is detected at very low optical depths
(τpeak . 0.5) and at blue-shifted velocities that exceed the rotational velocity of the
galaxy. High resolution observations, where the absorption is resolved against the radio
jets, demonstrate that in these sources H i absorption traces an outflow of gas pushed by
the expansion of the jets.
A number of H i absorption studies in radio galaxies have been conducted in the
past few years, i.e. Vermeulen et al. 2003; Pihlström et al. 2003; Gupta et al. 2006;
Emonts et al. 2010; Allison et al. 2012; Chandola et al. 2013; Allison et al. 2014; Geréb
et al. 2014; Glowacki et al. 2017; Curran et al. 2017. These studies probe the gas in
the circumnuclear regions of AGN and identify gas interacting with the radio nuclear
activity, e.g. in-falling clouds and outflows of H i gas. However, these studies are limited
to a small number of object. For this reason an H i absorption survey will allow us to
study the interplay between H i gas and the radio activity over a large sample and in a
statistical way providing stronger constraints on the distribution and kinematics of the
H i in the central regions of AGN and on the interaction of the cold gas with the radio
activity.
One of the main results of these H i absorption studies is that compact radio AGN
(i.e. likely young radio AGN) are particularly rich in H i compared to more extended
radio sources. Geréb et al. (2014) performed stacking experiments on H i absorption,
pointing out that in compact AGN the H i line is typically broader, possibly because the
gas besides rotating has also unsettled kinematics. Given that in compact sources, the
radio emission is embedded within the host galaxy, the H i may be unsettled because of
the interplay with the radio source.
In the first part of this thesis (Chapters 1, 2, 3) we to expand the study of H i
absorption in radio AGN from the few known cases illustrated above, to a statistical
sample of galaxies, presenting an H i absorption survey of 248 sources with radio
fluxes above S 1.4 GHz 30 mJy carried on with the Westerbork Synthesis Radio Telescope
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(WSRT). With this survey, we determine the content of the H i gas in nearby radio AGN
as well as its typical distribution and kinematics. Analysing the properties of the H i
absorption lines we identify gas interacting with the radio source. Having a large sample
of sources also allows us to understand how the H i gas relates to the other components
of the ISM, such as the warm dust, and how the H i gas interacts with the nuclear
radio emission. The results of this survey also set a starting point for the upcoming
dedicated blind H i absorption surveys of the Square Kilometre Array (SKA) precursors
and pathfinders (the Search for H i with Apertif (SHARP), the MeerKAT Absorption
Line Survey (MALS) with the South African SKA precursor MeerKAT, the First Large
Absorption Survey in H i (FLASH) with ASKAP), which have the goal to determine the
occurrence of H i and its optical depth distribution down to low flux radio sources and
intermediate redshift (z ∼ 1) detecting H i in absorption, shed new light on its structure
and its interplay with the radio nuclear activity.
In the last few years (2013-2016), the Westerbork Synthesis Radio Telescope
upgraded to the new phased array feed receivers, Apertif (Oosterloo et al., 2010b).
Hence, over these years the Telescope gradually dismissed the number of working
antennas from 14 to 6. This strongly limited the capabilities of the telescope for H i
emission studies but allowed us to observe as many radio sources as possible to the very
last hours before the telescope closed for the final upgrade. This makes the H i absorption
survey presented in this thesis the last one undertaken with the old Westerbork Synthesis
Radio Telescope.
The main limitation of H i absorption studies is that we detect only gas on the line of
sight of the background continuum source, which limits the possibilities of obtaining
a complete picture of the interaction between the radio activity and the surrounding
ISM. Moreover, in the centre of radio AGN molecular gas is more abundant than
H i(e.g. Combes et al. 2013; García-Burillo et al. 2014). Hence, to obtain a complete
understanding of the different physical mechanism occurring between the ISM and the
radio activity, it is crucial to study also the distribution and kinematics of the molecular
gas in the central regions of active nuclei.
Over the past few years, observations with millimetre and sub-millimetre telescopes,
e.g. the Atacama Large Millimeter and submillimeter Array (ALMA) and the NOrthern
Extended Millimeter Array (PdBI-NOEMA) detected at high spatial and spectral
resolution the molecular gas in the central regions of radio AGN allowing us to study the
interplay between the molecular gas of the ISM and the nuclear activity. Radio AGN, for
example, often show a circumnuclear disk or torus of molecular gas that could represent
the fuel reservoir of the nuclear activity. In some of these sources, the kinematics of
the molecular gas suggest it may be falling onto the radio source, and possibly fuel the
AGN (e.g. NGC 1433, Combes et al. 2013; NGC 1466, Combes et al. 2014; 3C293,
(Labiano et al., 2013)). Other radio AGN, instead, show an outflow of molecular gas
that is associated to either the expansion of the radio jets or to the radiative winds of the
AGN (e.g. NGC 1266, Alatalo et al. 2011; NGC 1068, García-Burillo et al. 2014, 2016;
IC 5063, Morganti et al. 2015; Dasyra et al. 2016). Hence, molecular gas observations
are crucial to fully understand how a radio AGN can be triggered and fuelled, and how
feedback from the AGN can change the ISM and the evolution of the host galaxy.
In the second part of this thesis, we show that only multi-wavelength high spatial
and spectral resolution observations of the neutral and molecular gas allow us to obtain a
complete picture of the interaction between the radio activity and the surrounding ISM.
In Chapters 4, 5 and 6, we present the H i, H 2 1-0 S(1) (2.12 µm) and carbon monoxide
(12 CO (2–1) at 230 GHz) observations of the circumnuclear regions of a young nearby
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radio AGN (PKS B1718–649, DL ∼ 62 Mpc). We observed the H i with the H 2 1-0 S(1)
line with the Inegral Field Unit SINFONI, and the 12 CO (2–1) with ALMA. Only the
combined information of all observations reveals that in the innermost 75 pc of PKS
B1718–649 multiple clouds of neutral and molecular hydrogen are falling towards the
radio source and are likely fuelling the recently triggered radio activity.

This Thesis
In Chapter 1 we examine the properties of 32 H i absorption lines detected observing
101 radio AGN with power log P1.4 GHz (W Hz−1 ) > 24 in the redshift interval 0.02 <
z < 0.25 with optical counterpart identified spectroscopically in the Sloan Digital Sky
Survey (SDSS). This study introduces a new approach for characterizing the properties
of the absorption profiles and relates their width, shape and shift with respect to the
systemic velocity to the properties of the radio AGN, i.e. radio power, and evolutionary
stage of the radio source. The H i absorption lines in compact sources, i.e. the radio
jets are embedded in the host galaxy, often show the characteristics of unsettled gas, e.g.
blue-shifted shallow wings and broad and asymmetric profiles. These properties suggest
that strong interactions between the AGN and the circumnuclear cold gas are likely to
occur in compact AGN, as young radio jets are clearing their way through the ambient
medium.
In Chapter 2, we show an extension to lower radio fluxes (i.e. to lower radio powers,
down to log P1.4 GHz (W Hz−1 )∼ 22.5) of the survey presented in Chapter 1. This survey
was the last survey of the WSRT, before the upgrade to the new phase array feed receivers
(Apertif, Oosterloo et al. 2010b). The total sample (including the objects of Chapter
1) of 248 objects covers a broad range of radio powers (22.5 <log P1.4 GHz (W Hz−1 )<
26.2). These represent the bulk of the radio AGN population. The detection rate
of H i absorption is 27% ± 5.5% and it does not vary across the range of redshifts
(0.02 < z < 0.25) and radio powers (22.5 <log P1.4 GHz (W Hz−1 )< 26.2) of the sample.
H i gas with kinematics deviating from regular rotation is more likely found as the radio
power increases. In the great majority of these cases, the H i profile is asymmetric with
a significant blue-shifted component. This is particularly common for sources with
log P1.4 GHz (W Hz−1 ) > 24 , where the radio emission is small, possibly because these
radio sources are young. The same is found for sources that are bright in the mid-infrared,
i.e. sources rich in heated dust. In these sources, the H i is outflowing likely under the
effect of the interaction with the radio emission. Conversely, in dust-poor galaxies, and in
sources with extended radio emission, at all radio powers we only detect H i distributed
in a rotating disk. Sources where H i gas is not detected are used for stacking experiments
that allow us to probe the general properties of the neutral hydrogen in radio AGN. The
chapter also shows a stacking experiment to compare the results of the survey with the
H i observed in emission in nearby early type galaxies.
In Chapter 3, we present the program MoD_AbS, that we developed to infer the
distribution of H i we detect in absorption. The chapter shows the applications of
MoD_AbS to a sub-sample of compact sources where we detected H i in the survey shown
in Chapter 2, and whether they can be related to properties of the host galaxy .
In Chapter 4, we describe the H i emission and absorption observations of PKS
B1718–649. A tilted ring model of the H i gas emission allows us to understand the
formation history of the H i disk and relate it to the triggering of the radio activity. The
H i detected in absorption gives indications that a population of small clouds of cold gas
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has kinematics deviating from the regular rotation of the H i disk that may contribute to
fuel the newly born radio AGN.
In Chapter 5, we show the H 2 1-0 S(1) (2.12µm) observations of the innermost 8
kpc of PKS B1718–649. We detect the warm molecular gas mainly distributed in a
circumnuclear disk with radius ∼ 700 pc. At radii r < 75 pc, we detect H 2 deviating
from the regular rotation of the inner disk with red-shifted velocities with respect to the
systemic, suggesting the H 2 may be moving towards the radio source and contribute to
fuel its nuclear activity.
In Chapter 6, we show the 12 CO (2–1) ALMA observations in the innermost 15 kpc
of PKS B1718–649. We detect CO following a similar structure as the warm molecular
gas. The 12 CO (2–1) is distributed in clumpy and filamentary structures overall rotating
with the other components of the galaxy. In the central 700 pc, the carbon monoxide
is distributed in a circumnuclear ring, that could form the fuel reservoir of the radio
activity. 12 CO (2–1) is also detected in absorption at red-shifted velocities with respect
to the systemic (vpeak ∼ 365 ± 20 km s−1 ) This traces cold molecular clouds accreting onto
the SMBH. It is the first time that on-going accretion is detected in a young radio source.
In conclusion, in the first part of this thesis, we show that H i absorption studies allow
us to successfully investigate the content and kinematics of the H i in early-type galaxies
with radio flux density as low as S 1.4 GHz ∼ 30 mJy. Since the detection rate of H i does
not seem to depend on the radio power of the sources, which suggests that H i absorption
studies can be expanded to all kinds of galaxies with radio continuum emission detected
at 1.4 GHz. This is a very promising result for the future H i absorption survey planned
with the SKA precursors and pathfinders; Apertif Oosterloo et al. 2010b, MeerKAT Jonas
2009 and ASKAP Johnston et al. 2008, as well as of SKA Phase 1 (Morganti et al.,
2006b). In the second part of this thesis, we show high resolution observations of the
neutral and molecular gas of a very young radio AGN (PKS B1718–649). We show that
the circumnuclear regions of this AGN are rich in molecular gas and that in the very
centre H i H 2 1-0 S(1) and 12 CO (2–1) with deviating kinematics trace a population of
clouds of neutral and molecular hydrogen that are likely contributing to fuel the radio
activity. This allows us to set new constraints on the role of cold gas in the triggering and
fuelling processes of low efficiency young radio AGN.

