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INTRODUCTION

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 (Lynden-Bell, 1969). Figure 1 is an example of an AGN.
Perseus A lies at the centre of the Perseus Galaxy Cluster, the optical host galaxy is
barely visible, while giant radio jets expand through the cluster (e.g. Taylor et al. 1994,
1996; Vermeulen et al. 1994; Silver et al. 1998), that create turbulence and shocks in the
neutral, molecular and ionized gas of the inter intergalactic medium (e.g. Cowie et al.
1983; Jaffe 1990; Conselice et al. 2001; Salomé et al. 2011). The interplay between
the expanding radio jets and the intergalactic medium is also visible in Fig. 1 as X-ray
cocoons around the jets (e.g. Boehringer et al. 1993; Fabian et al. 2006, 2011b,a). Hence,
the interactions between the nuclear plasma, the host galaxy and the surrounding gas of
the interstellar and intergalactic medium involve many different physical mechanisms
and their study requires multi-wavelength high resolution observations.
The nuclear activity and its release of energy in the host galaxy is associated to
the accretion of material onto the SMBH, but the physical processes characterizing this
activity are far from being completely understood (e.g. Lawrence & A. 1987; Urry &
Padovani 1995; Tadhunter 2008; Netzer 2015). Moreover, as suggested by Fig. 1, AGN
and their energetic output may appear different depending on the wavelength at which
they are observed. In the past years, many efforts have been made in trying to understand
which properties of the AGN are intrinsic to the nuclear activity and which are due to
observational effects, e.g. the orientation of the circumnuclear regions of the AGN, the
different properties that AGN show at different wavelengths. These studies are commonly
referred to AGN unification models (e.g. Lawrence & A. 1987; Barthel 1989; Antonucci
1993; Urry & Padovani 1995; Tadhunter 2008).
Because of their energetic output, AGN are thought to play a crucial role in the
evolution of a galaxy and its environment (see e.g. Heckman & Best 2014 for a review).
Statistically, the most evident link between the nuclear activity and the evolution of its
host galaxy is the observed relation between the masses of the bulge and of the central
black hole (e.g. Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000).
The process by which this occurs is known as AGN feedback. Observationally, 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,
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Different families of Active Galactic Nuclei

Fig. 1: Multi-wavelength image of the AGN Perseus A. Optical data from the Hubble
Space Telescope are shown in red, green and blue. Radio data from NRAO’s Very Large
Array at 0.91 m are shown in soft violet, while shells of X-ray emission are visible in
purple. [Image Credit: HST-Archive https://www.spacetelescope.org/images/
heic0817b/].

cavities in the cool-core cluster cores (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 (e.g. Axon et al. 2000; Holt et al. 2008;
Mullaney et al. 2013; Morganti et al. 2005b; Tadhunter et al. 2014). Feedback from AGN
is thought to be responsible for suppressing star formation in massive galaxies and for
regulating the growth of the SMBH (see e.g. Fabian 2012 for a review).

Different families of Active Galactic Nuclei
AGN have been historically classified into many different families depending on which
wavelength they have been observed at, e.g. Fanaroff Riley classification in the radio
band (Fanaroff & Riley, 1974), Seyfert galaxies in the optical (Seyfert & K., 1943),
quasars and BL Lac objects and in the optical and X-rays (Schmidt, 1963; Stein et al.,
1976). Understanding how these different AGN classifications relate to one another has
been crucial in the study of AGN unification models. (e.g. Lawrence & A. 1987; Barthel
1989; Antonucci 1993; Urry & Padovani 1995). The unification model states that the
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orientation of the circumnuclear torus of dust and gas with respect to the active core plays
a prime role in determining our classification of an AGN, while all AGN are powered
by material falling into the SMBH from the ISM. Because of conservation of angular
momentum, the in-falling gas forms a flattened structure around the accreting SMBH.
The AGN efficiently converts the gravitational energy into radiative energy through this
accretion disk (see e.g. Tadhunter 2008; Netzer 2015 for a review on unification models).
Depending on its orientation, the circumnuclear gas, typically distributed in a torus, may
obscure the AGN, hence the luminosity of the source is dominated by the light of the
AGN (type 1) or of the host galaxy (type 2).
One of the main open questions of AGN unification theories is what causes up to
∼ 30% of active nuclei (with a strong dependency on the mass of the host galaxy, Best
et al. 2005) to expel relativistic jets of radio plasma to large distances in the intergalactic
medium. These sources are called radio-loud AGN. In the remaining 70% of AGN the
emission in the radio wavelength is negligible, and these sources are called radio-quiet
AGN (see e.g. Tadhunter 2008 for a review on radio AGN).

Table 1: The categorisation of the local AGN population adopted throughout this review.
The blue text describes typical properties of each AGN class (Heckman & Best, 2014).
Even though orientation effects play an important role in influencing our
understanding of AGN, recent studies argue that there are intrinsic differences among
AGN (e.g. Hardcastle et al. 2007, 2009; Best & Heckman 2012; Heckman & Best 2014).
Heckman & Best (2014) show AGN can be divided based on the efficiency of their
accretion (see Table.1). Efficiency of accretion onto a SMBH can be measured as the
ratio between the bolometric luminosity of the galaxy (L) and the Eddington Luminosity
(i.e. the maximum luminosity of a body where radiative pressure and gravitational
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force are in equilibrium, LEdd = (4πGmp c/σT )MSMBH 1 ). If the accretion is inefficient
(L/LEdd . 0.01) AGN are classified as jet-mode, if the accretion is efficient AGN are
classified as radiative mode AGN (L/LEdd & 0.01). Among both of these types of AGN,
sources can be either radio loud or radio quiet. Among jet mode AGN, the accretion is
inefficient, and the energetic output of the activity seems to be insufficient to dominate
over the light of the host galaxy. Among radio AGN, the power of radiative mode AGN
is typically log P1.4 GHz (W Hz−1 ) > 24 . Nevertheless, these powerful sources are rare,
while the bulk of the AGN population is composed by jet mode radio AGN (Best et al.,
2005; Sadler et al., 2007).
The different efficiency between jet mode AGN and radiative mode AGN is thought to
be connected to a different accretion mechanism through which the SMBH acquires gas.
On the one hand, in radiative mode AGN accretion occurs through radiatively efficient,
optically thick and geometrically thin accretion disk, radiating across a broad range of the
electromagnetic spectrum (e.g. Shakura & Sunyaev 1973). On the other hand, jet mode
AGN are thought to be fuelled by a quasi-spherical accretion of small clouds falling into
the SMBH from the circumnuclear regions of the AGN or from its galactic halo. These
clouds may lose angular momentum and fuel the AGN because of turbulence in the ISM
(e.g. Bondi 1952; Narayan & Yi 1995).
Many different models of accretion onto the SMBH have been proposed with the
common key ingredient for feeding the nuclear activity being cold gas (King & Pringle,
2007; Soker et al., 2009; King & Nixon, 2015; Gaspari et al., 2013, 2016). Hence,
studying the cold ISM in the circumnuclear regions of AGN may shed new light on the
different accretion mechanisms that may occur, and on how they may trigger a radiative
mode AGN rather than a jet mode AGN.

AGN and feedback effects
Different numerical simulations consider the energy budget of the AGN a crucial
ingredient for their models of galaxy evolution (e.g. Di Matteo et al. 2005; Springel et al.
2005a; Springel 2005). This is commonly called feedback from AGN. 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 (Bower et al.,
2006; Croton et al., 2006; Booth & Schaye, 2009; Ciotti et al., 2010; Faucher-Giguère &
Quataert, 2012; DeBuhr et al., 2012; Faucher-Giguere et al., 2013; King & Pounds, 2015;
King & Nixon, 2015). These effects are commonly referred to as negative feedback from
AGN.
From an observational point of view, it is difficult to constrain the effects of the AGN
on the evolution of a galaxy. Feedback effects are diverse and they influence all phases
of the ISM, atomic, molecular and ionized (see Fabian 2012 for a review). One of the
most direct evidence of AGN feedback are the bubbles, or cavities, visible in the X-rays
in cool core clusters. These structures are blown and powered by jets from the central
black hole, one example is shown in Fig. 1. The effects of feedback from AGN can be
observed on all phases of the interstellar medium. Typically, ultra fast (v & 104 km s−1 )
1 m is the mass of the proton, σ the cross section for Thomson scattering, G is the gravitational constant
p
T
and MSMBH the mass of the SMBH.
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outflows are detected in the X-ray, from the properties of the iron K-shell absorption lines
(e.g. Chartas et al. 2003; Cappi et al. 2009; Tombesi et al. 2010, 2014). Fast outflows
(v ∼ 103 km s−1 ) are detected in the optical band traced by the properties of the emission
lines of the narrow line region (e.g. Axon et al. 2000; Holt et al. 2008, 2009; Mullaney
et al. 2013). Slower outflows (v . 103 km s−1 ) also exist. Outflows from AGN seem to
have enough mechanical power to influence the ISM of the host galaxy (e.g. McNamara
& Nulsen 2012). Nevertheless, 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; Rosario et al. 2010; Tadhunter et al. 2014).
One of the main open questions in AGN feedback is to quantify the effect of these
outflows on the evolution of the galaxy, i.e. the efficiency of feedback. Cold gas has been
found to represent the dominant mass component of the observed outflows (e.g. Morganti
et al. 2005b; Feruglio et al. 2010; Cicone et al. 2013). The total mass of an outflow
driven by the AGN activity is typically a small fraction of the total gas mass of the host
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.
Different numerical simulations have been developed to understand the interplay
between the nuclear activity and the surrounding ISM (e.g. Wada et al. 2009; Hopkins
& Elvis 2010; Wagner & Bicknell 2011; Wagner et al. 2012). Nowadays radio and
millimetre interferometers provide us with high resolution observations of multi-phase
outflows and inflows in nearby AGN that can be compared to these simulations and
further constrain the physical conditions of feedback effects and triggering of radio AGN.
Positive feedback, i.e. when nuclear activity triggers new events of star formation,
is also predicted by numerical simulations (Mellema et al., 2002; Gaibler et al., 2012;
Wagner et al., 2016), and it has been detected in a handful of AGN, e.g. Centaurus
A (Oosterloo & Morganti, 2005; Santoro et al., 2016; Morganti et al., 2016), and
‘Minkowski Object’ (van Breugel et al., 1985; Croft et al., 2006).

Radio Active Galactic Nuclei
As anticipated in the previous sections, AGN can be separated in two families depending
on their radio emission (see Tadhunter 2016 for a recent review on radio AGN). In
up to ∼ 30% of AGN (Best et al., 2005), the SMBH expels energy through particles
accelerating in the ISM, that emit synchrotron radiation mainly at radio wavelengths.
The AGN radio emission can be separated in three main components, the radio core,
emission in proximity of the SMBH possibly due to the accretion onto the SMBH, the
radio jets, i.e. high energy particles expelled from the SMBH expanding through the
ISM, and the radio lobes, where the particles of the jet interact with the ISM. In Fig. 2,
we highlight these components in Centaurus A, one of the most studied nearby radio
AGN. The radio emission, where core, jets and lobes are distinguishable, is shown in
green colours. The interaction between the radio lobes and the X-ray emission of the
intergalactic medium is striking.
To study the interaction between the AGN and the interstellar medium, radio AGN
have different advantages compared to radio-quiet AGN. For example, radio-loud sources
contain all potential outflow driving mechanisms, such as AGN radiative winds and radio
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Fig. 2: 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 galaxy’s characteristic dust lane in close to ‘true colour’. Image Credit: ESO
press release: https://www.eso.org/public/images/eso0903a/.

jets. Hence, they are the only AGN in which the relative importance of the different
feedback effects can be assessed in individual objects (e.g. Batcheldor et al. 2007). Radio
jets probe the interaction with the ISM at very different spatial scales. In a class of
radio AGN, the radio emission is still confined to the host galaxy, while extended AGN
may have radio jets carving their way through the intergalactic medium up to ∼ 1 Mpc.
Among radio AGN with compact nuclear emission, Compact Steep Spectrum (CSS) and
Giga-Hertz Peaked Spectrum (GPS) sources are intrinsically small (. 10 kpc) and likely
young AGN (Owsianik & Conway, 1998; O’Dea, 1998; Murgia et al., 1999; Fanti, 2009).
In radio AGN, it is possible to determine the age of the radio nuclear activity from
the expansion velocity of the jets. If the radio emission of the AGN is dominated by
synchrotron radiation, the age of the radio activity can be estimated from the spectral
curvature of the radio emission of the AGN (e.g. Murgia et al. 1999; Polatidis & Conway
2003; Murgia 2003; Giroletti & Polatidis 2009). The estimated life-time of the radio
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activity is relatively short (tradio ∼ 108 yr) compared to the evolution of the host galaxy
(e.g. Parma et al. 1999, 2007). Nevertheless, the radio activity can also be rejuvenated
and many cases of radio AGN showing different recursive nuclear activity are known
(e.g. Clarke & Burns 1991; Jones & Preston 2001; Saikia & Jamrozy 2009). It is still
debated whether AGN activity is usually episodic, and if so, what is the cycle of the
activity and what are its effects on the evolution of the host galaxy.

Cold gas in radio AGN
In the previous sections, we showed that gas in the circumnuclear regions of galaxies
is crucial for the nuclear activity. Falling onto the SMBH, the gas fuels the energetic
output of the nucleus. Many AGN, independently of their class (jet-mode, radiative
mode, radio-loud and radio quiet) show a circumnuclear disk or torus of gas that could
fuel the nuclear activity. The difference among AGN and their energetic output seems
to lie in how sources acquire this gas. Observations of a handful of AGN ( (e.g.
IC 5063, Morganti et al. 2015; Dasyra et al. 2016; NGC 1052, Müller-Sánchez et al.
2013; NGC 1068, García-Burillo et al. 2014; Viti et al. 2014; García-Burillo et al. 2016;
NGC 1566, Combes et al. 2014; NGC 1433, Combes et al. 2013; NGC 1097, Martín
et al. 2015) show that most of the gas mass in the circumnuclear regions of AGN is
cold (T . 103 K), in the molecular and atomic phase. Cold gas is the most massive
component of AGN driven outflows, hence to study its physical conditions is crucial to
understand the feedback effects from AGN (e.g. Harrison 2017). Different numerical
simulations (e.g. Wada 2003; Wada et al. 2009; King & Nixon 2015; Gaspari et al. 2013,
2016), predict that cold clouds of gas accrete onto the SMBH. Depending on the physical
conditions of the circumnuclear regions, the accretion may be more or less efficient, and
the AGN may show the characteristics of a jet mode AGN rather than a radiative mode
AGN.
Neutral hydrogen (H i) is the most abundant element in the Universe, and it is found in
∼ 40% of early-type galaxies, the typical host or radio AGN (Serra et al., 2012). Different
studies have detected H i in the circumnuclear regions of AGN ( e.g. Conway & Blanco
1995; Gallimore et al. 1999; Emonts et al. 2010). In some of radio AGN, the neutral
hydrogen may fall towards the radio source (e.g. van Gorkom et al. 1989) while in others,
H i has been associated to an outflow pushed by the radio jets (Morganti et al., 2005a) or
the radiative winds (e.g. Mrk 231, Morganti et al. 2016).
In galactic centres, the H i is typically converted in molecular gas (Combes et al.,
2013) which seems to be the key ingredient for fuelling the nuclear activity, as well
as for star formation. Studies of the presence and conditions of the H i gas and the
molecular gas allow us to determine the pressure, density and temperature of the ISM.
Over the past years, the development of millimetre and sub-millimetre interferometers,
e.g. Combined Array for Research in Millimeter-wave Astronomy (CARMA), Plateau de
Bur Interferometer (PdBI), Atacama Large Millimiter Array (ALMA), has allowed high
resolution observations (sub-arcsecond) of the the molecular gas in the circumnuclear
regions of AGN. These instruments have revolutionised our understanding of the
molecular gas and its contribution to the fuelling of the nuclear activity, and feedback
effects.
In the following sections, we provide a few examples on how studies of the atomic
and molecular hydrogen reveal the interplay between the cold ISM and radio AGN.
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H i absorption in radio AGN
H i 21-cm emission is caused by the hyperfine transition of the hydrogen atom (van de
Hulst, 1951). At 100 K, the H i line has a typical width . 1 km s−1 . At higher
temperatures, or if the medium is turbulent, the line is broader (. 10 km s−1 ). The
observed H i lines are as broad as many hundreds of km s−1 because of the Doppler shifts
caused by the bulk motions of the gas relative to the observer, e.g. rotation, in-falling
gas, fast gas outflows (see e.g. Verschuur 1975 for a review on neutral hydrogen). The
typical spectral resolution of radio interferometers (. 10 km s−1 ) allows us to resolve
the H i lines, thus H i observations are ideal to trace the kinematics of the gas in the
circumnuclear regions of AGN.

Fig. 3: 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. Heckman et al. 1978; Dickey 1982;
van der Hulst et al. 1983). One advantage of H i absorption is that its detection or not
depends on the brightness of the background continuum, and not on the source itself.
Hence, H i absorption studies reach lower limits in column density at relatively higher
redshifts than H i emission studies, and detect amounts of H i impossible to be detected
in emission with high spatial resolution. Therefore 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.
H i absorption studies of radio AGN show that compact radio AGN (i.e. CSS and
GPS sources) are particularly rich in H i compared to more extended radio sources
(e.g. Vermeulen et al. 2003; Gupta et al. 2006; Emonts et al. 2010; Allison et al.
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2012; Curran et al. 2013a). 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 sources may be
unsettled because of the interplay with the radio source.

Fig. 4: H i absorption line detected against the radio continuum emission of NGC 315.
Absorption at the red-shifted velocities with respect to the systemic traces H i that is
moving towards the radio AGN. (Morganti et al., 2009)
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. Here, we present
a few examples of what distribution of gas is probed by different H i absorption lines.
Gas at the systemic velocity has no motions along the line of sight of the background
continuum. 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. If instead, the velocities are
blue-shifted with respect to the systemic velocity, the gas is moving away from the radio
source. As discussed above, these absorption lines have been associated with outflows of
H i gas caused by the radio activity.
In Centaurus A, for example, H i absorption is detected peaking at the systemic
velocity of the galaxy (vsys = 547 km s−1 , e.g. van der Hulst et al. 1983; Struve et al.
2010). The bulk of this line traces a rotating disk of neutral hydrogen. In Fig. 3,
we show where H i gas is detected in absorption (top panel) and two absorption lines,
extracted against the north-eastern jet (bottom left panel) and against the nucleus (bottom
central panel, and bottom right panel for a zoom in). Combining the information of H i
absorption and emission, it is possible to confirm that the peak of the absorption line
corresponds to gas rotating in a disk (Struve et al., 2010). High resolution observations
of the H igas, and the possibility of tracing absorption against different regions of the
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continuum emission, also allow us to identify that the H i absorbed against the nucleus
at blue-shifted velocities has kinematics deviating from rotation and may be fuelling the
radio nuclear activity (Struve et al., 2010).

Fig. 5: Left panel: Distribution of the high-excitation ionized gas of the radio AGN
IC 5063, as outlined by the [O III] λ5007/H α+[N iii] ratio map (contours), superposed
on the Hubble Space Telescope image. Right panel: Position velocity diagram taken
along the major axis of the distribution shown in the right panel. The dashed contours
show the H i absorption. Compared to the regularly rotating disk of H i gas, detected
in emission (solid contours), the H i absorption extends at blue-shifted velocities. This
suggest H i gas is out-flowing at high velocities pushed by the radio jets. (Morganti et al.,
1998)

In early-type galaxies hosting a radio AGN, red-shifted absorption has been
associated with clouds falling towards the radio source and fuelling the nuclear
activity (van Gorkom et al., 1989). Fig. 4 shows the spectrum extracted against the
radio core of NGC 315. Two lines are detected, the shallow line is slightly red-shifted
with respect to the systemic and traces gas rotating within the disk. The deep line is
red-shifted by more than 400 km s−1 and probes H i falling towards the radio source with
non rotational motions (Morganti et al., 2009).
H i absorption at blue-shifted velocities traces gas moving away from the radio
source. 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. Fig. 5 (left panel) shows the optical image of the Seyfert
radio AGN IC 5063 (Morganti et al., 1998). In the right panel of the figure, we show the
position-velocity diagram extracted along the major axis of the source. H i emission is
in solid contours while H i absorption is in dashed contours. The H i emission traces
the smooth gradient of velocities along the major axis, that probes gas regularly rotating
in a disk. H i absorption extends beyond the H i detected in emission. High resolution
observations, where the blue-shifted absorption is resolved against the western lobe of
the radio jets, demonstrate that H i absorption traces an outflow of gas pushed by the
expansion of the radio jets (Oosterloo et al., 2000).

Molecular gas in radio AGN
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Molecular gas in radio AGN
Molecular gas is the dominant gas phase in the central regions of AGN (e.g. Combes
et al. 2013; García-Burillo et al. 2014). Over the past years, observations with millimetre
and sub-millimetre telescopes (e.g. CARMA, PdBI and ALMA) allowed us to study the
interplay between the molecular gas of the ISM and the nuclear activity and identify
different mechanisms where molecular gas is involved.
Radio AGN often show a circumnuclear disk or torus of molecular gas that could
represent the fuel reservoir of the nuclear activity. In some sources, the study of the
kinematics suggests the molecular gas suggest may fall towards 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 obtain a complete picture of how a radio AGN can be triggered
and fuelled, and how feedback from the AGN changes the ISM and the evolution of the
host galaxy.
For the purpose of this thesis, the most important feature of molecular gas in AGN
is that its observations are complementary to H i absorption studies. H i absorption
observations are ideal to identify circumnuclear gas allow us to detect cold gas interacting
with the radio source, e.g. inflows or outflows of gas. Nevertheless, these studies can infer
the distribution of the gas only against the radio continuum emission. The molecular gas
is observed in emission and in absorption and it allows us to obtain a complete view
of its distribution and kinematics. Often, in nearby radio AGN, e.g. NGC 1266(Alatalo
et al., 2011), IC 5063(Mahony et al., 2015) Mrk 231(Feruglio et al., 2015; Morganti et al.,
2016), 4C +12.50 (Morganti et al., 2013a; Dasyra et al., 2014), the kinematics of the H i
and of the molecular gas are very similar. Fig. 6 (left panel) shows the striking similarity
of the integrated profiles of H i absorption and 12 CO (2–1) emission line in the low-radio
power AGN NGC 1266 (Alatalo et al., 2011). The lines have a blue-shifted wing that
may suggest the presence of an outflow of gas driven by the radio jets. Nevertheless,
the wing has velocities within the rotational velocity of the galaxy. Only by spatially and
spectrally resolving the emission of the molecular gas, it is possible to probe the presence
of the outflow, see Fig. 6 (right panel).

This thesis
This thesis aims at making an inventory of the occurrence of H i gas (traced by
absorption) in radio galaxies, derive the properties of the gas, and study the interplay
between the atomic and molecular gas and the active nucleus in nearby radio galaxies.
This will allow us to set a step further in understanding the role of cold gas in the radio
nuclear activity and how it may influence the evolution of galaxies. We focus on two
main projects to link the gas in the circumnuclear regions to the triggering, fuelling, and
feedback effects of the radio AGN. First, we conduct a survey to investigate the presence
of H i in a sample of radio AGN, and relate its conditions to the properties of the AGN and
of the host galaxy. Second, we perform a multi-wavelength study of a young radio AGN
to understand which physical conditions of the atomic and molecular gas may trigger the
radio nuclear activity.
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Fig. 6: Left panel: Direct comparison between the H i absorption profile (black) and
the CO (2-1) emission spectrum (blue dotted). The CO emission and H i absorption
profiles trace each other well at high blue-shifted velocities (Alatalo et al., 2011). Right
panel: CO core and wings in NGC 1266, overlaid on a grey scale Hα narrowband image.
Superimposed contours are CO (1-0) integrated intensity map (yellow) and the CO (2-1)
redshifted (red) and blueshifted (blue) wings (Alatalo et al., 2011).

An H i absorption survey
Over the past few years, systematic H i absorption studies have proven to be a great tool
to perform a statistical analysis of the properties of the neutral hydrogen over a large
sample of radio AGN (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;
Glowacki et al., 2017; Curran et al., 2017). Nevertheless, these studies have focused
on the most powerful radio AGN (log P1.4 GHz (W Hz−1 ) > 24 ) and/or are a collection
of objects observed with different sensitivity and by different telescopes, rather than a
survey where all sources have been observed reaching comparable sensitivities.
In the previous sections, we showed how H i absorption studies successfully probe
the gas in the circumnuclear regions of AGN and identify traces of in-falling gas as well
as out-flowing gas. However, these studies are limited to a small number of object. 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.
In this thesis, we present an H i absorption survey carried on with the Westerbork
Synthesis Radio Telescope (WSRT). We observed 248 radio sources between 0.02 <
z < 0.25 and with radio power between log P1.4 GHz (W Hz−1 )= 22.5 W Hz−1 and
26.2 W Hz−1 . The average noise in the observations is ∼ 1mJy. The goal of our survey is
to shed new light on the following open questions:
• what is the content of the H i gas in nearby radio AGN? what are the conditions of
the H i gas in the central region of AGN?
• do the content and properties of the H i gas change according to redshift, power of
the radio activity and characteristics of the host galaxy?
• what features of the H i absorption lines trace gas that may be interacting with the
radio plasma?

Multi-wavelength high resolution observations of a young radio AGN
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• can we identify H i outflows of gas and relate their presence to the properties of the
radio AGN?
Another great advantage of H i surveys is that the sources where H i is not detected
can be used to perform spectral stacking analysis of the H i gas. The first stacking
experiments have been looking for H i emission in order to characterize the H i mass
and H i gas fraction in different types of galaxies (Lah et al., 2007; Verheijen et al., 2007;
Fabello et al., 2011). In this survey, we conduct a stacking experiment over a larger
sample of sources searching for H i absorption and determine the general properties of
the H i gas in radio AGN.
The results of this H i absorption survey set the starting point for the upcoming
dedicated blind H i absorption surveys of the 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).
One goal of the H i absorption survey is to exploit the information provided by an H i
absorption line. The main limitation of absorption studies is that we detect only gas on
the line of sight of the background continuum source. Hence, we developed a software
(MoD_AbS) that can reproduce the total distribution of the H i gas from the observed
absorption line and the extension of the radio continuum.

Multi-wavelength high resolution observations of a young radio AGN
As discussed above, H i absorption studies are very important to study the cold gas in the
circumnuclear regions of AGN. Nevertheless, the ISM is multi-phase, and it is necessary
to perform multi-wavelength high resolution observations to obtain a complete picture
of the physical conditions of the circumnuclear regions and of the interplay between the
ISM and the radio source in its very first stage of evolution.
In this thesis, we focus on a young nearby (DL ∼ 62 Mpc) radio AGN, PKS
B1718–649. Among the radio AGN in the local Universe, PKS B1718–649 is the
youngest (tradio ∼ 102 years, (Tingay et al., 1997; Giroletti & Polatidis, 2009; Tingay
et al., 2002)). It is a jet-mode radio AGN and it is embedded in a massive H i disk. H i
absorption is detected against the compact (2 pc) radio core (Veron-Cetty et al., 1995).
In this thesis, we present the H i, H 2 1-0 S(1)and carbon monoxide (CO) observations of
the circumnuclear regions of PKS B1718–649. We observed the H i with the Australia
Telescope Compact Array (ATCA), the H 2 1-0 S(1) line with the IFU SINFONI, and
the 12 CO (2–1) with ALMA. In this thesis, we relate the properties of the atomic and
molecular gas to the recently triggered radio activity to shed new light on the following
open questions:
• what triggers radio AGN?
• do we see signature of the cold gas contributing to the fuel the AGN and which
component contributes the most?
• which accretion mechanism triggered and is feeding the AGN?

Thesis outline
• Chapter 1 examines 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
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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 first
comprehensive statistics of HI outflows is presented, albeit derived from shallow
observations.
• Chapter 2 describes an extension to lower radio fluxes (i.e. to lower radio power,
down to log P1.4 GHz (W Hz−1 )22.5 W Hz−1 ) 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 W Hz−1 <log P1.4 GHz (W Hz−1 )<26.2W Hz−1 ). These represent the bulk of
the radio AGN population. We analyse the detection of H i absorption in different
types of radio AGN and relate the properties of the lines to the the evolutionary
stage of the radio activity, as well as to the properties of the circumnuclear dust
we infer from the mid-infrared colours of the sources. 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. The end of the chapter focuses on the implications
of the results of this survey in the upcoming dedicated H i absorption surveys of
the SKA precursors and pathfinders.
• Chapter 3 presents the program MoD_AbS 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 .
• Chapter 4 describes 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 provides indications that a population of
small clouds of cold gas has kinematics deviating from the regular rotation of the
H i disk that may contribute to fuel the newly born radio AGN.
• Chapter 5 describes the H 2 1-0 S(1) (2.12µm) observations of the innermost 8 kpc
of PKS B1718–649. Not only we detect the warm molecular gas but we also found
an inner circumnuclear disk in the innermost 700 pc of the galaxy. We relate the
distribution and kinematics of the warm molecular hydrogen seen the innermost
75 pc to the fuelling of the nuclear activity.
• Chapter 6 describes the 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 CO 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. The chapter presents evidence of accretion of cold molecular
clouds onto the SMBH. This is the first time that on-going accretion is detected in
a young radio source.

Thesis outline
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• Conclusions and future outlook provide a general overview of the results obtained
in this thesis and how they shed new light in the understanding of fuelling processes
of radio AGN as well as feedback of the radio nuclear activity. We comment on the
implications of these results on future research projects, with upcoming H i surveys
from SKA pathfinders/precursors and, on the longer term, SKA1.

CHAPTER

1
THE H i ABSORPTION “ZOO”
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Chapter 1. The H i absorption “Zoo”

Abstract
We present an analysis of the H i 21 cm absorption in a sample of 101 flux-selected
radio AGN (S1.4 GHz > 50 mJy) observed with the Westerbork Synthesis Radio Telescope
(WSRT). We detect H i absorption in 32 objects (30% of the sample). In a previous
paper, we performed a spectral stacking analysis on the radio sources, while here
we characterize the absorption spectra of the individual detections using the recently
presented busy function.
The H i absorption spectra show a broad variety of widths, shapes, and kinematical
properties. The full width half maximum (FWHM) of the busy function fits of the
detected H i lines lies in the range 32 km s−1 < FWHM < 570 km s−1 , whereas the
full width at 20% of the peak absorption (FW20) lies in the range 63 km s−1 < FW20 <
825 km s−1 . The width and asymmetry of the profiles allows us to identify three groups:
narrow lines (FWHM < 100 km s−1 ), intermediate widths (100 km s−1 < FWHM < 200
km s−1 ), and broad profiles (FWHM > 200 km s−1 ). We study the kinematical and radio
source properties of each group, with the goal of identifying different morphological
structures of H i. Narrow lines mostly lie at the systemic velocity and are likely produced
by regularly rotating H i disks or gas clouds. More H i disks can be present among
galaxies with lines of intermediate widths; however, the H i in these sources is more
unsettled.
We study the asymmetry parameter and blue-shift/red-shift distribution of the lines as
a function of their width. We find a trend for which narrow profiles are also symmetric,
while broad lines are the most asymmetric. Among the broadest lines, more lines
appear blue-shifted than red-shifted, similarly to what was found by previous studies.
Interestingly, symmetric broad lines are absent from the sample. We argue that if a profile
is broad, it is also asymmetric and shifted relative to the systemic velocity because it is
tracing unsettled H i gas. In particular, besides three of the broadest (up to FW20 = 825
km s−1 ) detections, which are associated with gas-rich mergers, we find three new cases
of profiles with blue-shifted broad wings (with FW20 & 500 km s−1 ) in high radio power
AGN.
These detections are good candidates for being HI outflows. Together with the known
cases of outflows already included in the sample (3C 293 and 3C 305), the detection rate
of H i outflows is 5% in the total radio AGN sample. Because of the effects of spin
temperature and covering factor of the out-flowing gas, this fraction could represent a
lower limit. However, if the relatively low detection rate is confirmed by more detailed
observations, it would suggest that, if outflows are a characteristic phenomenon of all
radio AGN, they would have a short depletion time-scale compared to the lifetime of the
radio source. This would be consistent with results found for some of the outflows traced
by molecular gas.
Using stacking techniques, in our previous paper we showed that compact radio
sources have higher τ, FWHM, and column density than extended sources. In addition,
here we find that blue-shifted and broad/asymmetric lines are more often present among
compact sources. In good agreement with the results of stacking, this suggests that
unsettled gas is responsible for the larger stacked FWHM detected in compact sources.
Therefore in such sources the H i is more likely to be unsettled. This may arise as a result
of jet-cloud interactions, as young radio sources clear their way through the rich ambient
gaseous medium.

1.1. Introduction

1.1

19

Introduction

Nuclear activity in radio AGN is thought to be connected with the presence and
kinematical properties of the gas in the circumnuclear regions. Observational evidence
clearly shows that interactions between AGN and their ambient gaseous medium do
occur. Thus, such interplay is thought to be responsible for the balance between the
feeding of the black hole and feedback processes. Neutral hydrogen (H i 21 cm, indicated
as H i in the rest of the chapter), is one of the components that may play a role in these
processes.
Radio AGN are typically hosted by early-type galaxies (Bahcall et al., 1997; Best
et al., 2005). In the nearby Universe our knowledge of the cold gas properties of
early-type galaxies has increased in recent years thanks to projects like WSRT-SAURON
(Morganti et al., 2006a; Oosterloo et al., 2010a) and ATLAS3D (Serra et al., 2012; Young
et al., 2011; Davis et al., 2013a). In radio-loud AGN, H i absorption studies can be used
to explore the presence and the kinematics of the gas. A number of H i absorption studies
have provided a better understanding of the H i properties of radio galaxies (van Gorkom
et al., 1989; Morganti et al., 2001; Vermeulen et al., 2003; Gupta et al., 2006; Curran &
Whiting, 2010; Emonts et al., 2010).
In these studies, the morphology and the kinematics of H i gas are found to be very
complex in radio galaxies. Neutral hydrogen can trace rotating disks, offset clouds,
and complex morphological structures of unsettled gas, e.g., in-fall and outflows. van
Gorkom et al. (1989) reported a high fraction of red-shifted H i detections in compact
radio sources, and they estimated that in-falling H i clouds can provide the necessary
amount of gas to fuel the AGN activity. Later work revealed that not just in-falling
gas, but also blue-shifted, out-flowing H i is present in some AGN, and in particular
in compact Giga-Hertz Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS)
sources (Vermeulen et al., 2003; Gupta et al., 2006). The structure of compact sources
often appears asymmetric in brightness, location, and polarization. Such disturbed
radio source properties indicate dynamical interactions between the radio jets and the
circumnuclear medium, and this process is likely to be the driver of fast H i outflows that
has been detected in a number of radio galaxies. All these observations are consistent
with a scenario in which interactions between the radio source and the surrounding gas
have an effect both on the gas and on the radio source properties. It is clear that one needs
to disentangle all these phenomena in order to understand the intricate interplay between
AGN and the gas.
Because AGN and their host galaxies are known to have a broad range of complex H i
morphologies, kinematics, gas masses, and column densities, future large datasets will
require robust methods to extract and analyse meaningful information that can be relevant
for our understanding of the amount and conditions of the gas. Recently, Westmeier et al.
(2014) presented the busy function (BF) for parametrizing H i emission spectra. The BF
is efficient in fitting both Gaussian and asymmetric profiles, therefore it is also suitable
for fitting the wide variety of absorption lines in our sample.
In this chapter, we use for the first time the BF to parametrize and describe the
complex H i absorption properties of a relatively large sample of 32 radio sources with H i
detections. The total sample of 101 sources was recently presented in Geréb et al. (2014),
hereafter referred to as G14. The main goal of G14 was to carry out a spectral stacking
analysis of the H i absorption lines and to measure the co-added H i signal of the sample
at low τ detection limit. Stacking is very efficient at reproducing the global spectral
properties, but it does not provide information on the distribution of these properties

20

Chapter 1. The H i absorption “Zoo”

among the sample. Here, we present the detailed discussion of the H i absorption busy fit
parameters in relation to the results of stacking.
One interesting finding of the H i absorption studies presented above is that there
appears to be a trend between the H i properties and the evolutionary stage of the radio
source. CSS and GPS sources have been proposed to represent young (. 104 yr) radio
AGN (Fanti et al., 1995; Readhead et al., 1996; Owsianik & Conway, 1998). The high
H i detection rate in compact CSS and GPS sources has been interpreted as evidence for
a relation between the recent triggering of the AGN activity and the presence of H i gas
(Pihlström et al., 2003; Gupta et al., 2006; Emonts et al., 2010; Chandola et al., 2013).
In G14 we looked at the H i properties of compact and extended sources using
stacking techniques. We found that compact sources have higher detection rate and
optical depth, and also larger profile width than extended sources. We argued that such
H i properties reflect the presence of a rich gaseous medium in compact sources, and that
the larger FWHM of compact sources is due to the presence of unsettled gas. In the
present chapter, we use the BF to measure the H i parameters of individual detections in
compact and extended sources. We discuss these measurements in relation to the results
of stacking from G14.
Several examples from the literature show that H i mass outflow rates of a few ×10
M yr−1 are associated with fast (∼ 1000 km s−1 ) jet-driven outflows (Morganti et al.,
2005b; Kanekar & Chengalur, 2008; Morganti et al., 2013a; Tadhunter et al., 2014),
therefore such feedback effects are considered to have a major impact both on the star
formation processes in galaxies and the further growth of the black hole. However, at
the moment little is known about the frequency and lifetime of such H i outflows in radio
galaxies, and larger samples are needed to constrain the role and significance of outflows
in the evolution of galaxies. We have not found signatures of broad, blue-shifted wings
in the stacked spectra presented in G14, although this is likely due to the small size of
the sample. Here, we use the busy fit parameters to identify and characterize new cases
of H i outflows.
In this chapter the standard cosmological model is used, with parameters Ωm = 0.3,
ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1 .

1.2

Description of the sample and observations

As described in G14, the sample was selected from the cross-correlation of the Sloan
Digital Sky Survey (SDSS, York et al. 2000) and Faint Images of the Radio Sky at 20
cm (FIRST, Becker et al. 1995) catalogues. In the redshift range 0.02 < z < 0.23, 101
sources were selected with peak flux density S 1.4 GHz > 50 mJy in the FIRST catalog.
The corresponding radio power distribution of the AGN lies in the range 1023 – 1026 W
Hz−1 .
The observations were carried out with the Westerbork Synthesis Radio Telescope
(WSRT). Each target was observed for 4 hours. In the case of 4C +52.37, we carried out
8 hour follow-up observations in order to increase the H i sensitivity in the spectra. This
will be discussed in Sec. 1.4.2. A more detailed description of the observational setup
and the data reduction can be found in G14.
Because our sample is solely flux-selected, we can expect to have a mix of radio
sources with various types of host galaxies. In Table 1.1 we summarize the characteristics
of the detected sources. Each source is given an identification number, which is used
throughout the chapter. The radio galaxy sample consists of compact (CSS, GPS, and
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Table 1.1: Characteristics of the H i detections.
no.

RA, Dec

Name

z

S1.4 GHz
mJy

P1.4 GHz
W Hz−1

Radio
Morphology

Compact
Extended

τ peak

N(H i)
1018 (T spin /cf ) cm−2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

07h57m56.7s +39d59m36s
08h06m01.5s +19d06m15s
08h09m38.9s +34d55m37s
08h36m37.8s +44d01m10s
08h43m07.1s +45d37m43s
09h09m37.4s +19d28m08s
09h35m51.6s +61d21m11s
10h20m53.7s +48d31m24s
10h53m27.2s +20d58m36s
11h20m30.0s +27d36m11s
12h02m31.1s +16d37m42s
12h05m51.4s +20d31m19s
12h08m55.6s +46d41m14s
12h32m00.5s +33d17m48s
12h47m07.3s +49d00m18s
12h54m33.3s +18d56m02s
13h01m32.6s +46d34m03s
13h17m39.2s +41d15m46s
13h20m35.3s +34d08m22s
13h25m13.4s +39d55m53s
13h40m35.2s +44d48m17s
13h44m42.1s +55d53m13s
13h52m17.8s +31d26m46s
14h22m10.8s +21d05m54s
14h35m21.7s +50d51m23s
14h49m21.6s +63d16m14s
15h00m34.6s +36d48m45s
15h29m22.5s +36d21m42s
16h02m46.4s +52d43m58s
16h03m32.1s +17d11m55s
16h03m38.0s +15d54m02s
16h12m17.6s +28d25m47s

B3 0754+401
2MASX J08060148+1906142
B2 0806+35
B3 0833+442
B3 0839+458
Mrk 1226
UGC 05101
4C +48.29
J105327+205835
2MASX J112030+273610
2MASX J12023112+1637414
NGC 4093 - MCG +04-29-02
B3 1206+469
B2 1229+33
4C +49.25
2MASX J125433+185602
2MASX J13013264+4634032
B3 1315+415
IC 883, UGC 8387
SDSS J132513.37+395553.2
IRAS F13384+4503
Mrk 273
3C 293
2MASX J142210+210554
2MASX J14352162+5051233
3C 305 - IC 1065
2MASX J150034+364845
2MASX J15292250+3621423
4C +52.37
NGC 6034
Abell 2147
2MASX J161217+282546

0.066
0.098
0.082
0.055
0.192
0.028
0.039
0.053
0.052
0.112
0.119
0.024
0.101
0.079
0.207
0.115
0.206
0.066
0.023
0.076
0.065
0.037
0.045
0.191
0.099
0.042
0.066
0.099
0.106
0.034
0.109
0.053

92
142
142
134
331
63
148
82
79
177
82
80
69
94
1140
76
97
246
97
37
36
132
3530
84
141
2500
61
38
577
278
100
78

23.98
24.54
24.38
23.99
25.54
23.05
23.73
23.74
23.72
24.76
24.48
23.01
24.25
24.16
26.15
24.42
25.07
24.42
23.07
23.71
23.57
23.63
25.23
24.94
24.55
25.01
23.81
23.97
25.22
23.87
24.49
23.72

CSS
CJ
CSO?
CSO
FSRQ?
X-shaped
FR II
CSS
CSO
CX
CJ
FR I
U
FR I
QSO
CSO
FSRQ
-

C
E
E
C
C
C
M
E
C
C
C
C
E
M
C
C
C
C
M
C
M
M
E
C
C
E
C
C
C
E
C
C

0.042
0.099
0.009
0.016
0.273
0.119
0.073
0.05
0.023
0.147
0.042
0.034
0.052
0.034
0.002
0.068
0.018
0.031
0.162
0.053
0.26
0.091
0.057
0.048
0.013
0.005
0.19
0.075
0.015
0.066
0.125
0.061

9.4
26.9
1
1.9
34.5
23.3
53.6
9.3
3.9
15.6
7.4
5.2
2.6
5.6
0.5
6.3
3.2
7
78.8
9.3
20.3
86.2
14.5
10.1
4.7
1.5
35.3
25.1
6.7
5.6
50.7
7.8

Notes. For each detected source we list: 1) identifier that will be used in the text; 2) sky coordinates;
3) alternative name of the sources; 4) SDSS redshift; 5) 1.4 GHz flux density; 6) 1.4 GHz
radio power; 7) radio morphology; 8) compact extended classification; 9) peak optical depth; 10)
column density. The radio morphology abbreviations in column 7 are as follows: CSO: Compact
Symmetric Object, CSS: compact steep spectrum source, CJ: Core-Jet, CX: complex morphology,
U: unresolved, QSO: quasar, FSRQ: Flat Spectrum Radio Quasar. While in column 8, the radio
sources are classified as follows: C: compact, E: extended, M: merger or blue galaxy

unclassified) and extended sources. The size of the radio sources varies between 4 pc
and 550 kpc. Besides radio galaxies, we also find optically blue objects with g − r <
0.7 colours. These blue objects are associated with different types of radio sources, for
example gas-rich mergers (UGC 05101, UGC 8387, and Mrk 273, no. 7, no. 19, and no.
22 respectively), Seyfert galaxies (no. 21) and QSOs (Quasi Stellar Objects, no. 14). To
make the AGN sample homogeneous in the selection of early-type radio galaxies, in G14
we excluded these sources from the stacking analysis. In this chapter, these objects are
excluded from the overall analysis of the sample and are separately discussed in Sec. 4.3.
In G14, we have separated the sample in compact and extended radio sources
based on the NRAO VLA Sky Survey (NVSS) major-to-minor axis ratio vs. the
FIRST peak-to-integrated flux ratio. Compact sources are defined as having NVSS
major-to-minor axis ratio < 1.1 and FIRST peak-to-integrated flux ratio > 0.9. Most
of the extended sources have NVSS major-to-minor axis ratio > 1.1 and FIRST
peak-to-integrated flux ratio < 0.9. The same classification is used here.
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Fig. 1.1: The 1.4 GHz radio power cumulative fraction of detections and non-detections
in the sample of 101 AGN. We measure D = 0.228 for 32 detections and 69
non-detections. The source parameters for detection and non-detections are listed in
Table 1.1 and Table 1.3.

1.3

Results

We detect H i absorption at the ≥ 3 − σ level in 32 of the observed galaxies, and 24 of
these are new detections (see Table 1.1 and notes on individual sources in Appendix
1.A). All the spectra have been extracted against the radio core of the sources. The
H i profiles in Fig. 1.2 show a variety of complex shapes and kinematics, really an H i
"Zoo". The H i lines are separated in three groups based on the profile analysis that will
be discussed in Sec. 1.3.1 and Sec. 1.3.2. As we mention in G14, the τ and N(H i) range
of detections is quite broad, with the inferred H i column densities spanning two orders
of magnitude, 1017 – 1019 (T spin /cf ) cm−2 , where T spin is the spin temperature and cf
is the covering factor of the gas. Where the degenerate T spin /cf can be measured, i.e.,
in damped Lyman-α absorbers, the observable quantities of the T spin /cf vary from 60 K
to ∼104 K (Kanekar et al., 2003; Curran et al., 2007). As a result, the inferred column
density may be in error by ∼3 orders of magnitude depending on T spin /cf . Because of
these uncertainties, here, we provide the column densities in units of T spin /cf .
Non-detections and the corresponding 3-σ upper limits are presented in Table 1.3.
The N(H i) upper limits for non-detections were calculated by assuming FWHM = 100
km s−1 , following the analysis of the profile widths in Sec. 1.3.1. Below, we study in
more detail the width, asymmetry parameters, and the blue-shift/red-shift distribution of
the detections using the BF.
In G14, we show that statistically, detections and non-detections have a similar
distribution of continuum flux densities, implying that detections in our sample are
not biased toward brighter sources. Here, in Fig. 1.1 we present the radio power
distribution of detections and non-detections. According to the Kolmogorov-Smirnov
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test, the significance level that the two distributions are different is only 10%, implying
that statistically detections and non-detections have a similar radio power distribution.
The largest difference between the two distributions (D) is measured at ∼ 1024.6 W Hz−1 .
Additional notes on the individual detections are presented in Appendix 1.A.

1.3.1

Fitting complex H i absorption profiles with the BF

The sample of absorption lines in Fig. 1.2 is very heterogeneous in terms of line shapes
and widths. Thus, it is crucial to develop a uniform method to characterize the properties
of this variety of H i profiles. So far, Gaussian fitting has been widely used to derive
absorption line properties, e.g., the width of the profile, and to determine the presence
of multiple components (Vermeulen et al., 2003; Gupta et al., 2006; Curran et al., 2011).
When multiple peaked profiles occur, like in our absorption sample, Gaussian fitting
methods have the disadvantage of having to make an a priori assumption on the physical
conditions of the gas, by choosing the number of components to be fitted. In the case of
H i integrated emission profiles, an alternative solution has been proposed by Westmeier
et al. (2014): the BF fitting method. The BF is a heuristic, analytic function, given by the
product of two error functions and a polynomial factor:
B(x)=

a
4 × (erf[b1 {w + x − xe }] + 1)
×(erf[b2 {w − x + xe }] + 1) × (c|x − x p |n + 1).

(1.1)

The main advantage of this function is that a proper combination of the parameters
can fit a wide variety of line profiles. When c = 0, the BF may well approximate a
Gaussian profile, while if c , 0, for different values of b1 and b2 , an asymmetric double
horn profile can be reproduced. With the same function it is then possible to fit single
and double-peaked profiles, while with Gaussian fitting more functions are needed for
the fitting of multiple lines. Westmeier et al. (2014) applied the BF fit to integrated
emission lines of the HI Parkes All Sky Survey (HIPASS) sample, but such a method has
never been applied to absorption lines before. Here, we used the C++ code provided by
Westmeier et al. (2014) to fit our absorption profiles and estimate the width, asymmetry,
and blue/red-shift of the profiles. The FWHM and the full width at 20% maximum
(FW20) of the lines are determined measuring the width of the fitted BF profiles at 50%
and at 20% of the peak intensity. The line centroid is measured at the middle point of
the width at 20%. These parameters are summarized in Table 1.2 for all the absorption
lines of our sample. The BF fit allows us to measure these general characteristics of the
lines in a uniform way through the entire sample, regardless of the different line shapes
and signal-to-noise ratios of the spectra. On average, the chi-square fit values are close
to unity, and the residuals of the fit are consistent with the noise. However, the properties
of the lines that we can uniformly measure are limited by the different S/N values among
the spectra and by the quality of the fits. For example, in a few cases the residuals of
the fit are higher than the noise, thus our choice of measuring the width at 20% peak
intensity (instead of lower, e.g., 10% level) depends on the sensitivity of the spectra.
Nevertheless, with respect to previous surveys on H i absorption lines (e.g., van Gorkom
et al. (1989); Gallimore et al. (1999); Vermeulen et al. (2003); Gupta et al. (2006); Curran
et al. (2011)), this is the first time that the FWHM is used in combination with the FW20
to describe the properties of the lines.
The BF fails to fit the profiles in source no. 23 and in source no. 4. In the latter,
both emission and absorption are present in the spectra. Hence, we extracted a new
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Fig. 1.2: a) H i profiles (10 detections) in the narrow region with FWHM < 100 km s−1 .
The data are shown in black, the BF fit is shown in dashed red. The residuals of the fit are
plotted in black in the bottom boxes, along with the ±1-σ noise level (horizontal dotted
lines).
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Fig. 1.2: b ) H i profiles (11 detections) in the intermediate width region at 100 km s−1 <
FWHM < 200 km s−1 .
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Fig. 1.2: c) H i profiles (11 detections) in the broad width region at FWHM > 200 km s−1 .
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Fig. 1.3: The FWHM and FW20 width distribution of the lines we measured using the
BF. We use red circles for lines originated by compact radio sources, and blue empty
squares in the case of extended sources.

spectrum from the cube at a location still close to the nuclear region, where the emission
is not very strong. This spectrum can be successfully fitted by the BF. In source no. 23,
instead, the fit has a high χ2 value because of the high S/N ratio of the spectrum. This
allows us to detect two faint and complex features (see Appendix 1.A for further details),
which cannot be fitted by the BF. Nevertheless the BF fit allows us to measure the main
parameters of the line (FWHM, FW20, asymmetry, and blue/red-shift of the profile),
hence we include this source in our analysis.

1.3.2

Characterization of the profiles with BF parameters

The profile width distribution of our sample is presented in Fig. 1.3. We detect a
broad range of widths between 32 km s−1 < FWHM < 570 km s−1 and 63 km s−1 <
FW20 < 825 km s−1 . Following a visual inspection, we find that broader profiles are
more complex than narrow lines. We clearly see a separation in shape with increasing
width, it appears that we can separate three groups, representing physically different H i
structures. The first group consists of narrow single components, the second group of
broader profiles with two (or more) blended components. Whereas, among the third
group of the broadest profiles, the blended lines hint that the H i has multiple kinematical
components. These groups are presented and separated at the dashed lines in Fig. 1.3,
where we show FW20 vs. FWHM of the lines for the compact and extended sources. The
grouping of the H i profiles in Fig. 1.2 is also based on this selection. This separation is
further supported by the asymmetry analysis below.
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In order to quantify the asymmetry of the detected lines, we derive the asymmetry
parameter as the ∆vCP = vCentroid − vHI Peak velocity offset between the centroid and the
peak intensity of the H i line. In Fig. 1.4 (left) we show the absolute value of the
asymmetry distribution as function of the FW20 profile width. We find that in narrow
profiles at FW20 < 200 km s−1 , the offset between the centroid and the H i peak is < 50
km s−1 . In the group with 200 km s−1 < FW20 < 300 km s−1 , the asymmetry parameters
are larger, with up to 100 km s−1 difference between the line centroid and the H i peak.
Broad detections at FW20 > 300 km s−1 have the most asymmetric profiles, with |∆vCP |
parameters larger than a few × 100 km s−1 . Among broad lines with FW20 > 300 km s−1
there are almost no symmetric profiles detected in Fig. 1.4 (left). Narrow lines cannot
yield large values of |∆vCP | by construction. Hence we consider a measurement of the
asymmetry which is naturally normalized by the width of the line
av = max

FW20 R − vHI Peak

v

vHI Peak − vFW20 B

,

FW20 R − vHI Peak

v

vHI Peak − vFW20 B

−1 
,

(1.2)

where vHI Peak is the position of the peak, while vFW20 R and vFW20 B are the velocities
at 20% of the peak flux density, on the red and blue side of the line with respect to the
position of the peak. This asymmetry parameter has been widely used in characterizing
Lyα emission lines (Rhoads et al., 2003; Kurk et al., 2004). Here, we consider the
maximum value between the velocity ratio and its reciprocal to obtain an asymmetry
value always > 1, independently if one line is more asymmetric towards its red or
its blue side. The result is shown in Fig. 1.4 (right). The three different groups
of profiles maintain different distributions in the asymmetry value: narrow lines are
mostly symmetric and the asymmetry increases as the lines become broader. Broad
lines have a very different distribution compared to the other two groups. Symmetric
broad lines (with FW20 > 300 km s−1 ) are absent. The green shaded region shows how
this asymmetry measurement is limited by the velocity resolution of our spectra. For
a narrow asymmetric line, we cannot measure high asymmetries, since the convolution
with the resolution element turns asymmetric narrow profiles into symmetric ones. A
Kendall-tau test can give a statistical measure of the correlation between the asymmetry
and the FW20 of the line. For the overall sample (excluding source #13 which falls in
the green region), we measure τ = 0.51 and a p = 0.0003, thus indicating the presence of
a correlation at the > 3 − σ significance level.
To expand on the analysis of the line asymmetries, we derive the velocity offset of the
H i peak (with respect to the systemic optical velocity) to quantify the blue-shift/red-shift
distribution of the main, deepest H i component. A detection is classified as blue-shifted /
red-shifted if the velocity offset of the line is larger than ± 100 km s−1 . In Fig. 1.5, when
considering the entire sample no clear correlation is seen between the velocity offset and
the width distribution of the lines, while selecting only the broad lines (FWHM>300
km s−1 ) they all seem to be blue-shifted .
Using the line parameters of the objects in the three ranges of widths (see Fig. 1.3),
we aim to identify H i structures belonging to different morphological groups: disks,
clouds in radial motion (outflows, in fall), and other unsettled gas structures, for example
gas-rich mergers.1 In general, lines of a few × 100 km s−1 at the systemic velocity can
be due to gas regularly rotating in a disk-like structure, e.g., high resolution observations
show that the main (deep) absorption component in 3C 293 is associated with an H i
1 Following

what has been found by the detailed (and spatially resolved) studies of single objects
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Fig. 1.4: Left panel: asymmetry (|∆vCP |) vs. FW20 distribution of the line profiles. 2.
Right panel: normalized asymmetry (av ) vs. FW20 width distribution. The classification
of the groups is based on the width regions from Fig. 1.3. Black triangles mark narrow
lines with FW20 < 200 km s−1 , blue diamonds mark the middle width region with 200
km s−1 < FW20 < 300 km s−1 and red circles indicate broad line detections with FW20 >
300 km s−1 . The green region shows the asymmetry values which cannot be measured
because of the resolution of our spectra. In the histograms, the hatched region indicates
narrow width profiles, the dotted hatched region marks intermediate lines while red bars
mark broad lines.

disk (Beswick et al., 2004). However, the origin of H i profiles with broader width & 500
km s−1 has to involve other physical processes, e.g., disturbed kinematics due to mergers,
outflows, in order to accelerate the gas to such high velocities. We expect to find H i
disks in the narrow region, while broader, asymmetric profiles, for example outflows
must belong to the broadest group with large FW20 in our sample. The nature of the gas
structures in the three groups is discussed in Sec. 1.4.

1.4

The nature of H i absorption in flux-selected radio
galaxies

Using stacking techniques, in G14we have shown that in some of our galaxies H i must be
distributed in a flattened (disk) morphology, whereas H i has a more unsettled distribution
in other galaxies of our sample. This is in good agreement with the ATLAS3D study
(Serra et al., 2012) of field early-type galaxies (ETGs). ATLAS3D has shown that roughly
half of the H i detections in ETGs are distributed in a disk/ring morphology, and H i has
an unsettled morphology in the other half of the detected cases.
Here, our main goal is to use the BF parameters (see Table 1.2) to identify such disks
and unsettled structures. As mentioned in Sec. 1.3.2, depending on the different shapes
of the profiles we expect to find different morphological structures in the three groups
separated by the dashed lines in Fig. 1.3.
In Fig. 1.5, most of the narrow lines with FWHM < 100 km s−1 (8 out of 9 sources;
+3.95
8−2.76 following Poisson statistics, see Gehrels (1986)) are detected close to the systemic
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Table 1.2: Busy fit parameters of the H i absorption lines. The horizontal lines separate
the three groups as in Fig. 1.2 (a), (b), (c). Sources classified as ‘mergers’ in Table 1.1
are marked by (M).
no.
3
4
5
10
12
13
16
21(M)
30
32
1
2
6
8
9
14(M)
18
23
24
27
7(M)
11
15
17
19(M)
20
22(M)
25
26
28
29
31

FWHM
(km s−1 )
82 ± 24
80 ± 16
79 ± 37
62 ± 1
90 ± 9
32 ± 16
60 ± 16
43 ± 19
47 ± 3
77 ± 11
122 ± 15
190 ± 9
119 ± 6
125 ± 4
156 ± 15
146 ± 7
134 ± 32
100 ± 1
180 ± 14
101 ± 15
536 ± 10
175 ± 38
370 ± 152
172 ± 42
272 ± 4
376 ± 95
570 ± 2
286 ± 56
162 ± 10
232 ± 32
464 ± 30
358 ± 34

FW20
(km s−1 )
108 ± 26
135 ± 13
127 ± 20
96 ± 4
122 ± 10
69 ± 32
141 ± 32
63 ± 23
72 ± 3
115 ± 12
245 ± 16
266 ± 10
182 ± 6
179 ± 11
190 ± 21
175 ± 9
245 ± 75
231 ± 1
275 ± 23
161 ± 54
825 ± 11
301 ± 50
586 ± 72
584 ± 85
416 ± 5
401 ± 110
638 ± 2
422 ± 53
461 ± 91
360 ± 38
674 ± 22
500 ± 7

Centroid
(km s−1 )
-243
44
58
-108
18
34
356
-23
-16
-21
-22
104
-39
-67
-58
-50
59
-142
-196
18
-78
-148
-285
-309
27
-11
85
-67
20
-29
-256
-36

vHI Peak
(km s−1 )
-209
78
89
-83
25
80
406
19
4
2
-20
54
-34
-12
-51
-81
148
-71
-171
33
26
-183
-114
-132
28
-137
-95
-196
139
-19
-26
-149

velocity with vHI Peak < ± 100 km s−1 . Narrow profiles at the systemic velocity are
most likely produced by large scale disks, as seen in the case of the ATLAS3D sample
of early-type galaxies, where typical FWHM < 80 km s−1 have been found for the
H i absorption lines. Previously, H i disks with similar profile characteristics have been
observed in radio galaxies, e.g., in Cygnus A (Conway, 1999; Struve & Conway, 2010),
Hydra A (Dwarakanath et al., 1995). Besides disks at the systemic velocity, for narrow
lines we also see one case where the H i peak is red-shifted by +406 km s−1 (in source
no. 16). Such narrow lines can be produced by in-falling gas clouds with low velocity
dispersion. Similar cases of highly red-shifted narrow lines have been detected before,
e.g., in NGC 315 the narrow absorption is red-shifted by +500 km s−1 . Morganti et al.
(2009) found that the red-shifted H i line in NGC 315 is produced by a gas cloud at a
few kpc distance from the nucleus. In 4C 31.04, a neutral hydrogen cloud is detected
with 400 km s−1 projected velocity towards the host galaxy (Mirabel, 1990), whereas in
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Fig. 1.5: Blue-shift/red-shift distribution of the H i peak with respect to the systemic
velocity vs. the FWHM of the lines of the sample. The symbols are the same as in
Fig. 1.4

Perseus A the H i absorption is red-shifted by ∼3000 km s−1 (de Young et al., 1973; van
Gorkom & Ekers, 1983), and its nature is still unclear.
In Fig.1.5, for the objects with intermediate widths of Fig. 1.3, we see that the H i
is still detected close to the systemic velocity in most of the cases (7 out of 9 sources,
7+3.77
in Poisson statistics), while only two lines are blue-shifted/red-shifted more than
−2.58
100 km s−1 . In Fig. 1.2 (b) we see that multiple H i components of unsettled gas make
the H i kinematics more complex in this group. These are indications that relatively large
widths of 100 km s−1 < FWHM < 200 km s−1 (200 km s−1 < FW20 < 300 km s−1 ) can
be produced by similar gas structures as narrow detections (disks, clouds), but with more
complex kinematics.
Among the broadest lines with FWHM > 200 km s−1 , instead, the main H i
component is blue-shifted/red-shifted in 7 out of 9 cases (7+3.77
in Poisson statistics).
−2.58
Hence, the blue-shift/red-shift distribution of the broadest lines is different from the other
two groups at the 2 − σ confidence level. As mentioned in Sec. 1.3.2, in Fig. 1.4 there
are no symmetric lines with width FWHM > 200 km s−1 . Therefore, it is suggested
that when a profile is broad, it is also asymmetric and mostly shifted with respect to the
systemic velocity. The combination of these features may indicate that these profiles are
tracing gas which is not simply rotating in a disk, but it is unsettled and may be interacting
with the radio source.
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Indeed, for these widths we find blue-shifted, broad wings, e.g., in 3C 305, where
both the kinematical and spatial properties of the H i may indicate the presence of fast,
jet-driven outflows (Morganti et al., 2005b). In fact, when broad and blue-shifted wings
occur, the centroid velocity is a better measure of the line offset with respect to the
systemic velocity, than the H i peak. To test any connection of the radio power with
the H i gas motions, in Fig. 1.6 we plot the velocity offset of the H i centroid against
the radio power of the AGN. Below, in Sec. 1.4.1 we discuss the gas and radio source
properties of such blue-shifted, broad lines.

1.4.1

Are powerful AGN interacting with their ambient gaseous
medium?
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
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Fig. 1.6: Blue-shift/red-shift distribution of the H i line centroid with respect to the
systemic velocity vs. the radio power in the sample. The symbols are the same as in
Fig. 1.4

In Fig. 1.6 we consider the shift of the centroid of the line with respect to the systemic
velocity: vCentroid − vSystemic . Overall, following Poisson statistics, 8+3.95
profiles are
−2.76
blue-shifted (vCentroid − vSystemic < -100 km s−1 ), fewer (2+2.6
sources)
detections
are
−1.3
−1
+5.2
red-shifted (vCentroid − vSystemic > +100 km s ), and 17−4.1 are detected close to the
systemic velocity. Thus, even if most of the H i absorption lines are found at the systemic
velocity (between 63%+19%
), many more lines appear to be blue-shifted (30%+15%
−10% ), then
−15%
+9.6%
red-shifted (7.5%−4.8% ). The blue-shift/red-shift distribution of H i absorption lines was
previously studied by Vermeulen et al. (2003), who found a similar trend in a sample of
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GPS and CSS sources. In the sample of Vermeulen et al. (2003), 37% of the profiles
are blue-shifted, and 16% are red-shifted with respect to the systemic velocity. A later
study confirmed this trend, Gupta et al. (2006) reported a high, 65% detection rate
of blue-shifted H i profiles in GPS sources. These studies speculate that interactions
between the radio source and the surrounding gaseous medium is the cause of the
out-flowing gas motions in higher luminosity sources. To further investigate if there is
a significant anti-correlation between the blue-shift/red-shift distribution of the lines and
the radio power of the sources, we carried out a Kendall-tau test over the entire sample.
We measure τ = 0.44 and p = 0.0012, thus indicating the presence of a correlation at the
∼ 3 − σ significance level.
The three most blue-shifted (vCentroid − vSystemic < -250 km s−1 ) profiles in Fig. 1.6
are broad lines with FW20 > 500 km s−1 . By identifier number these are no. 15, no. 17
and no. 29. These detections show similar kinematical properties as the outflows in 3C
293 and 3C 305 by displaying broad wings of blue-shifted absorption.
The H i outflows in 3C 305 and 3C 293 are driven by powerful radio sources with
log(P1.4 GHz ) > 25 W Hz−1 (see Table 1.1). It was estimated that in 3C 305 and 3C 293,
the kinetic energy output of the jets is high enough to accelerate the gas to high velocities
of about 1000 km s−1 (Morganti et al., 2003, 2005a; Mahony et al., 2013). In Fig. 1.6
it appears that blue-shifted, broad detections in our sample (in no. 15, no. 17 and no.
29) are likely to occur in high power radio galaxies with log(P1.4 GHz ) > 25 W Hz−1 ,
suggesting that their energy output is similar to that of 3C 305 and 3C 293. These are
indications that interactions with the powerful radio source may be driving H i outflows
in these sources, and we discuss this possibility in more detail in Sec. 1.4.2.
A broad blue-shifted line can also trace phenomena other than outflows. For example,
no. 31 has a very broad asymmetric H i profile with multiple peaks, and it is an early-type
galaxy in the Abell cluster. The shape of the profile may be indicative of complex gas
motions within the galaxy cluster. H i in absorption in clusters has been detected before
in Abell 2597 (O’Dea et al., 1994; Taylor et al., 1999) and in Abell 1795 (van Bemmel
et al., 2012).

1.4.2

Fraction and time-scale of candidate H i outflows

Because H i outflows are very faint, with typical optical depth of τ = 0.01, until now
only a handful of confirmed H i outflows are known (Morganti et al., 1998, 2003, 2013a;
Kanekar & Chengalur, 2008; Tadhunter et al., 2014). In our sample, besides the already
known H i outflows of 3C 305 (Morganti et al., 2005a) and 3C 293 (Mahony et al., 2013),
we also have three new absorption lines, where in addition to the main H i component
(deep H i detection close to the systemic velocity) a blue-shifted shallow wing is seen:
no. 15, no. 17, and no. 29.
Source 4C +52.37 (or source no. 29) is a CSS source from the CORALZ sample
(COmpact Radio sources at Low redshift, see more in Sec. 1.5), and we find a broad
blue-shifted wing in this galaxy with FW20 = 674 km s−1 (see Table 1.2). The dataset
of the first set of observations of this source is highly affected by RFI. Thus, in order to
verify our detection, we carried out follow-up observations of 4C +52.37, and confirm the
presence of the wing by the second set of observations. Source no. 15 and no. 17 share
similar kinematical properties, showing broad lines of almost ∼590 km s−1 FWHM. Even
though in no. 15 the main, deeper component is not as prominent as in other two cases,
Saikia & Gupta (2003) detected higher degree of polarization asymmetry in this object
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Fig. 1.7: Blue-shift/red-shift of the H i peak with respect to the systemic velocity vs.
FWHM distribution in compact (red circles) and extended (blue empty squares) sources.

(4C +49.25). Saikia & Gupta (2003) argue that such polarization properties can indicate
interactions of the radio source with clouds of gas which possibly fuel the AGN.
Based on their radio continuum properties and H i kinematics (see Sec. 1.4.1), we
consider sources no. 15, no. 17, and no. 29 the best candidates for hosting jet-driven
H i outflows. However, more sensitive and higher resolution observations are needed to
verify that these detections are indeed jet-driven, and to estimate how much of the energy
output is concentrated in the jets.
Including the two already known outflows in 3C 305, 3C 293, the detection rate
of outflows, at the sensitivity of our observations, is 15% among all sources where
absorption is detected, or 5% in the total AGN sample.
Two caveats should be considered when discussing the detection rate. If the spin
temperature of the gas associated with the outflow is higher than for the quiescent H i (as
indeed found in some cases, e.g., PKS 1549-79, Holt et al. 2006), the outflows would be
harder to detect. It is, however, worth remembering that gas with high column density
can be present in the outflows and, in fact, the most massive component is found to be
cold molecular gas (i.e., high density gas). Thus, the column density of the H i associated
with the outflow may be above the detection limit, even for higher spin temperatures.
The second caveat concerns the covering factor of the out-flowing H i which may,
under unfavourable circumstances, reduce the strength and/or the amplitude of the
absorption. Indeed, Holt et al. (2008) identified, for a sample of young radio sources,
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Fig. 1.8: Left panel: Asymmetry parameter vs. FW20 distribution of the lines of compact
(red circles) and extended (blue empty squares) sources. Right panel: Normalized
asymmetry parameter vs. FW20 width distribution of the same groups. The green region
shows the asymmetry values which cannot be measured because of the resolution of our
spectra. In the histograms compact sources are marked by red bars, while the hatched
blue region indicates extended sources.

a dependence between the observed velocities of the outflows (derived from the optical
emission lines) and the source orientation with respect to the observer’s line of sight.
Following all this, the detected 5% may represent only a lower limit of the occurrence
of H i outflows.
It is interesting to note that, if we assume that every radio source goes through a
phase of outflow during their typical lifetime (between a few ×107 and 108 yr, Parma
et al. 1999, 2007), the derived detection rate may suggest that H i outflows represent a
relatively short phase (on average a few Myr) in the life of the galaxy (for each cycle of
radio-loud activity). Although this result is affected by the caveats listed above, it is worth
noting that similar conclusions have been drawn from observations of the molecular gas
(Alatalo et al., 2011; Morganti et al., 2013a; Cicone et al., 2013; Guillard et al., 2015).

1.4.3

Gas rich mergers

Among our detections we find three sources (UGC 05101, UGC 8387, Mrk 273) which
are embedded in gas-rich merging systems. In these cases, both the AGN and the
enhanced star-forming regions are likely to be the origin of the radio emission, hence
we excluded these objects from the previous analysis. Their H i line would belong to the
group of broad profiles we presented above. FW20 is equal to 825 km s−1 , 416 km s−1 ,
and 638 km s−1 respectively. The lines are multi-peaked. The profiles are shown in Fig.
1.2 (c) under the identifier numbers no. 7, no. 19, and no. 22. Their BF parameters are
summarized in Table 1.2.
In Table 1.1, gas-rich mergers have the highest integrated optical depth, with
corresponding column densities (5 - 8) × 1019 (T spin /cf ) cm−2 , reflecting extreme
physical conditions of the gas in merging galaxies. Even though the presence of AGN
is not always clear in merging systems, there exist tentative signs that the presence of
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gas has an effect on the growth of merging BHs. Very Long Baseline Array (VLBA)
observations of the H i absorption in Mrk 273 by Carilli & Taylor (2000) show that the
broad H i profile is the result of several co-added components in this source (see notes on
individual sources in Appendix 1.A). In particular, Carilli & Taylor (2000) detected an
in-falling gas cloud towards the south-eastern component (SE) of Mrk 273, indicative of
BH feeding processes. Considering the broad and multi-peaked nature of the H i in UGC
8387 and UGC 05101, these sources likely have similar gas properties to Mrk 273, e.g.,
H i absorption originating from several unsettled components. With our low-resolution
observations we cannot distinguish between the different absorbing regions in merging
systems, therefore we detect the blended, broad H i signal.

1.5

The H i properties of compact and extended sources

In G14, we found that on average compact sources have higher τ, FWHM, and column
density than extended sources. Here, using the BF parameters we expand on these results
by examining in more detail the difference in the H i properties of the two types of radio
sources.
In Fig. 1.7 and Fig. 1.8 we show the shift and asymmetry of the lines vs.
their width, for compact and extended sources. As also expected from the stacking
results, compact sources tend to have broader, more asymmetric and more commonly
blue-shifted/red-shifted profiles than extended sources. In G14, we suggested that
the larger width in compact sources is due to the presence of unsettled gas. In Sec.
1.4 we show that unsettled gas is typically traced by asymmetric lines; furthermore
red-shifted/blue-shifted lines can also indicate non-rotational gas motions.
In Fig. 1.8, among broad lines with FW20 > 300 km s−1 , almost all sources are
classified as compact (8 out of 9), while only one source is extended. The latter extended
source is 3C 305, which object appears resolved in our classification scheme on the scales
of the FIRST survey. However, it is interesting to mention that 3C 305 is a small, ∼ 3 kpc
radio source (Morganti et al., 2005a). Therefore, in fact, all broad H i lines detected in our
sample reside in rather compact radio sources. The largest asymmetry of |∆vCP | ∼ 250
km s−1 is measured in the compact source 4C +52.37, one of our H i outflow candidates.
Furthermore, except for one case (source no. 3), all blue-shifted detections with vHI Peak
< -100 km s−1 are compact sources in Fig. 1.7.
Fig. 1.7 and Fig. 1.8 show that the traces of unsettled gas, e.g., blue-shifted and
broad/asymmetric lines, are found more often among compact sources. This suggests a
link between the morphology of the radio source and the kinematics of the surrounding
gas. In fact, all three H i outflow candidates (no. 15, no. 17, and no. 29) from Sec.
1.4.2 are classified as compact, see Table 1.1. Fig. 1.9 shows the radio power of the
sources against the shift of the line, for compact and extended groups. Considering only
the compact ones, we measure τ = 0.57 and a p = 0.0004 for the Kendall-tau test between
the two variables. Hence, we measure a correlation between the |vCentroid − vSystemic | and
the radio power of the sources at the > 3 − σ significance level.
All these properties suggest that the traces of unsettled H i are more often associated
with compact sources, hinting that the interactions between small radio sources and the
rich ambient medium are likely to occur in the young, compact phase of AGN, providing
favourable sites for powerful jet-cloud interactions.
As we mention in G14, nine of our AGN are part of the COmpact RAdio sources at
Low redshift (CORALZ) sample (Snellen et al., 2004; de Vries et al., 2009), a collection
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Fig. 1.9: Blue-shift/red-shift distribution of the H i line centroid vs. the radio power of
compact (red circles) and extended sources (blue empty squares).

of young CSS and GPS sources. The de Vries et al. (2009) observations provided high
resolution MERLIN, EVN, and global VLBI observations of the CORALZ sample at
frequencies between 1.4 - 5 GHz, along with radio morphological classification and
source size measurements.
Previously, H i observations of 18 CORALZ sources were obtained by Chandola et al.
(2013), yielding a 40% H i detection rate. Our sample includes fewer, 11 objects, and we
find a 55% detection rate (six objects). We observed three CORALZ sources which
were not studied by Chandola et al. (2013). Among the three sources we have two new
detections: no. 20, no. 21, and one non-detection: no. 52.
Pihlström et al. (2003); Gupta et al. (2006), and Chandola et al. (2013) reported
a column density vs. radio source size anti-correlation for CSS and GPS sources,
accounting for the fact that at larger distances from the nucleus, lower opacity gas is
probed in front of the continuum (Fanti et al., 1995; Pihlström et al., 2003). More
recently, Curran et al. (2013a) pointed out that the N(H i)-radio-size inverse correlation
is driven by the fact that the optical depth is anti-correlated with the linear extent of the
radio source. In Fig. 1.10 we plot the largest projected linear size (LLS) of the sources,
reported by de Vries et al. (2009), against the column densities measured from our H i
profiles. For the non-detections (white triangles) we consider the upper limits measured
from our observations. The column density of the CORALZ detections seems to decrease
as a function of radio source size. A Kendall-tau test between the two variables measures
τ = −0.73 and p = 0.038. The result, though, is affected by the small number of sources
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Fig. 1.10: Radio source size vs. column density in GPS and CSS sources from the
CORALZ sample

considered. Including also the N(H i) upper limits for the non-detections, the trend
becomes much less clear. In fact, high frequency peakers (HFPs) were also found not
to be following the inverse correlation (Orienti et al., 2006). HFP galaxies are thought
to be recently triggered, 103 -105 yr old, small radio sources of a few tens of pc. Orienti
et al. (2006) measured low optical depth in these tiny sources, and they explain this by
a combination of orientation effects and the small size of the sources. In this scenario,
our line of sight intersects the inner region of the circumnuclear torus against the tiny
radio source, therefore in absorption we can only detect this high T spin , (and therefore)
low column density gas close to the nucleus.
The above results suggest that both orientation effects and radio source size can affect
the measured optical depths. The combination of these effects may be responsible for
deviations from the N(H i)-to-radio-size inverse correlation in Fig. 1.10.

1.6

Summary

In this chapter we presented the results of an H i absorption study of a sample of 101
AGN. The relatively large sample of 32 detections has been parametrized using the BF
(Westmeier et al., 2014). The total sample was selected and used for stacking purposes
in G14, and here we carry out a detailed analysis of the individual profiles. Detections
in our sample display a broad range of line shapes and kinematics. The BF is efficient in
fitting almost all of the spectra, except for a few peculiar cases with multiple lines and
H i emission features.
In G14we find that H i disks and unsettled gas structures are both present in our
sample. Here we attempt to disentangle different H i morphological structures using
the BF parameters. We find that the complexity of the lines increases with increasing
profile width. Based on the line shapes we separate three groups of objects with different
kinematical properties. The narrowest lines with FWHM < 100 km s−1 are most likely
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produced by H i rotating in large scale disks or H i clouds. Relatively broad lines (100
km s−1 < FWHM < 200 km s−1 ) may be produced by similar morphological structures
with more complex kinematics. Broad lines with FWHM > 200 km s−1 , however, may
be produced not by simple rotation, but by the most unsettled gas structures, e.g., gas-rich
mergers and outflows.
We detect three new profiles with broad, blue-shifted H i wings. Since their radio
sources are powerful log(P1.4 GHz ) & 25 W Hz−1 , these lines are the best candidates for
tracing jet-driven H i outflows. Considering certain and tentative cases, the detection rate
of H i outflows is 5% in our total sample. This fraction represents a lower limit due
to caveats concerning the spin temperature and covering factor of the out-flowing gas,
and it should be confirmed by more detailed H i observations. However, if outflows are
a characteristic phenomenon of all radio AGN, the relatively low detection rate would
suggests that the depletion time-scale of H i outflows is short compared to the lifetime of
radio AGN. This would be consistent with what is derived from observations of molecular
outflows.
In G14, we show that the stacked profile of compact sources is broader than the
stacked width of extended sources. Here we confirm this result using the BF parameters
of the individual detections. H i in compact sources often shows the characteristics
of unsettled gas, e.g., blue-shifted lines and broad/asymmetric profiles. Such H i line
properties suggest that strong interactions between AGN and their rich circumnuclear
medium are likely to occur in compact AGN, as young radio jets are clearing their way
through the ambient medium in the early phases of the nuclear activity.
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1.A

Notes on the individual detections

1: B3 0754+401
This source is part of the low luminosity CSS sample presented by Kunert-Bajraszewska
& Labiano (2010). The largest linear size of the source is 0.25 kpc, and the morphology
remains unresolved in the multi-element radio linked interferometer network (MERLIN)
observations. Kunert-Bajraszewska et al. (2010) classified this object as a High
Excitation Galaxy (HEG). We detect H i in this source at the systemic velocity. The
width and asymmetry parameters of the H i suggest that the gas in this galaxy is not
entirely settled.
2: 2MASX J08060148+1906142
This source has never been studied individually before. The relatively large width (FW20
= 266 km s−1 ) and double-peaked nature of the H i profile suggest that unsettled gas is
present in this galaxy.
3: B2 0806+35
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This source shows radio emission both on the kpc and pc scale. It has been observed with
VLBA at 5 GHz as part of a polarization survey of BL-Lac objects (Bondi et al., 2004) as
a possible BL-Lac candidate. On the parsec scale (beam size of 3.2 × 1.7 mas) the source
reveals a radio core with an extended jet towards the south. The jet extends for about
10 milli-arcseconds (mas) (∼ 15 pc at z = −0.0825). Among the BL-Lac candidates, this
source is the weakest object, and has the steepest radio spectrum. It is also the only object
not showing polarized emission neither in the jet or the core. In this galaxy, the narrow
H i line is detected at blue-shifted velocities with respect to the systemic.
4: B3 0833+442
In the CORALZ sample this source is classified as a CSO. However, the 1.6 GHz VLBI
image (de Vries et al., 2009) shows a C-shaped radio structure. The LLS of the source
is 1.7 kpc. Chandola et al. (2013) did not find H i in this source. In our observations, we
detect a narrow H i profile, slightly red-shifted from the systemic velocity. The data cube
also reveals (faint) H i emission.
5: B3 0839+458
This source has been observed as part of the Combined Radio All-Sky Targeted Eight
GHz Survey (CRATES) sample (Healey et al., 2007). It has been classified as a point
source with flat spectrum (spectral index α = −0.396). The VLBA observations at 5
GHz, as part of the VLBA Imaging and Polarimetry survey (VISP, Helmboldt et al.
(2007)), classify it as a core-jet source. The lobes have sizes of approximately 3.5 mas
and are separated by 6 mas (= 0.2 kpc at z = 0.1919). The radio power of the source
is P1.4GHz ∼ 3 · 1025 W Hz−1 . In our work, we detect the H i at the systemic velocity
of the galaxy (∆v = 57 km s−1 ). The line is narrow and deep, suggesting that the H i is
settled in a rotating disk around the host galaxy. The line has a slight asymmetry along
the blue-shifted edge not fitted by the BF.
6: Mrk 1226
This source has been observed as part of the CRATES sample (Healey et al., 2007). It
has been classified as a point source with flat spectrum (spectral index α = 0.284). The
object has also been observed as part of the VISP survey at 5 GHz (Helmboldt et al.,
2007). The approximate size of the radio source is 15 mas (∼ 8 pc at z = 0.0279). We
detect H i absorption close to the systemic velocity of the host galaxy. This, along with
the symmetry of the line, suggests that we are tracing neutral hydrogen rotating in a disk.
The host galaxy may have experienced a gas rich merger which has formed the H i disk.
7: UGC 05101 - IRAS F09320+6134
This radio source is hosted by an ultra-luminous far-infrared (ULIRG) Galaxy. The
galaxy is undergoing a merger event, as also suggested by its optical morphology. The
source has also been observed with a ∼ 11.6 × 9.9 mas resolution using VLBI (Lonsdale
et al., 2003). These observations show three compact (. 3 − 4 pc) cores connected
by a fainter component. The size of the overall structure is 48 × 24 pc. These VLBI
observations also show that the radio continuum is dominated by the AGN and not
by the starburst activity. The radio power of the source is P1.4GHz ∼ 3 · 1023 W Hz−1 .
At the resolution of our observations, we are not able to disentangle the absorption
seen against the different components: we detect a broad, blended line. The profile is
also multi-peaked, reflecting the unsettled state of the neutral hydrogen disk and of the
overall host galaxy. The H i has been detected in emission via Effelsberg Telescope
observations, through the study of Polar-Ring Galaxy candidates (Huchtmeier & K.,
1997). The emission line is broad and asymmetric, with a peak flux density of +2.2
mJy. The low sensitivity of the spectrum does not allow us to set further constraints. The
detection in emission has been confirmed by observations with the Nançay decimetric
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radio telescope, with higher sensitivity (van Driel et al., 2000).2
8: 4C +48.29
This extended AGN is an X-shaped radio source (Jaegers & J., 1987; Mezcua et al., 2011;
Landt et al., 2010). We detect a double-peaked H i profile close to the systemic velocity.
Before Hanning smoothing, the two peaks are more separated, suggesting the presence
of two H i components (one at the systemic and one blue-shifted).
9: J105327+205835
In the literature there are no records of individual observations of this radio source. The
NVSS and FIRST images suggest that it is a compact source. In our observations, we
detect a broad profile peaked at the systemic velocity and slightly asymmetric towards
blue-shifted velocities. The SDSS image shows that the host galaxy of this source is very
close to a companion. Past interaction with a companion could explain the presence of
the H i in the system.
10: 2MASX J112030+273610
There are no individual radio observation of this source reported in the literature.
According to our classification, it is a compact source. The detected H i profile is narrow
and blue-shifted with respect to the optical velocity. This may indicate that we are tracing
neutral hydrogen which is not settled in a rotating disk.
11: 2MASX J12023112+1637414
This source has never been studied individually before. According to our classification
it is a compact source, showing a shallow, blue-shifted profile, indicative of out-flowing
gas.
12: NGC 4093 - MCG +04-29-02
VLA observations reveal compact radio morphology in this source (Burns et al., 1987;
del Castillo et al., 1988). We detect a regular H i component at the systemic velocity,
likely tracing the kinematics of a rotating disk.
13: B3 1206+469
This radio source has been selected as part of the Cosmic Lens All Sky Survey (CLASS)
as a possible BL-Lac object and then classified as a lobe dominated steep spectrum
source. This radio source is extended with a central core and two symmetric lobes
oriented in the north-south direction. The distance between the lobes is ∼ 4 arcminutes
(∼ 550 kpc at z = 0.100). The spectral index has been measured in the wavelength
8
intervals 1.4 − 4.8 GHz and 1.4 − 8 GHz: α4.8
1.4 = 0.04, α1.4 = 0.39; (Marchã et al., 2001).
Being extended, the steepness of the spectrum can be explained by the fact that some of
the flux is missed by the VLA observations at 8.4 GHz. In our observations, we detect a
narrow and shallow absorption line close to the systemic velocity.
14: B2 1229+33
This extended source was classified as an FR II by Cohen et al. (2003). Based on the
SDSS optical spectrum and image, it appears to be a High Excitation Radio Galaxy
(HERG). Optically, the galaxy appears to be blue (g−r = 0.6), hence it has been excluded
from the analysis of the overall sample presented in Sec.1.4 and Sec.1.5. The H i profile
shows a narrow detection at the systemic velocity and, a second, red-shifted component
is also seen. These H i properties suggest the presence of a disk and in-falling gas in this
object.
15: 4C +49.25
The size of this CSS source is 6 kpc (Saikia & Gupta, 2003; Fanti et al., 2000). The
5 GHz VLA map reveals a core and two jets on the opposite sides (Saikia & Gupta,
2 The

galaxy belongs to the HYPERLEDA catalogue Paturel et al. (2003)
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2003). It was suggested by Saikia & Gupta (2003) that the higher degree of polarization
asymmetry in CSS objects, including 4C +49.25, could be the result of interactions with
clouds of gas which possibly fuel the radio source. Indeed, we find a blue-shifted, shallow
H i component in this source. This could be the result of out-flowing gas, induced by
jet-ISM interactions. At the systemic velocity, however, we do not detect H i.
16: 2MASX J125433+185602
The source belongs to the CRATES sample (Healey et al., 2007). It has been classified
as a point source with flat spectrum (spectral index α = 0.282). Observations at 5 GHz,
as part of the VISP survey ( Helmboldt et al. 2007), identify this source as a CSO. Its
lobes are separated by 7.3 mas (∼ 15 pc at z ∼ 0.0115). We detect H i at red-shifted
velocities compared to the systemic. The line is narrow and asymmetric, with a broader
wing towards lower velocities. The red-shift of the line, along with the compactness of
the source, suggests that the neutral hydrogen may have motions different from simple
rotation in a disk.
17: 2MASX J13013264+4634032
According to Augusto et al. (2006), this radio source is a point source. We detect a
faint, blue-shifted H i profile, which can indicate interactions between the AGN and the
surrounding gaseous medium. The radio source is a Blazar candidate in the CLASS and
CRATES surveys (Caccianiga et al., 2002; Healey et al., 2007). However, it remains
classified as an AGN by Caccianiga et al. (2002).
18: B3 1315+415
VLBI observations of the CORALZ sample (de Vries et al., 2009) reveal complex radio
morphology in this object. The source has a small size of LLS = 5 pc. From the lobe
expansion speed analysis (de Vries et al., 2010), a dynamical age of 130 yr is estimated
in this source. Chandola et al. (2013) detected H i absorption red-shifted by +77 km s−1
relative to the systemic velocity, indicating in-falling gas towards the nuclear region. Our
observations confirm the H i detection.
19: IC 883 - ARP 193 - UGC 8387
The host galaxy of this radio source is undergoing a major merger. The galaxy is a
luminous infra-red galaxy (LIRG) where LIR = 4.7 · 1011 L at z = 0.0233 (Sanders et al.,
2003). The radio source has been observed with e-Merlin (beam size = 165.23 × 88.35
mas) and VLBI e-EVN (beam size = 9.20 × 6.36 mas) (Romero-Cañizales et al., 2012).
The radio source consists of 4 knots and extends for about ∼ 750 pc. The innermost
100 pc of the galaxy show both nuclear activity and star formation. The nuclear activity
originates in the central core, while the radio emission from the other knots is attributed to
transient sources. This galaxy has already been observed in H i in the study of Polar Ring
galaxy candidates (Huchtmeier & K., 1997). Two complementary observations have
been performed using the Green Bank Telescope and the Effelsberg Telescope. Because
of the different sensitivity of the instruments, the H i has been detected in emission only
in the Green Bank observations (Richter et al., 1994), with a peak flux density = 2.4
mJy. In IC 883, CO(1-0) and CO(3-2) are detected by Yao et al. (2003) in the same
range of velocities as the H i emission. The resolution of our observations does not
allow the disentanglement of different absorption components. Hence, the H i line in our
observations is blended, spanning the same velocity range of the H i seen in emission,
and of the molecular gas. The morphology of the absorption line, along with the overall
properties of the cold gas detected in emission, suggests that in this galaxy the cold gas
is rotating in a disk, which is unsettled because of the ongoing merger event.3
3 The
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20: SDSS J132513.37+395553.2
In the CORALZ sample this source is classified as a compact symmetric object (CSO),
with largest (projected) linear size (LLS) of 14 pc (de Vries et al., 2009). Our
observations show two H i components, one blue-shifted, and the other red-shifted
relative to the systemic velocity. The newly detected H i profiles suggest that unsettled
gas structures are present in this galaxy, e.g., in-falling clouds, out-flowing gas.
21: IRAS F13384+4503
¯
This
galaxy is optically blue (g − r = 0.6), and the SDSS image revels a Seyfert galaxy
with late-type morphology. This object is not included in the analysis presented in
Sec.1.4 and Sec.1.5. In the CORALZ sample, the radio source is classified as a compact
core-jet (CJ) source with two components which are significantly different in flux density
and/or spectral index (de Vries et al., 2009). The largest linear size of the source is 4.1
pc. Against the small continuum source, a very narrow H i absorption profile is detected
at the systemic velocity, indicative of a gas disk.
22: Mrk 273
This object is the host of an ongoing merger. The optical morphology shows a
long tidal tail extending 40 kpc to the south (Iwasawa et al. 2011, and references
therein). Low-resolution 8.44 GHz radio maps by Condon et al. (1991) show three radio
components, a northern (N), south-western (SW), and a south-eastern (SE) region. The
origin of the SE and SW component is unclear (Knapen et al., 1997; Carilli & Taylor,
2000). The N radio component is slightly resolved in the observations of Knapen et al.
(1997); Carilli & Taylor (2000); Bondi et al. (2005), showing two peaks embedded in
extended radio emission. It is thought that the northern component is hosting a weak
AGN, however it is also the site of very active star-formation. Using Very Long Baseline
Array (VLBA) observations, Carilli & Taylor (2000) detected H i absorption against the
N component supposedly coming from a disk (showing velocity gradient along the major
axis), and estimated an H i gas mass of 2 × 109 M . Molecular CO gas of similar
amount (109 M ) was also detected by Downes & Solomon (1998). Carilli & Taylor
(2000) also detect extended gas and an in-falling gas cloud towards the SE component,
suggesting that the SE component is indeed an AGN. Our low-resolution observations
cannot distinguish between the different absorbing regions, we detect the blended signal,
coming from all the H i absorbing regions. The broad H i absorption was also detected
with the single dish Green Bank Telescope (GBT) by Teng et al. (2013).
23: 3C 293
This object is a compact steep spectrum (CSS) radio source, whose emission is divided
in multiple knots (Beswick et al., 2004). It is a restarted radio source, possibly activated
by a recent merger event (Heckman et al., 1986). Massaro et al. (2010) classify the radio
source as FRI. A rotating H i disk has been detected in absorption by Baan & Haschick
(1981). WSRT observations (Morganti et al., 2003) show an extremely broad absorption
component at blue-shifted velocities (FWZI = 1400 km s−1 ). VLA-A array observations,
with 1.200 × 1.300 of spatial resolution, identify this feature as a fast H i outflow pushed by
the western radio jet, located at 500 pc from the core (Mahony et al., 2013). The radio jet
is thought to inject energy into the ISM, driving the outflow of H i at a rate of 8 − 50 M
yr−1 . The broad shallow out-flowing component is also detected. The fit of the spectrum
with the BF identifies the rotating component, while it fails in fitting the shallow wings,
highlighting the different nature of these clouds.
24: 2MASX J142210+210554
There are no individual observations of this source available in the literature. In our
classification, the radio source is compact. The SDSS observations show that it is hosted
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by an early-type galaxy. We detect an absorption line, blue-shifted with respect to the
systemic velocity. The line is broad and asymmetric with a smoother blue-shifted edge.
25: 2MASX J14352162+5051233
This is an unresolved CORALZ AGN, the size of the radio source is estimated to be
270 pc. This galaxy has been observed in H i by Chandola et al. (2013), however no
components were detected. Our observations show a shallow, broad, blue-shifted H i
profile without deep/narrow component at the systemic velocity. Likely we are seeing
gas interacting with the radio source.
26: 3C 305 - IC 1065
The H i profile of this source shows a deep, narrow component, which could be associated
with rotating gas. Furthermore, Morganti et al. (2005a) reported the presence of a
jet-driven H i outflow in this galaxy. The outflow is also detected in our observations,
and it is successfully fitted by the BF. The column density of the outflow is N(H i) = 2
×1021 , assuming T spin = 1000 K, and the corresponding H i mass was estimated to be
M(H i) = 1.3 × 107 M (Morganti et al., 2005a). X-ray observations suggest that the
power supplied by the radio jet to the H i outflow is ∼ 1043 erg s−1 (Hardcastle et al.,
2012). Molecular H II gas was also detected in this source by Guillard et al. (2012).
However the molecular phase of the gas is inefficiently coupled to the AGN jet-driven
outflow.Massaro et al. (2010) classified this source as a high excitation galaxy (HEG).
27: 2MASX J150034+364845
In the literature, there is no record of targeted observations of this radio source.
According to our classification it is a compact source. We detect a deep absorption
line. The line lies at the systemic velocity of the host galaxy and traces a regularly
rotating H i disk. The line is slightly asymmetric in the blue-shifted range of velocities.
This asymmetry is not recovered by the BF fit, suggesting that non-circular motions
characterize the neutral hydrogen.
28: 2MASX J15292250+3621423
We find no individual observations of this source in the literature. In our sample it is
classified as a compact source. We detect H i in this object close to the systemic velocity.
However, similarly to the case of source #9 the profile is not entirely smooth.
29: 4C +52.37
This source is classified as a compact symmetric object (CSO) in the CORALZ sample.
High-resolution observations reveal a core, and jet-like emission on the opposite sides
(de Vries et al., 2009). The main H i absorption component in 4C +52.37 was detected
by Chandola et al. (2013), using the Giant Metrewave Radio Telescope (GMRT). Besides
the main H i line, we detect a broad, shallow profile of blue-shifted H i absorption. The
broad component was not detected by Chandola et al. (2013), most likely because of the
higher noise of the GMRT spectra. The kinematical properties of the newly detected
blue-shifted wing are indicative of a jet-driven H i outflow in this compact radio source.
30: NGC 6034
This radio source is hosted by a S0 optical galaxy, which belongs to cluster A2151 of
the Hercules Supercluster. The radio source is extended, with two jets emerging toward
the north and the south (Mack et al., 1993). The spectrum is flat with no variation of
the spectral index (α = −0.65). The line is very narrow and it is centred at the systemic
velocity. This suggests that the H i may form a rotating disk in the host galaxy. The
neutral hydrogen in NGC 6034 has been first detected in absorption by VLA observations
(Dickey, 1997).4
4 the
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31: Abell 2147
Based on the SDSS optical images, the host galaxy of this source is an early-type galaxy
with a very red bulge. Taylor et al. (2007) classified this object as a flat-spectrum radio
quasar. The size of the radio source is about 10 mas (∼20 pc at z = 0.1), and the
morphology remains unresolved in the 5 GHz VLBA images. Therefore, it is intriguing
that we find a broad H i detection against this very compact radio source. It is likely that
along the line of sight the H i has non-circular motions.
32: 2MASX J161217+282546
The radio source is hosted by an S0 galaxy and has been observed with the VLA-A
configuration by Feretti & Giovannini (1994). At the resolution of the VLA-A
observations (1.400 × 1.100 , ∼ 0.7 kpc at z=0.0320), the radio source is unresolved. We
detect an absorption line at the systemic velocity of the host galaxy, indicative of neutral
hydrogen rotating in a disk.
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Table 1.3: Summary table of non-detections
no.

RA, Dec

z

Other name

S1.4 GHz
mJy

P1.4 GHz
W Hz−1

Radio Morphology

τ peak

N(H i)
1018 (T spin /cf ) cm−2

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

07h56m07.1s +38d34m01s
07h58m28.1s +37d47m12s
07h58m47.0s +27d05m16s
08h00m42.0s +32d17m28s
08h18m27.3s +28d14m03s
08h18m54.1s +22d47m45s
08h20m28.1s +48d53m47s
08h29m04.8s +17d54m16s
08h31m38.8s +22d34m23s
08h31m39.8s +46d08m01s
08h34m11.1s +58d03m21s
08h39m15.8s +28d50m47s
08h43m59.1s +51d05m25s
09h01m05.2s +29d01m47s
09h03m42.7s +26d50m20s
09h06m15.5s +46d36m19s
09h06m52.8s +41d24m30s
09h12m18.3s +48d30m45s
09h16m51.9s +52d38m28s
09h36m09.4s +33d13m08s
09h43m19.1s +36d14m52s
09h45m42.2s +57d57m48s
10h09m35.7s +18d26m02s
10h37m19.3s +43d35m15s
10h40m29.9s +29d57m58s
10h46m09.6s +16d55m11s
11h03m05.8s +19d17m02s
11h16m22.7s +29d15m08s
11h23m49.9s +20d16m55s
11h31m42.3s +47d00m09s
11h33m59.2s +49d03m43s
11h45m05.0s +19d36m23s
11h47m22.1s +35d01m08s
12h03m03.5s +60d31m19s
12h13m29.3s +50d44m29
12h21m21.9s +30d10m37s
12h28m23.1s +16d26m13s
12h30m11.8s +47d00m23s
12h33m49.3s +50d26m23s
12h52m36.9s +28d51m51s
13h03m46.6s +19d16m18s
13h06m21.7s +43d47m51s
13h08m37.9s +43d44m15s
13h14m24.6s +62d19m46s
14h00m26.4s +17d51m33s
14h00m51.6s +52d16m07s
14h08m10.4s +52d40m48s
14h09m35.5s +57d58m41s
14h11m49.4s +52d49m00s
14h47m12.7s +40d47m45s
15h04m57.2s +26d00m54s
15h09m50.5s +15d57m26s
15h16m41.6s +29d18m10s
15h21m16.5s +15d12m10s
15h23m49.3s +32d13m50s
15h25m00.8s +33d24m00s
15h32m02.2s +30d16m29s
15h39m01.6s +35d30m46s
15h49m12.3s +30d47m16s
15h53m43.6s +23d48m25s
15h56m03.9s +24d26m53s
15h56m11.6s +28d11m33s
15h59m54.0s +44d42m32s
16h04m26.5s +17d44m31s
16h06m16.0s +18d15m00s
16h08m21.1s +28d28m43s
16h14m19.6s +50d27m56s
16h15m41.2s +47d11m12s
16h24m24.5s +48d31m42s

0.215605
0.040825
0.098745
0.187239
0.225235
0.095831
0.132447
0.089467
0.086882
0.131065
0.093357
0.078961
0.126344
0.194045
0.084306
0.084697
0.027358
0.117168
0.190385
0.076152
0.022336
0.22893
0.116479
0.024679
0.090938
0.206868
0.214267
0.045282
0.130406
0.125721
0.031625
0.021596
0.062894
0.065297
0.030757
0.183599
0.229959
0.039099
0.206843
0.195079
0.06351
0.202562
0.035812
0.130805
0.050559
0.117887
0.082875
0.179874
0.076489
0.195146
0.053984
0.187373
0.129882
0.214777
0.10999
0.081559
0.065335
0.077837
0.111582
0.117606
0.042538
0.207927
0.04173
0.040894
0.0369
0.050182
0.060258
0.198625
0.057104

B3 0752+387
NGC 2484

70
243
69
104
47
194
124
190
93
123
46
126
79
1670
81
273
56
143
63
61
104
89
44
142
407
63
99
73
102
100
168
777
276
153
110
60
117
94
135
430
70
137
61
72
88
176
176
114
393
348
190
424
72
405
182
59
33
91
914
168
92
84
58
73
225
113
81
135
67

24.98
23.98
24.23
25.01
24.84
24.65
24.76
24.58
24.24
24.75
24.01
24.29
24.52
26.25
24.16
24.69
22.99
24.71
24.81
23.94
23.07
25.14
24.19
23.3
24.93
24.89
25.12
23.55
24.66
24.62
23.59
23.92
24.42
24.2
23.38
24.76
25.26
23.52
25.22
25.67
23.83
25.21
23.26
24.51
23.73
24.8
24.48
25.02
24.75
25.58
24.12
25.62
24.51
25.74
24.75
23.99
23.53
24.13
25.47
24.78
23.59
25.02
23.37
23.46
23.85
23.83
23.85
25.18
23.72

C
E
C
E
C
E
E
E
E
C
C
E
E
E
C
C
C
E
E
C
C
E
E
C
C
C
E
C
E
E
E
E
E
C
C
C
E
C
E
E
E
E
C
E
C
C
E
C
E
E
E
C
E
C
C
E
C
C
E
E
E
E
C
C
E
E
E
E
C

< 0.041
< 0.009
< 0.056
< 0.024
< 0.047
< 0.011
< 0.026
< 0.012
< 0.022
< 0.022
< 0.057
< 0.023
< 0.041
< 0.001
< 0.025
< 0.013
< 0.044
< 0.028
< 0.054
< 0.030
< 0.018
< 0.030
< 0.088
< 0.013
< 0.007
< 0.039
< 0.024
< 0.025
< 0.035
< 0.027
< 0.011
< 0.003
< 0.006
< 0.012
< 0.019
< 0.044
< 0.023
< 0.019
< 0.015
< 0.005
< 0.038
< 0.021
< 0.031
< 0.042
< 0.022
< 0.021
< 0.018
< 0.035
< 0.005
< 0.006
< 0.012
< 0.005
< 0.059
< 0.007
< 0.016
< 0.032
< 0.064
< 0.019
< 0.004
< 0.034
< 0.021
< 0.024
< 0.036
< 0.040
< 0.010
< 0.016
< 0.025
< 0.023
< 0.030

< 7.4
< 1.7
< 10.2
< 4.4
< 8.6
< 2.1
< 4.8
< 2.1
< 4.0
< 4.1
< 10.4
< 4.2
< 7.5
< 0.3
< 4.5
< 2.3
< 8.0
< 5.1
< 9.8
< 5.5
< 3.2
< 5.5
< 16.0
< 2.4
< 1.4
< 7.0
< 4.4
< 4.6
< 6.3
< 4.9
< 2.1
< 0.6
< 1.2
< 2.1
< 3.5
< 8.0
< 4.3
< 3.5
< 2.7
< 0.8
< 6.9
< 3.8
< 5.6
< 7.6
< 4.0
< 3.8
< 3.4
< 6.5
< 1.0
< 1.1
< 2.2
< 0.9
< 10.7
< 1.3
< 3.0
< 5.9
< 11.7
< 3.5
< 0.8
< 6.2
< 3.9
< 4.4
< 6.6
< 7.3
< 1.8
< 3.0
< 4.5
< 4.2
< 5.5

B2 0757+32

B2 0836+29
3C 213.1
B3 0902+468

NGC 2965

UGC 05771
4C +30.19

B3 1128+472
IC 0708
NGC 3862
CGCG 186-048
SBS 1200+608
NGC 4187
FBQS J1221+3010
CGCG 244-025
B2 1250+29
IC 4130
B3 1304+440
NGC 5003
CGCG 103-041

B3 1445+410
VV 204b

4C +30.29
4C +23.42

B3 1558+448
NGC 6040B
NGC 6061
IC 4590
B3 1614+473

Notes. H i non-detections. The N(H i) upper limit is calculated from the 3-σ r.m.s., assuming a
velocity width of 100 km s−1 .
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Abstract
We present an analysis of the properties of neutral hydrogen (H i) in 248 nearby (0.02 <
z < 0.25) radio galaxies with S 1.4 GHz > 30 mJy and for which optical spectroscopy is
available. The observations were carried out with the Westerbork Synthesis Radio
Telescope as the last large project before the upgrade of the telescope with phased
array feed receivers (Apertif). The sample covers almost four orders of magnitude in
radio power from log P1.4 GHz (W Hz−1 )= 22.5 and 26.2. We detect H i in absorption in
27% ± 5.5% of the objects. The detections are found over the full range of radio power.
However, the distribution and kinematics of the absorbing H i gas appear to depend on
radio power, the properties of the radio continuum emission, and the dust content of the
sources. Among the sources where H i is detected, 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. Stacking
experiments show that in sources for which we do not detect H i in absorption directly,
the H i has a column density that is lower than 3.5 × 10−17 (T spin /c f ) cm−2 . We use our
results to predict the number and type of H i absorption lines that will be detected by the
upcoming surveys of the Square Kilometre Array precursors and pathfinders (Apertif,
MeerKAT, and ASKAP).

2.1. Introduction

2.1
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Introduction

The interaction between the energy released by the active central supermassive black
hole (SMBH) and the surrounding interstellar medium (ISM) plays an important role in
galaxy evolution. This interaction affects the star formation history of the host galaxy and
the observed relation between the masses of the bulge and central black hole (e.g. Silk
& Rees 1998; Bower et al. 2006; Ciotti et al. 2010; Faucher-Giguère & Quataert 2012;
Faucher-Giguere et al. 2013; King & Pounds 2015; King & Nixon 2015).
The actual effect of this interplay depends on the properties of the ISM and the type
of active galactic nucleus (AGN) in the host galaxy. Among the diverse families of active
AGN, radio AGN show radio jets expanding through the ISM. This facilitates a detailed
study of the effects of the nuclear activity on the kinematics of the different components
of the gas, i.e. the ionised gas (e.g. Tadhunter et al. 2000; Holt et al. 2003; McNamara
& Nulsen 2007; Holt et al. 2008; Labiano 2008; Reeves et al. 2009; Fabian 2012), the
molecular gas (e.g. García-Burillo et al. 2005; Feruglio et al. 2010; Alatalo et al. 2011;
Dasyra & Combes 2011; Guillard et al. 2012; Morganti et al. 2013b, 2015; Mahony
et al. 2015; Morganti et al. 2016 and Chapter 5) and the atomic gas (e.g. Morganti et al.
2005a,b, 2013a; Lehnert et al. 2011; Allison et al. 2015). In radio AGN it is possible to
estimate the age of the activity directly from the peaked radio continuum spectrum and
from the extent and expansion velocity of its radio jets (e.g. Murgia et al. 1999; Polatidis
& Conway 2003; Murgia 2003; Giroletti & Polatidis 2009). Hence, it is possible to study
the effects of the nuclear activity on the ISM at different stages of its evolution.
Observations of the neutral hydrogen (H i) in early-type galaxies, which are the
typical hosts of a radio AGN, allow us to study the cold gas in relation to their star
formation and nuclear activity. A number of studies (e.g. Morganti et al. 2006a;
Oosterloo et al. 2010a; Emonts et al. 2010; Serra et al. 2012, 2014) show that a significant
fraction of early-type galaxies (∼ 40%) have H i detected in emission, which can be
found in settled rotating disks and in unsettled configurations. The H i may represent
the reservoir of cold gas for the formation of new stars in early-type galaxies, and, likely,
also for the fuelling of the central SMBH. When the AGN are radio loud, H i seen against
the radio continuum has been used to study the morphology and kinematics of the cold
gas in their very centre (e.g. van Gorkom et al. 1989; Morganti et al. 2001; Vermeulen
et al. 2003; Morganti et al. 2005b; Gupta et al. 2006). H i absorption lines can trace a
wide variety of morphologies and phenomena. In some radio AGN, the detection of H i
in emission and absorption has allowed us to associate the H i absorption lines detected
at the systemic velocity of the galaxy with a circumnuclear rotating disk (e.g. van der
Hulst et al. 1983; Conway & Blanco 1995; Beswick et al. 2002, 2004; Struve & Conway
2010; Struve et al. 2010). Narrow (. 50 km s−1 ) H i absorption lines offset with respect
to the systemic velocity have been in some cases associated with the fuelling of the
radio sources (e.g. Morganti et al. 2009 and Chapter 4). In a group of radio galaxies,
the shallow optical depth (τ < 0.05) and the blue-shifted wings of the H i absorption
lines trace a fast outflow of neutral hydrogen drive by the expansion of the radio jets
(e.g. Morganti et al. 2005a; Kanekar & Chengalur 2008; Morganti et al. 2013a; Mahony
et al. 2013; Allison et al. 2015 and Chapter 1).
Absorption studies also have the advantage of allowing us to detect the gas using
relatively short radio observations and reaching higher redshifts than emission studies,
since the detection in absorption does not depend on the redshift of the source but only
on the strength of the radio background continuum. Thus, H i absorption studies allow us
to study the impact of the radio nuclear activity on the ISM in a variety of radio sources
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(e.g. 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, 2015a;
Chandola & Saikia 2017; Glowacki et al. 2017; Curran et al. 2017). Among several
results, these studies show that in compact steep spectrum sources and Giga-Hertz Peaked
Spectrum sources, (i.e. sources that possibly represent young radio AGN; Fanti et al.
1995; Readhead et al. 1996; O’Dea 1998) the H i is detected more often. Collecting a
large sample also allows us to perform stacking experiments on the sources where the H i
is not detected, thus providing a complete characterisation of the content of H i in radio
AGN. Through this technique, Geréb et al. (2014) show that in the direct non-detections,
the H i if present, it must have very low optical depths (τ . 0.002) compared to the
detections, suggesting a dichotomy in the properties of the neutral hydrogen in radio-loud
early-type galaxies.
Until now, to obtain a good trade-off between sensitivity and observing time,
H i absorption surveys have been focussing on the high-power radio sources
(log P1.4 GHz (W Hz−1 ) > 24 ), but low-power sources (log P1.4 GHz (W Hz−1 ) < 24) in
early-type galaxies form the bulk of the radio AGN population (Bahcall et al., 1997;
Best et al., 2005; Sadler et al., 2007). Hence, to fully understand the importance of radio
AGN in galaxy evolution scenarios it is crucial to investigate the interplay between the
radio activity and ISM among sources of all radio powers.
In this chapter, we expand the work presented in Geréb et al. 2014 (hereinafter G14)
and in Chapter 1 by extending the sample to low radio powers, i.e. log P1.4 GHz (W Hz−1 )
= 22.5. The final sample combines the sample of G14 and Chapter 1 with the sample
presented here and includes 248 sources. The survey presented here was constructed to
observe all the objects in a uniform way and to reach, even for the weakest sources of the
sample (S 1.4 GHz ∼ 30 mJy), optical depths of a few percent. The survey also provides a
statistically significant sample in preparation of future H i absorption surveys, which are
about to start with the SKA pathfinders and precursors.
We carried out the observations of our sample with the Westerbork Synthesis Radio
Telescope (WSRT) between December 2013 and February 2015. Over the same period,
the dishes of the telescope were refurbished and the receivers upgraded to the phased
array feed system, Apertif (Oosterloo et al., 2010b). Since the observations of this survey
were carried out up to the very last hours before the telescope closed for the final upgrade,
this survey is the last one undertaken with the old Westerbork Synthesis Radio Telescope.
This chapter is structured as follows. In Sect. 2.2.1 we outline the selection of the
sample and describe the 1.4 GHz observations, while in Sect. 2.2.2 we discuss how we
can classify our sources depending on their mid-infrared (MIR) colours and the extension
of their radio continuum emission. In Sect. 2.3 we report the results of the survey. In
particular, we analyse the occurrence of H i in the sample (Section 2.3.1), we determine
the main properties of the detected absorption lines (Sect. 2.3.2), and we perform stacking
experiments to search for low column density H i, which is undetectable by single
observations (Sect. 2.3.3). Section 2.4 discusses the results of this survey focussing on the
impact of the radio source on the H i of the host galaxies. In Sect. 2.5 we use the results
from this work to predict how many and what type of HI absorbers the upcoming surveys
with the Square Kilometre Array pathfinders may produce. Section 2.6 summarises our
results and conclusions. In the Appendix, we show the new H i absorption lines we
detected in the survey (see Fig. 2.12, 2.13, 2.14) and the main properties of all sources
of the sample, such as redshift, radio continuum flux, and radio power (see Table 2.4).
Throughout this chapter we use a ΛCDM cosmology, with Hubble constant
H0 = 70 km s−1 Mpc−1 and ΩΛ = 0.7 and ΩM = 0.3.

2.2. Description of the sample

2.2
2.2.1
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Description of the sample
Sample selection and observations

We expand the sample of radio sources presented in G14 and Chapter 1 to lower
radio fluxes and radio powers. As in those studies, we selected the sources by
cross-correlating the seventh data release of the Sloan Digital Sky Survey catalogue
(SDSS DR7; York et al. 2000) with the Faint Images of the Radio Sky at Twenty-cm
catalogue (FIRST; Becker et al. 1995). The sources lie above declination δ > 10◦ and
between 07h 51m 00s and 17h 22m 25s in right ascension. The sources are restricted to
the redshift range 0.02 < z < 0.25, which is the redshift interval covered by the WSRT
observing band, 1150 MHz – 1400 MHz. The sample of G14 and Chapter 1 was limited
to sources brighter than 50 mJy and consists of 101 sources. In the present study, we
selected all sources that have radio core flux density 30 mJy beam−1 < S 1.4 GHz < 50 mJy
beam−1 . This includes 219 sources, of which 183 were successfully observed before the
telescope was switched off for the upgrade of the receivers.
In 37 objects the observed band was affected by strong radio interference making
the data unusable. One source of 353 mJy (J082133.60+470237.3) was not included in
SDSS DR7, but its spectrum became available with the DR9 data release. This source
falls in the field of view of the observation of J082209.54+470552.9, and we include it
in the final sample of 147 sources.
The observations were carried out in the period December 2013 – Feb. 2015 (proj.
num. R14A019 and R14B006). We used a similar set-up of the telescope as in G14 and
Chapter 1. We also did not use a full synthesis (12 hrs.) in order to observe as many
objects as possible. However, given that fewer WSRT dishes were available at the time
of our observations and to maintain the same sensitivity as in G14 and Chapter 1, in all
observations we increased the integration time to six hours per source. The observational
set-up consists of 1024 channels covering a bandwidth of 20 MHz.
We reduced the data following a similar procedure to that presented in G14 and
Chapter 1 via the MIRIAD package (Sault et al., 1995). The final H i data cubes
have a velocity resolution of 16 km s−1 . The median noise of the final spectra
is 0.81 mJy beam−1 and ∼ 90% of the observations have a noise level lower than
1.3 mJy beam−1 . We created continuum images using the line-free channels to measure
the continuum flux density of the sources. However, because of the limited uv coverage
of the observations, the beam of the observations is very elongated, typically about
4500 × 1200 . In Table 2.4 we report a full summary of the main radio properties of the
sources.
For the analysis that follows, we combine the newly observed 147 low-power sources
(30 mJy beam−1 < S 1.4 GHz < 50 mJy beam−1 ) with the 101 sources with S 1.4 GHz > 50 mJy
presented in G14 and Chapter 1, obtaining a sample of 248 sources.

2.2.2

Characterisation of the AGN sample

One goal of this survey is to determine the occurrence and properties of H i for the
different types of radio sources present in our sample. The sources of our sample lie
in the massive end of the red sequence (−24 < Mr < −21, u – r ∼ 2.7 ± 0.6). Nine sources
are an exception (u–r . 2). Their SDSS images show that they are undergoing a merger
with a spiral galaxy or that they have large tails of gas and stars, suggesting a recent or
ongoing interaction with a companion. These sources are different from the bulk of our
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W1 – W2 [3.4 - 4.6 µm]

1.5

Dust-poor non-detection
12µm bright non-detection
4.6µm bright non-detection
Dust-poor detection
12µm bright detection
4.6µm bright detection
Interacting non-detection
Interacting detection

1.0

0.5

0.0
0.0

1.0

2.0

3.0

4.0

5.0

W2 – W3 [4.6 - 12 µm]

Fig. 2.1: WISE colour-colour plot for the sources of the sample, separated into H i
detections (filled symbols) and H i non-detections (empty symbols) Dust-poor galaxies
are green squares, 12 µm bright sources are orange pentagons and 4.6 µm bright sources
are black triangles. Interacting sources are grey diamonds. The dashed lines indicate
the cut-offs of the WISE colours we used to classify our sources. Further details on the
classification of the sources are shown in Table 2.1.

sample of early-type radio galaxies, hence, from here on, we classify them as interacting
and we denote them with grey diamonds in all figures.
The mid-infrared (MIR) colours allow us to classify the galaxies according to their
dust content. For such a purpose, different studies (e.g. Wright et al. 2010; Stern et al.
2012; Jarrett et al. 2013; Mingo et al. 2016) have used data from the all-sky Wide-field
Infrared Survey Explorer (WISE), which observed in four MIR bands, i.e. 3.4µm
(W1), 4.6 µm (W2), 12 µm (W3), and 22µm (W4). The W3 band is sensitive to the
dust continuum and the presence of polycyclic-aromatic hydrocarbons (PAHs), whose
emission lines peak at 11.3 µm and may trace the star formation activity in a galaxy (Lee
et al., 2013; Cluver et al., 2014). The luminosity at 12 µm of dust-poor red-sequence
galaxies is dominated by the old stellar population and is similar to the luminosity at
4.6 µm, whereas galaxies rich in PAHs and dust have enhanced luminosity at 12 µm,
which increases their W2–W3 colour. Starburst galaxies typically have W2–W3> 3.4
(e.g. Rosario et al. 2013). The W1–W2 colour is sensitive to heated dust. When an AGN
is present, as in the sources of our sample, galaxies bright at 4.6 µm are likely to have a
dust-rich circumnuclear region that is heated by the nuclear activity.
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In this study, we cross-matched the sky coordinates of each source with the WISE
catalogue to extract the WISE magnitudes, making use of the VizieR catalogue access
tool (Ochsenbein et al., 2000). We followed Mingo et al. (2016) to distinguish
between so-called dust-poor sources (W1–W2 < 0.5 and W2–W3 < 1.6) and galaxies
with MIR emission enhanced by the dust continuum and PAHs, which we call 12 µm
bright sources (W1–W2 < 0.5 and 1.6 < W2–W3< 3.4); AGNs with hot dust in the
circumnuclear regions (W1–W2 > 0.5); and dust-rich starburst galaxies (W1–W2 < 0.5
and W2–W3 > 3.4). Given that there are only three starburst galaxies in our sample,
with W1–W2 ∼ 0.5, we include them in the sample of AGN rich of heated dust, which
we name 4.6 µm bright sources because of their enhanced flux at this wavelength. In the
following sections, we sometimes use the generic name MIR bright sources to refer to
12 µm bright and to 4.6 µm bright sources altogether.
Table 2.1: Statistics of the sample

All sources
Radio continuum classification
Compact sources
Extended sources
WISE colour classification
Dust-poor sources
12 µm bright sources
4.6 µm bright sources
Interacting sources

Number
of
sources
248

Non-detections

Detections

Detection
rate (%)

182

66

27 ± 5.5

131
108

89
91

42
17

32 ± 7.9
16 ± 6.8

129
68
42
9

112
42
26
2

17
26
16
7

13 ± 5.8
38 ± 11
38 ± 16
78 ± 27

Notes. Number of observed sources (1), number of H i absorption non-detections (2), number of
H i detections (3), and detection rates (4) for all sources and different subsamples of compact and
extended sources, based on the radio-continuum classification (see Fig. 2.2), dust-poor, 12 µm
bright and 4.6 µm bright sources, according to the WISE colour-colour plot (Fig. 2.1), and
interacting sources.

As shown in Fig. 2.1 and Table 2.1, half of the sources are classified as dust-poor
(52%, indicated by green squares in this and the following figures) while 27% are 12 µm
bright sources (indicated by orange pentagons). Forty-two sources (17%) are classified
as 4.6 µm bright galaxies (indicated by black triangles).
Following G14, we classified the radio continuum emission of the sample depending
on the NVSS major-to-minor axis ratio versus the FIRST peak-to-integrated flux ratio.
Figure 2.2 and Table 2.1 show the classification for the sample of 248 sources, where we
designate 52% as compact sources (in red in the figure) and 48% as extended sources (in
blue). Compact sources typically have the radio continuum embedded in the host galaxy
at sub-galactic scales (. few kilo-parsec), while extended sources have radio continuum
at super-galactic scales. For a group of radio AGN, the extent of their radio continuum
emission can be related to the age of the nuclear activity. Compact Steep Spectrum
sources (CSS) and Giga-Hertz Peaked Spectrum sources (GPS) are the youngest family
of radio AGN (O’Dea, 1998; Murgia, 2003; Fanti, 2009; Sadler, 2016; Orienti, 2016),
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Fig. 2.2: Radio morphological classification of the sample. Red circles indicate compact
sources, extended sources are indicated by blue triangles, interacting sources are shown
in grey diamonds. H i detections are indicated by filled symbols, while empty symbols
represent non-detections.

and in general, they can be considered younger radio AGN than extended sources. A
fraction of the compact sources of our sample belong to this group of young radio AGN
(see G14 and Chapter 1).

2.3

Results

From the new observations presented in this chapter (objects with radio flux between 30
mJy beam−1 < S 1.4 GHz < 50 mJy beam−1 ), we detect H i absorption in 34 galaxies with
3σ significance above the noise level. Since the observations are relatively shallow, for
the weaker radio sources (S 1.4 GHz ∼ 30 mJy) we are sensitive to absorption lines with
peak optical depth of τpeak ∼ 0.08.
Following Chapter 1, we use the busy function (BF; Westmeier et al. 2014) to
measure the main properties of the lines in
R a uniform way, i.e. centroid, peak optical
depth (τpeak ), the integrated optical depth ( τdv) full width at half-maximum (FWHM),
and full width at 20% of the peak flux (FW20). The detected lines and fits produced
by the BF are shown in Figs. 2.12, 2.13, and 2.14. In Table 2.4 we summarise these
parameters for each detection.
In the following, we discuss the results making use of the full sample by combining
the new data and the G14 and Chapter 1 data.

2.3.1

Occurrence of H i in radio sources

Considering the full sample, we detected H i absorption in 66 sources out of 248, leading
to a detection rate of 27% ± 5.5%1 . Compared to G14 and Chapter 1, we have now
extended the range of the sample to low radio powers (down to log P1.4 GHz (W Hz−1 )=
1 We

compute the errors on the detection rates as the 95% confidence level of a binomial proportion.
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Fig. 2.3: Top left panel: Radio power distribution of the full sample and the detections.
The sub-panel below shows the detection rate for each bin of the histogram and the
average detection rate (dashed line). Top right panel: Radio continuum flux (S 1.4 GHz )
distribution of the full sample (open bars) and of the detections (grey bars). Bottom left
panel Redshift (z) distribution of the full sample of 248 radio sources and of the H i
detections. The sub-panel shows the detection rate for each bin of the histogram. Bottom
right panel: Distribution of the optical depth detection limits of the full sample overlaid
with the distribution of the optical depth of the peak of the detected absorption lines.

22.5), and it is worth mentioning that, albeit with small number statistics in some of
the bins, the detection rate is similar across the range of radio powers covered by the
survey, as illustrated in the top left panel of Figure 2.3. The top right panel of the figure
shows that we detect H i absorption lines, with a peak that is three times above the noise
level, in sources throughout the entire range of fluxes. The bottom left panel shows
that we detect H i in all redshift intervals. The absorption lines have a broad range in
peak optical depths, i.e. approximately between 0.3 and 0.003 (bottom right panel), and
we detect lines across the full range of optical depths to which we are sensitive. These
results confirm and extend what already observed in the subsample of higher flux sources
(S 1.4 GHz > 50 mJy) of G14 and Chapter 1.
In Table 2.1, we show the detection rate of H i absorption depending on the
classification of their radio continuum emission and of their WISE colours. We detect H i
in all different types of galaxies but with different detection rates. In the sources that we
classify as compact, H i is detected twice as often as in the extended sources (32% ± 7.9%
and 16% ± 6.8%, respectively). This behaviour was also observed in G14 and in previous
works on smaller and less homogeneously selected samples (e.g. Emonts et al. 2010;
Curran et al. 2011, 2013a,b).
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Fig. 2.4: Left panel: Full width at 20% of the intensity (FW20) of the H i profiles vs.
the radio power of the sources. Sources are classified according to the extension of their
radio continuum (see Fig. 2.2). The dashed line indicates the mean of the distribution
of rotational velocities of the sources of the sample. The fine dashed line shows the 3σ
upper limit of the distribution (see Sect. 2.3.2 for further details). Right panel: Same as
in the left panel with symbols following the WISE colour-colour plot shown in Fig. 2.1.

For dust-poor galaxies the detection rate is low (13% ± 5.8%) compared to 12 µm
bright sources (38% ± 11%) and 4.6 µm bright galaxies (38% ± 16%).

2.3.2

Kinematics of H i

Figure 2.4 shows the FW20 of the H i absorption lines versus the radio power of the
sources. The dashed horizontal line indicates the mean of the distribution of rotational
velocities of the sample.2 The fine dashed horizontal line indicates the 3σ value of the
distribution of the rotational velocities. In this study, we consider an H i line broad when
it has FW20 above this latter line. When a line is broad, the H i cannot simply rotate
within the galaxy, but it must also have a component with non-ordered kinematics. At
high radio powers (log P1.4 GHz (W Hz−1 ) > 24 ), 30% ± 15% of the lines are broad.
Figure 2.5 shows the shift of the centroid of the line with respect to the systemic
velocity of the galaxy versus the radio power of the sources. At low radio powers
(log P1.4 GHz (W Hz−1 ) < 24), the majority of the lines are centred at the systemic velocity
(∆v ± 100 km s−1 ). At log P1.4 GHz (W Hz−1 ) > 24 , 36% ± 16% of the lines are offset with
respect to the systemic velocity.
As shown in the left panel of Fig. 2.4, broad lines are found only in compact radio
sources. One exception is 3C 305, which is classified as extended according to our
classification, but is known to be a compact steep spectrum source of 4 kpc in size
(Jackson et al., 2003). The broad H i is known to trace a fast outflow (Morganti et al.,
2005a), which is consistent with what found in this chapter.
The lines that are broad in Fig. 2.4 also have a shifted centroid. This because, as
shown in Chapter 1, these lines have, apart from a main component, a second, shallower
component that extends to blue-shifted velocities, which we call wing. Interestingly, the
majority of these wings are blue-shifted indicating that there is at least a component of
the gas outflowing.
2 We

determine the rotational velocity of the sources from their K magnitude using the Tully-Fisher relation
for red-sequence galaxies (den Heijer et al., 2015) and correcting for the average inclination of the sources,
measured from the axis ratio of the stellar body of the host galaxies.
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Fig. 2.5: Left panel: Blue shift and red shift of the H i line centroid with respect to the
systemic velocity vs. the radio power of the sources. Sources are classified according
to the extent of their radio continuum (see Fig. 2.2). The fine dashed lines indicate the
±100 km s−1 velocities. Right panel: Same as in the left panel with symbols following
the WISE colour-colour plot shown in Fig. 2.1.

At low radio powers (log P1.4 GHz (W Hz−1 ) < 24), we only detect relatively narrow
lines with the exception of the interacting galaxies. At the sensitivity of our observations,
we would have not been able to detect broad and shallow wings with ratio between the
wing and peak of the absorption line < 0.3, as they would have been hidden in the noise.
We know that in some low-power radio sources, for example NGC 1266 (Alatalo et al.,
2011) and IC 5063 (Oosterloo et al., 2000; Morganti et al., 2013b, 2015), H i outflows
can be present and are traced by a broad and shallow (τ < 0.005) blue-shifted wing in
the absorption line. If these shallow and broad wings were present in the HI lines of
the low-power sources, we would not have detected them. Despite this limitation, it is
interesting to see that the great majority of the lines in low power sources are centred on
the systemic velocity (Fig. 2.5). This means that the dominant component traced by the
H i absorption is associated with settled gas.
In Fig. 2.4 (right panel), we show FW20 versus the radio power of the sources,
classifying sources according to their WISE colours (see Fig. 2.1). Dust-poor sources do
not show broad lines. Mid-infrared bright sources (both at 12 µm bright and at 4.6 µm)
have broad lines if the radio power is log P1.4 GHz (W Hz−1 ) > 24 .
Figure 2.6 shows the FW20 versus the integrated optical depth of the line, classifying
the sources according to their WISE colours. In dust-poor sources, we only detect narrow
H i lines (FW20 < 300 km s−1 ) with integrated optical depth & 1.5 km s−1 . In 12 µm
bright and 4.6 µm bright galaxies we detect both shallow and broad lines. The histogram
at the top of the figure shows the estimated upper limit to the integrated optical depth of
the non-detections of each subgroup of galaxies. For each source, this is equal to three
times the noise of the spectrum in optical depth times the mean width
R of the detected
lines (145 km s−1 ). For most dust-poor galaxies the detection limit is τdv > 1.5 km s−1 .
For ten dust-poor sources the detection limit is lower and should allow us to detect the
shallow broad lines that we detected in the other sources, but we detect none in these ten
sources. This suggests that in dust-poor sources the H i traced by the broad and shallow
wings of the lines is absent.
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Fig. 2.6: Full-width
at 20% of the intensity (FW20) vs. the integrated optical depth of
R
the H i lines ( τdv). Symbols follow the WISE colour-colour classification shown in
Fig. 2.1. The histogram in the top panel shows the distribution of the 3σ detection limit
in optical depth for the non-detections of the each subsample.

2.3.3

Stacking in search for H i absorption

Sources where we do not directly detect an absorption line may still have H i that can
be uncovered with stacking techniques. In a stacking experiment, the noise of the
final stacked spectrum decreases with the square root of the number of stacked spectra.
Stacking the non-detections of our sample allows us to explore the statistical presence of
H i absorption at low optical depths.
In G14, we stacked the spectra of 66 non-detections with S 1.4 GHz > 50 mJy, reaching
a detection limit of τ ∼ 0.002 (3σ) without detecting any absorption. In this study, we
stack 170 non-detections of the sample. We stack the spectra in optical depth aligning
them at the SDSS redshift. Figure 2.7 (left panel) shows the final co-added spectrum. We
reach a detection limit of τ = 0.0015 (3σ),\ without detecting any line. A non-detection at
such low optical depth confirms the results of G14. There, we pointed out that the peak
optical depth of the detected H i lines is much higher than the detection limit reached
by the stacking experiment. This suggests a dichotomy between H i detections and H i
non-detections. In the latter, if H i is present, it must have much lower column densities
or higher spin temperature (T spin ) than in the former.
In Sect. 2.3.1, we point out that the detection rate of H i in absorption is higher in
compact sources than in extended sources. Likewise, it is higher in MIR bright sources
than in dust-poor sources. Here, we explore whether this can also be seen by stacking
the undetected objects belonging to these groups.
We do not detect any absorption line either by stacking the spectra of the compact
non-detections (72 sources) or extended non-detections (80 sources); see Fig. 2.7 (middle
panel). We do not detect any line either by stacking the dust-poor non-detections (97
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sources) or the MIR bright non-detections (71 sources), see Fig. 2.7 (right panel). In
Table 2.2 we show the 3σ detection limits of the stacked spectra for these subgroups. On
average we reach a detection limit of τ ∼ 0.003. These results suggest that a dichotomy
in the presence of H i holds among all kinds of radio sources in agreement with the
dichotomy observed in the stacking experiment of all non-detections.
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Fig. 2.7: Left panel: Stacked spectrum of 170 non-detections. Middle panel: Stacked
spectrum of 72 non-detections with compact radio emission or interacting sources (red)
and of 80 non-detections with extended radio emission (blue). Right panel: Stacked
spectrum of 71 non-detections classified as 12 µm bright or 4.6 µm bright galaxies
(orange), and of 97 non-detections classified as dust-poor (green), according to the WISE
colours.

Table 2.2: Statistics of the stacking experiment
Sample
Non-detections
Compact
Extended non-detections
4.6 µm bright and 12 µm bright non-detections
Dust-poor non-detections

Number of
sources
170
72
80
71
97

3× r.m.s.
[optical depth]
0.0015
0.0033
0.0027
0.0033
0.0027

Notes. Results of the stacking experiment for the non-detections and their subsamples based on the
radio classification (compact and extended sources) and on the WISE colour-colour plot (4.6 µm
bright, 12 µm bright and dust-poor galaxies). Since no lines are detected in absorption, we provide
as upper limits three times the noise level of the final stacked spectrum.

2.4
2.4.1

Discussion
H i morphologies and kinematics in different radio AGN

H i absorption has been studied in radio AGN for many years. Previous works (e.g. van
Gorkom et al. 1989; Morganti et al. 2001; Vermeulen et al. 2003; Morganti et al. 2005b;
Gupta et al. 2006) have already suggested the possibility of a range of structures of
the absorbing material that can, to the first order, be identified from the shape of the
absorption lines. In some cases, this has been verified with follow-up high-resolution
observations or by H i emission observations (Beswick et al. 2004; Struve & Conway
2010; Struve et al. 2010; Mahony et al. 2013 and Chapter 4).
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Absorption lines detected against the nuclear radio component and close to the
systemic velocity with narrow (< 100 km s−1 ) widths are likely the result of large-scale
gas disks (e.g. dust lanes) while broader profiles (a few hundred km s−1 ) can result
from a circumnuclear disk, such as Cygnus A (Conway & Blanco, 1995; Struve &
Conway, 2010) and Centaurus A (van der Hulst et al., 1983; Struve et al., 2010; Struve
& Conway, 2012). Distinguishing these structures is not straightforward because, as for
all absorption studies, the shape and width of the line also depend on the structure of the
background radio continuum.
Absorption lines with centroid offset with respect to the systemic velocity or lines
with a broad (e.g. beyond the expected rotational velocity) red-shifted or blue-shifted
wing, can trace gas that is unsettled, either infalling or outflowing, as in, for example
NGC 315 (Morganti et al., 2009), PKS B1718–649 Chapter 4, B2 1504 +377 (Kanekar
& Chengalur, 2008), NGC 1266 (Alatalo et al., 2011), 4C 12.50 (Morganti et al., 2013b),
and PKS B1740-517 (Allison et al., 2015).
In this work, we relate the H i morphologies traced by the 66 detected absorption lines
of our sample to the radio power, extent of the radio continuum, and MIR colours of the
associated host galaxies. Figure 2.4 shows that in sources with log P1.4 GHz (W Hz−1 ) <
24, we only detect narrow lines (excluding interacting sources, see Sect. 2.2.2), while at
log P1.4 GHz (W Hz−1 ) > 24 we also detect lines that are broad because of an asymmetric
wing (with wing-to-peak ratio & 0.3). Figure 2.5 shows that at radio powers below
1024 W Hz−1 the lines are centred at the systemic velocity, while above this threshold, the
broad lines are also offset by more than ±100 km s−1 . This suggests that, in our sample,
in sources with log P1.4 GHz (W Hz−1 ) < 24 the H i lines trace a large-scale rotating disk,
while in more powerful sources the H i is not only rotating but it can also have unsettled
kinematics. If in a low power source, a broad line had wing-to-peak ratio < 0.3, the broad
wing would have not been detected at the sensitivity of our observations. Cases of lines
with such broad, shallow, and blue-shifted wings are known to be present in low-power
sources, such as NGC 1266 (Alatalo et al., 2011) and IC 5063 (Oosterloo et al., 2000;
Morganti et al., 2013b, 2015). However, since these wings are very shallow, they do not
affect the FW20 of the bulk of the line, where the peak lies. Hence, we can confirm that
the deep absorption is on average narrower in low-power sources.
Figures 2.4 and 2.5 also show the sources where the H i is unsettled, have compact
radio continuum (left panels), and are MIR bright (right panels). Figure 2.6 shows that in
dust-poor galaxies we do not detect unsettled gas but only narrow and deep H i absorption
lines. These results suggest that in dust-poor sources the H i may be rotating in a disk.
If, instead, the radio AGN is powerful (log P1.4 GHz (W Hz−1 ) > 24 ) and compact, i.e. the
jets are embedded within the host galaxy and the host galaxy is MIR bright, then the H i
may have unsettled kinematics, which possibly originates from the interplay between the
radio activity and surrounding cold gas.

2.4.2

Stacking experiment and comparison with the ATLAS3D
sample

The absorption lines detected in our sample show that, depending on the radio power,
they may trace H i with different kinematics. Nevertheless, the H i is detected with a
detection rate of 27% ± 5.5% that is independent of the radio power of the sources (see
Sect. 2.3.2). The results of the stacking experiment have shown no detection of H i
absorption, even after expanding the number of stacked sources compared to Chapter 1
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(see Sect. 2.3.3). This confirms a dichotomy in the presence and/or properties of H i in
radio AGN. For the detections, the peak of the absorption is often found at high optical
depths (τ & 0.01). In the non-detections, if H i is present, then this peak must have a much
lower optical depth than in the detections or its detection must be affected by orientation
effects.
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Fig. 2.8: Stacking in column density of the spectra of 81 ATLAS3D sources undetected
in H i emission.

In order to investigate the origin of this dichotomy, we compare our results with what
is found for H i emission, i.e. not affected by orientation effects and not limited by the
size of the continuum emission. We use the ATLAS3D sample (Cappellari et al., 2011)
because it represents the only complete volume-limited sample of early-type galaxies of
the local Universe (i.e. objects similar to the host galaxies of our radio sources) with
deep H i observations (Oosterloo et al., 2010a; Serra et al., 2012). The ATLAS3D sources
represent the low radio-power end of our sample, since they have log P1.4 GHz (W Hz−1 )<
22.5 (Nyland et al., 2017) and lie at fainter magnitudes in the red sequence than our
sample (−21.5 < Mr < −19) . Among the ATLAS3D sources, 139 were observed in H i.
H i has been detected in emission in the centre of 25% of these sources, i.e. in the same
region where we search for H i in the sources of our sample. In most cases, the H i
appears settled in disk and ring morphologies, but there are many exceptions. H i is not
detected in the centre of 81 galaxies. A stacking experiment on these sources allows us
to determine the typical H i column density, or its upper limit, in the centre of early-type
galaxies.
Before stacking, we convert each spectrum to column density, correcting for the beam
(θ, in arcminutes) of the observation,
S · dv
NH I ∼ 3.1 × 1017 · 2 ,
(2.1)
θ
where S is the flux per channel (dv). In Fig. 2.8, we show the result of stacking the H i
spectra of the 81 non-detections. An emission line is detected with ∼ 3σ significance at
the systemic velocity. The FWHM of the line is ∼ 200 ± 50 km s−1 .
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The detection of H i in the early-type galaxies of ATLAS3D shows that the majority
have a low amount of H i that is below the typical detection level but that can be recovered
by stacking. We use this detection to derive the corresponding optical depth if this gas
would have been observed in absorption. The integrated column density of the emission
line is NH I ∼ 2.1 × 1019 cm−2 . The corresponding optical depth can be estimated as
τ∼

cf
NH I
∼ 0.06 ×
,
T spin
1.8216 × 1018 × FWHM × T spin /c f

(2.2)

where c f is the covering factor, i.e. the fraction of radio continuum covered by the
absorbed gas, and T spin is its spin temperature. The spin temperature of the H i can range
between a few 102 K in the extended disks to a few 103 K in the central regions of
AGN (Maloney et al., 1996; Kanekar et al., 2003; Holt et al., 2008; Kanekar et al., 2011;
Morganti et al., 2016). The detection limit we reach by stacking the spectra of our sample
(τ = 0.0015, see Table 2.2) can be converted to a column density, assuming that the width
of the absorption line is equal to the width of the emission line of the stacked ATLAS3D
sources. This column density is NH I = 3.5 × 1017 (T spin /c f ) cm−2 . For T spin & 100 K and
c f = 1, this value is higher than the column density of the emission line of the stacked
ATLAS3D sources. Therefore, the stacking experiment in absorption cannot detect the
low-column density gas we detect in the ATLAS3D sources. If a similar amount of H i
as in the stacked ATLAS3D galaxies was present in our radio galaxies, we would expect
(assuming c f = 1) H i absorption in the stacked profile with optical depth in the range
τ ∼ 10−4 for T spin ∼ 100 K and τ ∼ 10−5 for higher temperatures, for example T spin ∼ 103
K. These values are approximately three times lower than the detection limit we found in
the stacking experiment for our sample (see Table 2.2). Thus, the stacking of our radio
galaxies does not reach yet the sensitivity necessary to detect an amount of H i that is
comparable to what was detected for the ATLAS3D . Achieving these limits will only be
possible with the larger samples provided by the new surveys (see Sect. 2.5).
From the amplitude of the H i detection obtained by stacking the ATLAS3D sources,
we can infer that the dichotomy between early-type galaxies with detected and undetected
H i could be due to a difference in the amount of H i between the two groups. The H i
detected in emission in the ATLAS3D galaxies (and column-density limited) is likely
tracing only H i in large galactic-scale structures. As described above, H i absorption can
also trace gas that is distributed in small scale, nuclear structures as its detection depends
only on the strength of the background continuum. Thus, in the case of absorption, other
effects can affect the non-detection of H i. These effects can be orientation effects, H i
depletion in the nuclear region, or when only the warm component of H i (i.e. low optical
depth for a given column density) is intercepted along the line of sight.
In compact sources the radio emission is embedded within the host galaxy hence the
detection of absorption should be less affected by orientation effects of the absorbing
structure (Pihlström et al., 2003; Curran et al., 2013a). However, the stacking experiment
of this class of objects does not reveal an absorption line down to τ ∼ 0.003. This may
suggest that orientation effects are not the only explanation of why H i is detected (or
not) in absorption. Nevertheless, among two subsamples of sources we find hints that
orientation effects contribute in detecting H i absorption. In Fig. 10 of G14 we show that
among the high-power sources (log P1.4 GHz (W Hz−1 ) > 24 ) in the most highly inclined
galaxies (axial ratio of the stellar disk, measured by SDSS, b/a < 0.6), we always detect
H i at high column densities (NH I & 1019 · c f /T spin cm−2 ). Among more face-on galaxies
(b/a < 0.6), we do not always detect H i; when we detect H i the absorption lines can
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have lower column densities than in edge-on sources. When a source is 4.6 µm bright,
the WISE colours (W2–W4) allow us to estimate the orientation of the circumnuclear
dust with respect to the AGN (Crenshaw et al., 2000; Fischer et al., 2014; Rose et al.,
2015). Among the 42 4.6 µm bright sources of our sample, 28 have W2–W4< 6, which
suggests an unobscured AGN, i.e. the circumnuclear dust is face-on with respect to the
line of sight, while 14 have W2–W4> 6, which suggests an obscured AGN, i.e. the
circumnuclear dust is edge-on with respect to the line of sight. Among obscured AGN
the detection rate of H i is 50% ± 25%, while in unobscured AGN the detection rate is
32% ± 17%. These detection rates are different, but they are consistent within the errors.
Collecting a larger sample of 4.6 µm bright sources should allow us to decrease the
errors and understand if the difference in detecting H i in absorption among obscured and
unobscured AGN holds.
A different spin temperature could also be relevant to explain the lack of H i
absorption in the stacking of the sources. In addition to the high T spin characteristic
of circumnuclear gas affected by the radiation from the AGN, the typical ISM has a
large warm component. A number of studies (e.g. Maloney et al. 1996; Kanekar et al.
2003; Curran et al. 2007; Kanekar et al. 2009, 2011) have shown that in the typical
ISM NH I ∼ 2 × 1020 cm−2 is the threshold column density for cold H i clouds (T spin . 500
K) and that lower column density H i has higher spin temperature (T spin & 600 K). The
undetected galaxies could be dominated by the low column density component, as the
stacking of the ATLAS3D galaxies suggests, implying that we observe mostly gas at high
spin temperature. For a fixed column density, the optical depth decreases with increasing
spin temperature. If in central regions of the non-detections most of the H i was warm,
we would not have detected it in the stacking experiments of our survey.

2.4.3

Impact of the radio activity on the cold ISM of galaxies

In Fig. 2.4 and Fig. 2.5 we point out that among high-power sources (log P1.4 GHz
(W Hz−1 ) > 24), 30% ± 15% have broad H i lines and that 36% ± 16% have lines that are
shifted with respect to the systemic velocity. In Fig. 7 of Chapter 1 we show that among
high-power sources the broadest lines are also more asymmetric and more blue-shifted
with respect to the systemic velocity. We find very few cases of red-shifted absorption
and they are all associated with relatively narrow lines. Furthermore, symmetric broad
lines are detected only in interacting sources. All this seems to favour a scenario in
which the unsettled kinematics of the H i we detect in absorption is due to an outflow
driven by the nuclear activity, rather than a scenario in which the H i is unsettled prior to
the triggering of the radio activity and may be falling into the radio source to contribute
to its feeding. Nevertheless, cases of red-shifted narrow lines have been found, possibly
in objects similar to NGC 315 (Morganti et al., 2009) and PKS B1718–649 Chapter 4.
In our sample, early-type radio sources rich in heated dust, i.e. MIR bright sources,
have a higher detection rate in H i than dust-poor sources. Among high radio power
sources, only MIR bright sources show broad lines. Figure 2.9 shows the MIR-radio
relation (log P1.4 GHz (W Hz−1 ) versus log10 L22µm ) for all sources in our sample and for
the sources of the ATLAS3D sample3 . We also show a linear fit to the relation taken from
the literature (Jarrett et al., 2013). The ATLAS3D sample fits the relation well in the low
star formation end. As expected, most sources in our sample are radio loud with respect
to the relation. For the most powerful part of our sample (log P1.4 GHz (W Hz−1 ) > 24
3 We

measure L22µm from the magnitude found by WISE (W4).
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), the detection of broad, asymmetric lines (see Fig. 2.4 and 2.5) suggests that the
energy released by the central AGN through the radio jets can perturb the circumnuclear
cold gas. Among the galaxies of our sample that lie on the MIR-radio relation, H i is
detected either in narrow lines, most likely tracing a disk, or in interacting sources. In
these sources, the origin of the unsettled kinematics and of the star formation may be
attributed to the interaction event itself.
The results of our survey are limited to AGN that were selected according to their
radio flux. Mullaney et al. (2013) investigated the impact of the radio power of the
sources on the circumnuclear ISM in an optically selected sample of AGN. These authors
found that only AGN with radio power log10 P1.4GHz (W Hz−1 ) > 23 show broad [OIII]
lines and that compact radio cores play a major role in perturbing this gas, which is
in agreement with the results of our study. Hence, it seems that AGN perturb the
surrounding ISM mainly via the mechanical power of their radio jets. In our sample,
we see the effects of the radio jets expanding through the ISM in the ionised gas as well
(Santoro et al., in prep). The major role played by the radio nuclear activity in perturbing
the ISM is also suggested when looking at the H i in compact and extended radio sources.
The former, where the radio jets have sub-galactic scales and are likely carving their way
through its ISM, show broader and more offset lines than the latter, where the radio jets
have already exited the galaxy; see Fig. 2.4 and 2.5 (left panels).
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Fig. 2.9: Radio power of the sources vs. 22µm luminosity for the sources of our sample
and the ATLAS3D sample (A3D), which have been observed in H i. The colour coding
follows the WISE colour-colour plot shown in Fig. 2.1. The dashed line denotes the fit
to the MIR-radio relation estimated by Jarrett et al. (2013).
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H i absorption detections in Apertif, ASKAP, and
MeerKAT

The main results of our survey show the importance of H i absorption studies to trace
the presence of cold gas in the central regions of early-type radio galaxies. Such studies
allow us to understand how H i relates to the other components of the ISM, such as
the warm dust, and how H i interacts with the nuclear radio emission. In particular,
our survey shows that the detection rate of H i in absorption does not change in the
range of redshifts and radio powers of the sample (0.02 < z < 0.25, log P1.4 GHz (W Hz−1 )=
22.5 .log P1.4 GHz (W Hz−1 ). 26.2). Hence, H i absorption studies are the best tool to
investigate the occurrence of H i in sources at all redshifts and radio powers.
The upcoming blind H i surveys of the SKA pathfinders and precursors, i.e.
MeerKAT (Jonas, 2009), the Australian SKA Pathfinder, (ASKAP, Johnston et al. 2008),
and Apertif (Oosterloo et al., 2010b), will play a fundamental role in detecting H i in
absorption, shed new light on its structure and its interplay with the radio nuclear activity,
and they will be able to determine the occurrence of H i and its optical depth distribution
down to low flux radio sources and intermediate redshift (z ∼ 1).
Table 2.3: Summary of various upcoming H i 21 cm absorption line surveys
Survey

Redshift

Apertif – SHARP

[H i 21 cm]
0–0.26

Time
per pointing
[hrs]
12

Spectral r.m.s.

Total time

[mJy]
1.3

Sky
coverage
[deg2 ]
4000

ASKAP – FLASH

0.4–1.0

2

3.8

25000

1600

ASKAP – Wallaby

0–0.26

8

1.6

30000

8000

MeerKAT – MALS
(L -band)
MeerKAT – MALS
(UHF-band)

0–0.57

1.4

0.5

1300

1333

0.40–1.44

1.7–2.8

0.5–0.7

2000

2125

[hours]
6000

Number
of lines
of sight
25000
(> 30 mJy)
150000
(> 50 mJy)
132000
(> 40 mJy)
16000
(> 15 mJy)
33000
(> 15 mJy)

Notes. The two-part MALS project, MALS L-band, and MALS UHF are targeted surveys
focussing on relatively bright, high redshift background sources to search the line of sight for
intervening absorption. However, with the more than 1 × 1 deg2 field of view of MeerKAT, a
substantial volume for each pointing is blindly, and commensally, probed both for associated and
intervening absorbers. SHARP and WALLABY are both commensal HI emission and absorption
surveys, primarily investigating associated absorption. FLASH is a blind survey of the southern
hemisphere to detect H i absorption in intervening and associated systems at intermediate redshifts
(z ∼ 1).

In this section, we use the results of our survey to explore the possibilities for
expanding this work in the upcoming H i surveys and to explore how the different surveys
will cover the parameter space of radio sources and whether they will be complementary
in describing the presence and properties of the H i.
A number of large area, wide bandwidth absorption line surveys are planned with
next generation radio facilities. In Table 2.3 (Gupta, 2017), we show the frequencies,
redshift ranges, sky coverage, and flux limits of four of these surveys, which we consider
in this section. In particular, we consider the survey from the new Apertif system on
the WSRT, the Search for H i with Apertif (SHARP), the MeerKAT Absorption Line
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Fig. 2.10: Coverage of the luminosity–redshift plane by upcoming absorption surveys.
The parameter space is divided into cells of dz = 0.01 and dL = 0.1, and the colour coding
indicates 0.1 (light), 1 (medium), and 10 (dark shading) objects per cell. As expected,
the majority of objects lie close to the flux limits of the surveys. At z ≤ 0.26, SHARP
in the northern hemisphere and WALLABY in the south cover very similar parameter
space. The full MALS L-band survey covers 0 < z < 0.58, but is the only survey probing
intermediate redshifts, 0.26 < z < 0.42. MALS UHF targets intermediate redshifts, 0.42 <
z < 1. A similar redshift range is covered by FLASH, but with brighter flux limits. For
clarity, we show the coverage of the plane out to z = 1, even though both surveys extend
to z = 1.44 with the same behaviour. The black lines denote the minimum optical depth
visible for sources of a given flux with the channel r.m.s. values given in Table 2.3.

Survey (MALS) with the South African SKA precursor MeerKAT, and two surveys
with the ASKAP (Johnston et al., 2008) facility, i.e. the Wide-field ASKAP L-band
Legacy All-sky Blind surveY (WALLABY) and the First Large Absorption Survey in H i
(FLASH). A dedicated, intermediate redshift survey, FLASH is searching for associated
and intervening absorption at 0.5 < z < 1.0. The WALLABY is a large sky coverage
survey to detect H i in emission, which will also be sensitive to H i absorption at low
redshifts. As with the survey presented in this chapter, we focus in this section on the
search for H i associated with the radio sources, although within the surveys, intervening
absorption systems will also be investigated.
First, we simulate the continuum source population against which absorption will be
seen. We combine the parameters of area, continuum sensitivity, and channel sensitivity
of the survey (listed in Table 2.3) with a luminosity function from Mauch & Sadler
(2007) and source number counts extracted from the simulations of Wilman et al. (2008).
From this, we can determine the luminosity–redshift parameter space covered by the
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various planned surveys, shown in Fig. 2.10. The figure shows SHARP, MALS L band
and MALS UHF, and the redshift ranges they cover. The WALLABY covers similar
parameter space as SHARP, while FLASH and MALS UHF are both at higher redshift.
The flux limits and channel sensitivities of the three surveys are well matched with each
other, resulting in continuous coverage of the parameter space with large dynamic range
at each redshift.
In Fig. 2.10, at low redshifts, SHARP in the northern hemisphere and WALLABY in
the south cover very similar parameter space with WALLABY’s larger volume containing
more of the rare, high luminosity, low redshift objects. These are the only surveys
probing low luminosity, L < 1024 W Hz−1 , sources.
At moderate redshifts, the MALS L-band survey is the only survey probing 0.26 < z <
0.42, and will provide critical overlap with the intermediate redshift end of the MeerKAT
deep HI emission surveys.
At intermediate redshifts (z ∼ 1), MALS UHF and FLASH probe only the high
luminosity sources, so care must be taken when comparing the absorption population
at intermediate and low redshifts, as the continuum source populations are disparate
and, as we have seen here, the H i can have different properties in different types of
radio sources. The relatively bright flux limit of FLASH restricts the dynamic range in
continuum sources, but the large area will result in excellent statistics of both intervening
and associated absorbers, enabling evolution in the absorber population to be probed.
After determining the distribution of continuum sources available for each survey,
we add the absorption population. We assume that one out of three sources will have an
associated absorber, regardless of the source flux or range of observable absorber depths.
Figure 2.10 shows that for each source and survey channel sensitivity, there is a minimum
peak optical depth value that is observable. In the figure, we denote three minimum
observable peak optical depths with black lines (τ ∼ 0.1, τ ∼ 0.02, and τ ∼ 0.002).
Figure 2.10 shows that the different surveys complement each other. In high-power
radio sources (log P1.4 GHz (W Hz−1 )& 25), these surveys will allow us to detect HI at
0.002 < τ < 0.1 to z . 0.5, and τ > 0.02 to z . 1. Hence, in powerful radio sources we
will be able to trace the evolution of the properties of H i with redshift. However, the bulk
of the population of radio sources has low radio power and its H i absorption content will
be explored only by the low redshift surveys, for example the extension of the research
presented in this chapter.
In the survey presented in this chapter, we find a dichotomy in the detection of H i,
suggesting the gas has high optical depth in the detections and very low optical depth
in the non-detections. From this, we assume two different distributions to model the
(unknown) intrinsic absorption population (see the top panel of Fig. 2.11) and to extract
the distribution we expect to observe with the SHARP survey. The exponential shape
might naively be expected, since the most common, low column density H i clouds
correspond to very low optical depth absorption. On the contrary, the second shape,
which is modelled on a black-body curve, has very few low optical depth absorbers
while maintaining large number of absorbers with moderate optical depth. For one out of
three sources, an absorber of a given optical depth is chosen randomly from the visible τ
values, separately for the two intrinsic distributions. No redshift evolution in the absorber
population is included.
The bottom panel of Fig. 2.11 shows the results of this exercise for the SHARP
survey. The resulting observed distributions are sufficiently different and upcoming
surveys should be able to constrain the intrinsic distribution from which the absorbers are
drawn. The observed optical depth distribution is a convolution of the galaxy luminosity
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Fig. 2.11: Top panel: Two suggested intrinsic distributions for the frequency of
associated absorbers of a given optical depth. The primary difference is at very low
optical depth values, where the exponential-shaped distribution is dominated by low
values, whereas the other peaks at τ ∼ 0.08. Bottom panel: The resulting observed optical
depth distributions for the SHARP survey, assuming absorbers are drawn from the two
distributions in the top panel. The solid lines indicate the average observed distributions,
while the shaded regions their dispersion.

function and the intrinsic optical depth distribution. Its shape depends from the fact that
most of the observed objects are assigned values of τ ≥ 0.1 and are close to the flux limit
of the observations. Thus, aside from the normalisation, within this simplistic simulation
the shapes of the observed distributions from survey to survey are similar. The targeted
aspect of MALS, with deep integrations of bright sources, will help fill in the very low τ
values.
Some evolution of the absorption population is expected and this should be seen
in the optical depth distribution observed in the intermediate redshift sources. Also,
the occurrence of absorption as a function of optical depth and continuum flux will
be better determined from uniform, blind surveys, which provide information about the
distribution of the absorbing gas in galaxies.
Interestingly, the lack of absorption seen so far in the stacking exercises indicates
that very low optical depth values are not common and this disfavours the exponential
underlying optical depth distribution. Larger samples of uniformly selected and observed
objects will strengthen this restriction.
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Concluding remarks

In this chapter, we presented new WSRT observations of 147 radio sources (30 mJy
beam−1 < S 1.4 GHz < 50 mJy beam−1 , 0.02 < z < 0.25) observed in search for H i
absorption. We detected H i in 34 sources (see Appendix 2.A). We combined this sample
with the sample of 101 sources with S 1.4 GHz > 50 mJy, observed in a similar way and
presented in G14 and Chapter 1. We classified the 248 sources of the sample according
to their radio continuum emission (compact sources and extended sources) and to their
WISE colours (dust-poor, 12 µm bright, and 4.6 µm bright sources; see Sect. 2.2.2).
The vast majority of the sample lies above the MIR-radio relation, suggesting the bulk
of their radio emission comes from the central AGN (see Sect. 2.4.3). We analysed the
occurrence, distribution, and kinematics of the H i with the following results:
• Twenty-seven percent of radio-galaxies have H i detected in absorption associated
with the source. The detection rate does not vary across the range of redshifts and
radio powers of the sample (see Sect. 2.3.1).
• AGN with radio-power log P1.4 GHz (W Hz−1 ) < 24 only show narrow H i absorption
lines. Broad lines, which can trace a significant component of H i unsettled by the
radio activity, are found only in powerful radio AGN (log P1.4 GHz (W Hz−1 ) > 24 ).
• Compact sources show broad lines, tracing H i with unsettled kinematics. Compact
sources also show a higher detection rate of H i than extended sources.
• Dust-poor galaxies, at all radio powers, show only narrow and deep H i absorption
lines (see Fig. 2.6), mostly centred at the systemic velocity, suggesting that in these
galaxies most of the H i is settled in a rotating disk.
• In MIR bright sources we detect H i more often than in dust-poor sources. Above
log P1.4 GHz (W Hz−1 ) > 24 , these sources often show broad lines, suggesting the
H i has unsettled kinematics.
• Three of the most powerful MIR bright sources show broad (FWHM> 300 km s−1 )
H i lines with a blue-shifted wing. These lines are likely to trace an outflow of
neutral hydrogen pushed out of the galaxy by the radio jets.
• The broad and asymmetric H i lines we detect all have a blue-shifted wing, while
broad lines with a red-shifted component are not found. This may favour a scenario
in which the kinematics of the H i are unsettled by the expansion of the nuclear
activity, i.e. an outflow, rather than a scenario in which the H i is unsettled prior to
the triggering of the radio activity and may be falling into the radio source.
• Stacking experiments on the non-detections of our sample do not reveal a detection
of H i absorption. In stacking the subgroups of sources where the detection rate of
H i is higher, i.e. compact sources and MIR bright sources, we still do not detect
any absorption line (see Sect. 2.3.3).
• As reference, we stack the non-detections of the ATLAS3D sample (Serra et al.,
2012); we detect an H i emission line with ∼ 3σ significance, tracing H i with
very low column density NH I = 3.5 × 1017 (T spin /c f ) cm−2 . If all this H i was cold
(T spin . 100 K), the corresponding optical depth would be three times lower than
the detection limit of our stacking experiment in absorption (see Table 2.2). If the

70

Chapter 2. Kinematics and physical conditions of HI in nearby radio sources.
The last survey of the old Westerbork Synthesis Radio Telescope

H i was warmer, the optical depth would be even lower. Given that the H i has much
higher optical depths when is directly detected, this suggests a bi-modality in the
occurrence of H i in early-type galaxies. Of these galaxies, 27% ± 5.5% have H i,
detectable in absorption with short targeted observations (4–6 hours). The other
galaxies, if they are not completely depleted of it, have H i at very low column
densities or higher spin temperatures.
• Orientation effects do not seem to be the only explanation as to why H i is detected
(or not) in absorption. There are suggestions that orientation effects may be
important in particular subsamples of sources, such as powerful radio sources
where the host galaxy is edge-on and 4.6 µm bright sources. However, these results
are affected by the small number of sources of these subsamples.
• The upcoming H i absorption surveys of the SKA pathfinders (SHARP with
Apertif, MALS with MeerKAT, and FLASH with ASKAP) will allow us to probe
the H i optical depth distribution for radio sources out to redshift z ∼ 1. The three
surveys are complementary in the redshift intervals, and only the combination of
all three will allow us to investigate the H i content in radio sources of all radio
powers and at all redshifts. In particular, SHARP and WALLABY are the only
surveys which, at low redshifts (z . 0.26), will allow us to probe the entire range
of radio powers, 22 < log10 P1.4GHz (W Hz−1 ) < 26.
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Here, we show the 34 H i absorption lines detected with the WSRT from observations
between December 2013 and February 2015 in radio sources with 30 mJy beam−1 <
S 1.4 GHz < 50 mJy beam−1 . In Table 2.4 we show the main properties of the sources and
the parameters of the detected lines measured using the busy function.
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Fig. 2.12: H i absorption detections. The data are shown in black, the BF fit is shown in
red. The residuals of the fit are plotted in the bottom panels along with the ±1σ noise
level (horizontal dotted lines).
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Fig. 2.13: same as Fig. 2.12.
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Fig. 2.14: same as Fig. 2.12.
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Source
J2000
J075157.32+522309.2
J075244.19+455657.4
J075555.12+420756.7
J075607.06+383401.0(∗)
J075648.71+531256.2
J075756.71+395936.1(∗)
J075828.10+374711.8(∗)
J075846.99+270515.6(∗)
J075940.96+505023.9
J080041.98+321727.6(∗)
J080601.51+190614.7(∗)
J080624.94+172503.7
J080938.88+345537.2(∗)
J081040.29+481233.1
J081601.88+380415.4
J081827.34+281402.8(∗)
J081854.09+224744.8(∗)
J082028.10+485347.4(∗)
J082133.60+470237.3
J082209.54+470552.9
J082440.14+410305.6
J082814.20+415351.9
J082904.82+175415.8(∗)
J083138.83+223422.9(∗)
J083139.79+460800.8(∗)
J083411.09+580321.4(∗)
J083548.14+151717.0

0.1887
0.0517
0.15
0.2156
0.0837
0.0658
0.0408
0.0987
0.0544
0.1872
0.0979
0.1041
0.0825
0.0775
0.1727
0.2252
0.0958
0.1324
0.128
0.1271
0.058
0.226
0.0895
0.0869
0.1311
0.0934
0.1684

zopt

Table 2.4: Table of sources

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WISE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
68.47
24.84
C
4.6µm
<2.47
55.54
23.55
E
12µm
<1.85
57.56
24.54
E
12µm
<5.58
70.18
24.98
C
dp
<2.82
39.15
23.83
C
dp
<1.78
91.27
23.98
C
4.6µm
1.85
243.0
23.98
E
dp
<2.18
69.05
24.23
C
4.6µm
<3.76
42.91
23.48
C
4.6µm
<1.64
104.0
25.01
C
dp
<2.47
14I
24.54
E
12µm
3.08
37.44
24.01
E
dp
<2.65
142.32
24.38
E
12µm
1.24
73.18
24.03
C
4.6µm
<5.88
67.86
24.75
E
dp
<2.99
46.63
24.84
C
4.6µm
<2.14
194.0
24.65
E
12µm
<2.12
124.0
24.76
E
dp
<3.18
1239.99
25.73
E
4.6µm
2.1
54.95
24.37
C
dp
<2.94
75.93
23.79
E
dp
<2.62
84.47
25.11
E
dp
<2.57
190.0
24.58
E
12µm
<2.27
92.56
24.24
E
dp
<I1
123.0
24.75
C
dp
<2.68
46.31
24.01
C
dp
<2.57
45.48
24.55
E
4.6µm
4.5
0.042
0.099
0.009
0.0038
0.1133

τ

τ · dv
[ km s−1 ]
5.96
18.17
0.71
0.56
8.05

FWHM
FW20
Centroid
[ km s−1 ]
[ km s−1 ]
[ km s−1 ]
122.52±14.7 244.68±15.66 -22.49±5.73
189.89±9.44 266.22±9.54 104.05±4.53
82.4±24.39 108.15±25.7 -243.29±9.15
41.47±3.33 47.24±4.35
-254.33±1I
67.56±11.58 86.05±15.0 -289.36±31.74
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Source
J2000
J083637.84+440109.6(∗)
J083903.08+401545.6
J083915.82+285038.7(∗)
J084307.11+453742.8(∗)
J084359.13+510524.9(∗)
J084522.15+112550.4
J084712.92+113350.1
J090100.09+103701.7
J090105.25+290146.9(∗)
J090206.46+203037.6
J090209.87+283042.9
J090325.54+162256.0
J090343.15+265022.5(∗)
J090426.55+545805.6
J090615.54+463619.0(∗)
J090652.79+412429.7(∗)
J090734.91+325722.9
J090937.44+192808.2(∗)
J091039.92+184147.7
J091218.36+483045.1(∗)
J091651.94+523828.3(∗)
J092151.49+332406.7
J092405.30+141021.4
J092445.88+304933.0
J092511.57+190713.1
J092740.64+554548.0
J093004.05+341326.5

Table 2.4: continued.

0.0554
0.1941
0.079
0.1919
0.1263
0.0662
0.1984
0.0295
0.194
0.0815
0.0849
0.1823
0.0843
0.1194
0.0847
0.0274
0.0491
0.0278
0.0284
0.1172
0.1904
0.0236
0.1356
0.2118
0.1291
0.221
0.0421

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
134.0
23.99
C
12µm
1.93
40.06
24.63
E
dp
<1.96
126.0
24.29
E
dp
<2.86
331.0
25.54
C
12µm
5.8
79.03
24.52
E
dp
<3.17
159.87
24.23
E
dp
<3.72
32.97
24.57
C
4.6µm
<4.44
45.96
22.96
E
dp
<2.35
1670.0
26.25
E
12µm
<1.67
57.02
23.97
E
dp
<1.87
34.61
23.79
C
dp
<1.82
47.81
24.65
C
4.6µm
3.75
81.11
24.16
C
dp
<I
58.53
24.34
E
dp
<5.85
273.0
24.69
C
12µm
<3.53
56.34
22.98
C
dp
<2.43
44.53
23.4
E
4.6µm
2.8
63.33
23.05
C
12µm
I5
48.09
22.95
E
dp
<3.0
143.14
24.71
E
dp
<3.95
63.01
24.81
E
dp
<3.31
51.16
22.81
E
dp
<1.83
120.01
24.77
C
dp
<4.41
42.32
24.74
E
dp
<4.71
38.23
24.22
C
12µm
<3.09
64.18
24.96
E
12µm
<2.45
30.43
23.1
C
dp
<1.52
0.016
0.273
0.0949
0.4206
0.119
-

τ

τ · dv
[ km s−1 ]
1.37
25.86
8.98
27.84
14.82
FWHM
[ km s−1 ]
77.92±17.38
79.16±37.17
163.02±43.22
91.28±37.52
118.93±5.68
-

FW20
[ km s−1 ]
206.4±26.8
126.75±19.98
187.67±41.56
129.81±40.93
181.98±6.25
-

Centroid
[ km s−1 ]
25.67±13.27
57.85±59.03
2.97±36.58
2.19±4.26
-38.79±2.52
-

2.A. Ancillary information on the sample
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Source
J2000
J093414.30+241335.1
J093551.59+612111.3(∗)
J093609.36+331308.3(∗)
J094319.15+361452.1(∗)
J094521.33+173753.2
J094542.23+575747.7(∗)
J100935.70+182601.5(∗)
J101256.03+163853.0
J101542.92+425803.6
J102053.67+483124.3(∗)
J102400.53+511248.1
J102544.22+102230.4
J102838.69+170211.2
J103053.58+411316.0
J103214.01+275601.6
J103653.01+444818.1
J103719.33+433515.3(∗)
J103932.12+461205.3
J104029.94+295757.7(∗)
J104609.61+165511.4(∗)
J104643.83+315301.1
J104801.21+151438.4
J104931.69+232723.6
J105327.25+205835.9(∗)
J105731.17+405646.1
J110017.98+100256.8
J110305.78+191702.2(∗)

Table 2.4: continued.

0.0504
0.0394
0.0762
0.0223
0.1281
0.2289
0.1165
0.118
0.1973
0.0532
0.2139
0.0457
0.1691
0.0921
0.0852
0.1274
0.0247
0.1861
0.0909
0.2069
0.1166
0.2161
0.0631
0.0526
0.0251
0.036
0.2143

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
30.55
23.26
C
dp
<1.79
148.0
23.73
I
4.6µm
1.82
60.63
23.94
C
dp
<1.79
104.0
23.07
C
dp
<1.86
49.02
24.33
E
4.6µm
<3.06
89.3
25.14
C
4.6µm
<2.64
43.7
24.19
E
dp
<3.68
37.56
24.13
C
4.6µm
<8.88
43.27
24.68
C
12µm
<2.15
81.85
23.74
E
12µm
2.54
47.12
24.8
C
dp
I2
92.83
23.66
C
dp
2.72
47.54
24.58
E
dp
<3.66
41.12
23.94
C
dp
<1.85
29.82
23.73
E
4.6µm
<1.46
32.52
24.14
C
12µm
<2.71
14I
23.29
C
12µm
<1.83
30.81
24.48
E
dp
2.78
407.0
24.93
C
12µm
<2.84
63.21
24.89
C
4.6µm
<2.42
38.35
24.13
C
dp
<3.72
46.28
24.8
E
12µm
<2.51
81.23
23.89
E
dp
<1.72
79.07
23.72
C
12µm
1.96
31.74
22.66
C
dp
<2.66
125.77
23.58
I
4.6µm
2.87
98.95
25.12
C
dp
<2.35
0.073
0.05
0.0759
0.1222
0.0859
0.023
0.2308
-

τ

τ · dv
[ km s−1 ]
33.08
6.51
17.72
9.62
14.75
2.59
42.85
FWHM
[ km s−1 ]
536.43±9.97
124.8±3.62
179.18±55.84
66.95±4.9
86.1±9.25
156.05±15.46
101.22±11.9
-

FW20
[ km s−1 ]
825.84±10.68
179.13±11.06
334.89±60.66
81.26±6.18
127.26±12.78
189.77±20.9
166.2±15.01
-

Centroid
[ km s−1 ]
-78.08±4.49
-67.23±4.92
-409.18±2I6
-15.43±6.68
3.23±6.0
-58.39±6.85
-15.04±3.68
-
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Source
J2000
J111113.19+284147.0
J111622.70+291508.2(∗)
J111834.85+614638.2
J111836.00+313638.6
J111916.54+623925.7
J112030.04+273610.7(∗)
J112156.70+431456.9
J11233I4+235047.8
J112349.91+201654.4(∗)
J113142.27+470008.6(∗)
J113230.99+573109.3
J113359.22+490343.4(∗)
J113446.55+485721.9
J113903.77+262142.2
J114505.01+193622.8(∗)
J114520.25+642623.4
J114722.13+350107.5(∗)
J115531.39+545200.4
J115742.64+330810.4
J115954.66+302727.0
J120231.12+163741.8(∗)
J120255.33+261518.7
J120303.50+603119.1(∗)
J120320.81+131934.3
J120551.46+203119.0(∗)
J120805.55+251414.2
J120855.60+464113.8(∗)

Table 2.4: continued.

0.0287
0.0453
0.1924
0.1185
0.1102
0.1125
0.1854
0.207
0.1304
0.1257
0.1804
0.0316
0.0316
0.0223
0.0216
0.0616
0.0629
0.0496
0.0803
0.1064
0.1195
0.1936
0.0653
0.0584
0.0238
0.0225
0.101

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
36.42
22.84
C
12µm
2.47
72.88
23.54
C
dp
<1.8
38.52
24.61
C
dp
<2.58
52.89
24.29
E
dp
<2.72
32.28
24.0
C
12µm
3.63
177.0
24.76
C
4.6µm
4.39
37.72
24.56
C
12µm
<2.54
142.69
25.25
E
dp
3.75
10I
24.66
E
12µm
<3.51
99.6
24.62
E
dp
<2.65
36.73
24.53
C
dp
<2.68
168.0
23.59
E
dp
<1.84
44.62
23.01
E
dp
<2.25
41.6
22.67
C
4.6µm
<2.26
777.0
23.91
E
dp
<2.33
73.94
23.83
E
dp
<1.81
276.0
24.42
E
12µm
<1.65
51.46
23.48
C
dp
<1.78
39.1
23.79
C
12µm
<1.7
23.44
23.83
C
12µm
<2.54
81.6
24.48
C
12µm
3.42
36.39
24.59
C
4.6µm
<1.52
153.0
24.2
C
4.6µm
<1.83
107.17
23.94
C
dp
<2.11
80.0
23.01
C
12µm
I3
50.66
22.77
C
dp
<1.84
68.38
24.25
E
12µm
2.29
0.0927
0.2688
0.147
0.1048
0.042
0.034
0.052

τ

τ · dv
[ km s−1 ]
18.3
31.63
10.93
5.01
7.27
3.23
2.48
FWHM
[ km s−1 ]
180.98±28.6
95.62±15.1
62.48±1.25
156.19±13.68
174.98±37.74
90.26±8.7
3I9±0.81

FW20
[ km s−1 ]
211.38±31.87
147.91±18.15
95.5±3.63
184.03±15.59
301.47±50.03
122.3±9.81
68.99±1.49

Centroid
[ km s−1 ]
54.73±14.26
-119.22±12.38
-107.64±I3
219.69±17.29
-148.3±31.29
17.71±3.45
33.84±1.1

2.A. Ancillary information on the sample
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Source
J2000
J121030.47+310518.6
J121329.27+504429.3(∗)
J121856.15+122643.0
J122121.94+301037.2(∗)
J122513.09+321401.6
J122519.14+162104.6
J122622.51+64062I
J122823.09+162612.7(∗)
J123011.85+470022.7(∗)
J123200.55+331747.6(∗)
J123349.26+502622.7(∗)
J123905.13+174457.5
J124135.95+162033.6
J124351.24+185025.9
J124428.54+331546.2
J124707.32+490017.9(∗)
J124709.68+324705.0
J125220.88+395100.9
J125236.90+285150.7(∗)
J125431.43+262040.6
J125433.26+185602.2(∗)
J130125.26+291849.5
J130132.61+463402.7(∗)
J130346.59+191617.4(∗)
J130556.95+395621.5
J130619.24+111339.7
J130621.72+434751.2(∗)

Table 2.4: continued.

0.0577
0.0308
0.0932
0.1836
0.0592
0.197
0.1102
0.23
0.0391
0.0788
0.2068
0.0654
0.0702
0.228
0.0843
0.2069
0.1351
0.2253
0.1951
0.0691
0.1154
0.0234
0.2055
0.0635
0.1535
0.0857
0.2026

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
26.62
23.33
C
dp
<1.12
110.0
23.38
C
dp
<I7
45.73
24.0
C
dp
<1.58
60.0
24.76
C
4.6µm
<2.58
50.84
23.63
C
dp
1.33
28.33
24.5
C
dp
<2.92
47.1
24.17
E
dp
<3.18
116.92
25.26
E
12µm
<2.66
93.76
23.52
C
dp
<1.76
93.83
24.16
E
4.6µm
1.68
135.0
25.22
E
4.6µm
<I1
66.4
23.84
E
dp
2.14
40.21
23.68
E
dp
<2.51
30.19
24.67
E
dp
<1.89
71.48
24.1
E
dp
<1.99
1140.0
26.15
C
4.6µm
1.78
32.21
24.19
C
4.6µm
<2.48
26.32
24.6
C
4.6µm
<2.31
430.0
25.67
E
12µm
<2.14
36.76
23.63
E
dp
<2.2
75.84
24.42
C
12µm
5.71
35.64
22.65
C
4.6µm
1.52
97.0
25.07
C
12µm
I1
69.52
23.83
E
dp
<2.59
35.84
24.36
C
dp
4.08
118.97
24.34
E
dp
<2.91
136.54
25.21
E
dp
<2.84
0.1493
0.034
0.0477
0.002
0.068
0.0452
0.018
0.0844
-

τ

τ · dv
[ km s−1 ]
10.49
3.76
2.72
0.46
5.0
8.4
4.24
8.2
FWHM
[ km s−1 ]
54.51±11.08
145.75±7.25
78.49±14.24
369.58±82.31
60.1±0.0
147.61±21.97
172.41±41.9
126.22±23.11
-

FW20
[ km s−1 ]
125.9±13.92
174.74±9.48
103.59±15.73
586.32±51.67
140.9±0.0
217.78±23.81
584.1±85.29
141.49±26.79
-

Centroid
[ km s−1 ]
168.95±10.0
-49.83±4.28
40.05±7.72
-284.84±28.45
356.29±0.0
53.95±1I
-308.84±40.27
-18.96±16.0
-
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Source
J2000
J130837.91+434415.1(∗)
J131424.68+621945.8(∗)
J131535.10+620728.4
J131739.20+411545.6(∗)
J131941.39+162852.5
J132035.40+340821.7(∗)
J132513.37+395553.2(∗)
J132524.03+492022.7
J133455.94+134431.7
J133817.24+481629.7
J134035.20+444817.3(∗)
J134105.10+395945.4
J134111.14+302241.3
J134442.16+555313.5(∗)
J134620.46+130501.6
J134649.45+142401.7
J134808.76+304908.9
J134840.10+181716.1
J135217.88+312646.4(∗)
J135314.08+374113.9
J135646.10+102609.0
J135806.05+214021.1
J135908.74+280121.3
J135942.61+124412.5
J140026.40+175133.3(∗)
J140051.58+521606.5(∗)
J140810.47+524048.1(∗)

Table 2.4: continued.

0.0358
0.1308
0.0308
0.0661
0.1587
0.0231
0.0756
0.1867
0.0231
0.0276
0.0654
0.1715
0.0404
0.0373
0.0811
0.0216
0.1692
0.0731
0.0452
0.2159
0.1231
0.0664
0.0645
0.0392
0.0506
0.1179
0.0829

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
60.81
23.26
C
dp
<1.86
7I
24.51
E
dp
<2.96
44.72
22.99
I
4.6µm
1.83
246.0
24.41
C
dp
1.69
12.18
23.92
C
dp
<3.63
96.6
23.07
I
4.6µm
1.8
36.81
23.71
C
dp
1.75
35.89
24.55
C
12µm
<3.72
26.31
22.5
C
dp
4.14
79.28
23.14
I
4.6µm
2.51
36.22
23.57
I
4.6µm
1.69
59.29
24.68
C
12µm
<3.9
38.72
23.17
C
4.6µm
1.98
13I
23.63
I
4.6µm
1.79
46.57
23.88
C
12µm
<2.11
16I
23.23
C
4.6µm
2.4
49.82
24.6
C
dp
<3.39
36.63
23.68
C
4.6µm
<2.18
3530.0
25.23
E
4.6µm
2.48
32.59
24.65
C
dp
<3.15
61.02
24.38
C
4.6µm
5.1
61.05
23.81
E
dp
I9
34.06
23.53
C
dp
<2.33
44.4
23.2
E
dp
<1.79
87.7
23.72
C
12µm
<1.91
176.0
24.8
C
12µm
<3.66
176.0
24.48
E
dp
<3.14
0.0575
0.031
0.162
0.053
0.1544
0.1014
0.26
0.0298
0.091
0.0367
0.057
0.0614
0.1365
-

τ

τ · dv
[ km s−1 ]
10.52
4.79
46.64
9.46
15.68
7.26
12.3
7.78
45.28
4.15
45.28
10.41
8.17
FWHM
[ km s−1 ]
283.09±29.75
133.97±32.35
27I±4.29
138.16±52.7
130.14±8.44
139.61±15.7
43.43±8.54
208.44±25.28
570.07±2.12
248.73±8.93
99.94±1.01
128.68±21.1
49.71±7.51
-

FW20
[ km s−1 ]
324.38±30.35
245.21±75.52
416.47±4.67
210.53±80.31
150.73±18.68
234.59±23.93
62.65±2.45
24I9±29.78
638.38±2.11
282.45±11.18
230.82±0.41
147.99±25.04
72.34±11.28
-

Centroid
[ km s−1 ]
142.39±15.29
59.19±147.78
26.57±1.94
-133.97±20.58
-101.17±14.06
176.44±16.81
-23.25±1.44
-2.42±27.96
84.89±0.08
36.82±10.0
-141.6±0.18
169.32±15.0
2.43±3.0
-
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Source
J2000
J140935.47+575841.2(∗)
J141134.14+294914.1
J141149.43+524900.1(∗)
J141203.47+292801.7
J141557.25+495334.6
J141652.95+104826.7
J142210.81+210554.1(∗)
J142810.35+123711.7
J142832.60+424021.0
J143418.19+242444.2
J143521.67+505122.9(∗)
J144104.37+532008.7
J144433.70+192121.5
J144557.78+173828.6
J144712.76+404744.9(∗)
J144921.58+631614.0(∗)
J145049.40+100649.1
J150034.56+364845.1(∗)
J150151.12+163705.9
J150457.12+260058.4(∗)
J150656.41+125048.6
J150721.87+101844.8
J150950.99+155730.3(∗)
J151319.23+343133.7
J151641.59+291809.2(∗)
J151838.90+404500.2
J152045.04+483922.9

Table 2.4: continued.

0.1799
0.1861
0.0765
0.1147
0.1854
0.0247
0.1915
0.0792
0.1293
0.085
0.0997
0.105
0.1905
0.0653
0.1951
0.0417
0.0545
0.0661
0.1489
0.054
0.0223
0.078
0.1874
0.1272
0.1299
0.0652
0.078

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
114.0
25.01
C
12µm
<3.92
12.36
24.08
C
dp
<I1
393.14
24.75
E
dp
<1.96
31.47
24.03
E
12µm
<4.14
37.87
24.57
E
4.6µm
<2.15
31.36
22.64
E
dp
<2.65
84.3
24.94
C
dp
2.22
38.05
23.77
E
dp
<1.68
37.09
24.21
E
4.6µm
<2.23
47.45
23.93
C
dp
<1.62
141.0
24.55
C
12µm
I4
40.65
24.06
I
4.6µm
<2.44
121.02
25.1
E
dp
<1.91
270.89
24.45
E
12µm
<3.21
348.0
25.58
E
4.6µm
<I8
2500.0
25.01
E
12µm
2.64
48.22
23.53
C
dp
<1.96
60.66
23.81
C
12µm
2.11
22.61
24.13
E
12µm
<3.06
190.0
24.12
C
dp
<2.27
66.27
22.87
E
12µm
<3.66
403.28
24.78
C
12µm
2.93
424.0
25.62
C
dp
<2.11
34.59
24.17
C
12µm
3.12
7I7
24.51
E
12µm
<4.13
54.42
23.75
C
dp
<1.41
47.01
23.85
E
dp
<1.54
0.048
0.013
0.005
0.19
0.009
0.2491
-

τ

τ · dv
[ km s−1 ]
8.36
3.55
1.21
20.3
1.29
37.97
FWHM
[ km s−1 ]
179.82±14.28
285.61±56.38
162.42±9.77
100.97±15.38
74.08±7.24
134.03±22.93
-

FW20
[ km s−1 ]
274.93±22.61
42I4±52.61
460.94±90.81
161.26±54.0
241.14±8.78
180.45±25.97
-

Centroid
[ km s−1 ]
-196.05±6.23
-66.71±24.9
20.19±14.2
17.96±24.06
-16.73±18.0
23.93±9.76
-
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Source
J2000
J152115.79+151207.8(∗)
J152326.91+283732.5
J152349.34+321350.2(∗)
J152446.01+230723.5
J152500.83+332359.8(∗)
J152650.94+101320.8
J152922.49+362142.2(∗)
J153058.19+573625.2
J153202.23+301628.9(∗)
J153437.61+251311.4
J153452.95+290919.8
J153535.08+134752.7
J153901.66+353046.0(∗)
J153935.60+553015.9
J154144.30+472754.8
J154146.55+455614.3
J154818.27+573549.3
J154912.33+304716.4(∗)
J155343.59+234825.4(∗)
J155424.12+201125.4
J155603.91+242652.8(∗)
J155611.61+281133.3(∗)
J155645.91+334248.9
J155902.70+230830.4
J155953.90+423339.9
J155953.98+444232.4(∗)
J160246.39+524358.3(∗)

Table 2.4: continued.

0.2148
0.0824
0.11
0.2157
0.0816
0.2243
0.0989
0.1733
0.0653
0.0339
0.201
0.0524
0.0778
0.0517
0.1104
0.2023
0.0742
0.1116
0.1176
0.2223
0.0425
0.2079
0.2069
0.1932
0.2169
0.0417
0.1057

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
405.0
25.74
C
dp
<2.83
89.41
24.18
E
dp
<2.12
18I
24.75
C
12µm
<2.89
40.76
24.74
C
12µm
1.95
58.73
23.98
E
dp
<1.85
45.15
24.83
E
dp
<2.69
37.8
23.97
C
12µm
2.36
37.76
24.5
E
4.6µm
<5.34
32.94
23.53
C
12µm
<I4
43.39
23.06
C
12µm
2.65
48.57
24.75
C
12µm
1.72
25.47
23.22
C
12µm
<2.57
90.91
24.13
C
12µm
<1.71
24.18
23.18
C
dp
<1.75
82.92
24.41
E
dp
<2.84
44.06
24.72
C
12µm
<2.75
32.15
23.64
C
12µm
<1.66
914.0
25.47
E
12µm
<3.65
168.04
24.78
E
4.6µm
<5.62
53.52
24.89
E
12µm
<2.24
92.13
23.59
E
dp
<1.91
84.14
25.02
E
dp
<I
75.22
24.97
E
dp
<2.89
43.31
24.66
C
4.6µm
2.2
44.2
24.78
C
dp
<1.72
57.82
23.37
C
dp
<I4
577.0
25.22
C
12µm
I
0.0375
0.075
0.1317
0.0275
0.0449
0.015

τ

τ · dv
[ km s−1 ]
9.47
18.35
10.92
6.77
17.72
4.58
FWHM
[ km s−1 ]
290.22±26.32
231.54±31.63
40.88±6.26
233.7±31.87
441.28±22.82
463.6±29.76

FW20
[ km s−1 ]
376.95±29.55
360.19±38.04
141.08±8.11
320.14±35.97
520.07±25.77
673.64±21.6

Centroid
[ km s−1 ]
125.05±16.0
-29.27±17.78
-85.83±7.0
26.61±27.04
96.76±18.4
-255.51±11.76
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Source
J2000
J16033I8+171155.3(∗)
J160338.06+155402.5(∗)
J160426.51+174431.1(∗)
J160616.03+181459.8(∗)
J160821.14+282843.2(∗)
J160907.18+131908.2
J160952.60+133148.0
J161114.11+265524.2
J161217.62+282546.4(∗)
J161419.62+502756.2(∗)
J161541.21+471111.7(∗)
J161740.53+350015.1
J162318.73+370547.5
J162424.49+483142.3(∗)
J162839.03+252755.9
J163124.69+250309.8
J163804.02+264329.1
J163844.80+275439.1
J163956.07+112757.4
J164331.91+304835.5
J164332.24+254206.7
J164419.97+454644.4
J164516.33+132130.2
J165240.83+231847.3
J170528.99+221604.8
J170727.45+260957.9
J170735.95+353949.6

Table 2.4: continued.

0.034
0.1098
0.0409
0.0369
0.0502
0.1836
0.0357
0.0319
0.0531
0.0603
0.1986
0.0298
0.2029
0.0571
0.2199
0.0623
0.0652
0.1035
0.0792
0.184
0.0571
0.2246
0.1934
0.1623
0.0496
0.1125
0.164

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ)
[mJy]
[C / E / I]
(6)
[mJy]
278.0
23.87
E
dp
2.26
100.0
24.49
C
12µm
3.04
72.96
23.45
I
12µm
<2.86
225.0
23.85
E
dp
<2.24
113.0
23.83
E
dp
<1.79
75.75
24.86
C
dp
<2.66
33.84
23.0
C
4.6µm
4.08
69.49
23.21
E
dp
<2.66
78.47
23.72
C
dp
2.58
80.56
23.85
E
dp
<1.99
134.55
25.18
E
4.6µm
<3.06
141.18
23.46
E
dp
2.5
46.92
24.75
E
dp
<14.97
67.42
23.72
C
dp
<1.99
63.49
24.96
E
12µm
<2.39
39.31
23.56
C
dp
<2.27
40.64
23.62
C
dp
2.52
32.32
23.95
E
dp
3.54
159.39
24.39
C
4.6µm
4.98
46.69
24.65
C
4.6µm
<3.9
54.43
23.63
E
dp
<2.69
89.39
25.12
C
12µm
<1.82
78.15
24.92
E
12µm
<3.57
53.8
24.59
E
dp
<3.15
62.65
23.56
E
dp
<1.24
42.74
24.14
C
dp
<1.86
103.91
24.89
E
dp
<2.86
0.066
0.125
0.1596
0.061
0.0376
0.1196
0.1166
0.1264
-

τ

τ · dv
[ km s−1 ]
3.5
5.11
22.33
5.0
1.55
13.6
27.45
12.52
FWHM
[ km s−1 ]
46.98±2.59
357.8±33.71
281.43±26.2
77.16±11.19
113.76±16.41
110.78±13.82
164.05±15.64
46.59±6.99
-

FW20
[ km s−1 ]
71.7±2.85
499.9±7.26
308.18±28.99
114.96±12.2
134.27±17.37
159.24±15.02
280.29±17.71
68.09±7.58
-

Centroid
[ km s−1 ]
-15.75±1.25
-35.77±3.28
37.59±30.15
-20.64±4.55
-189.92±9.48
95.88±6.74
-478.5±14.0
-36.04±1.09
-
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0.2241
0.0622
0.0273
0.1111
0.227

zopt

S1.4 GHz log P1.4 GHz (W Hz−1 ) Radio type WESE type Noise (3σ) τ
τ · dv
FWHM
FW20
[mJy]
[C / E / I]
(6)
[mJy]
[ km s−1 ] [ km s−1 ]
[ km s−1 ]
34.36
24.71
C
12µm
2.92
0.1569 28.38 211.14±17.49 284.89±20.99
77.57
23.86
E
dp
<1.8
45.84
22.89
C
dp
<2.1
30.66
23.99
C
dp
<2.56
68.38
25.02
E
dp
<3.24
-

Centroid
[ km s−1 ]
3.23±13.0
-

Notes. (1): J2000 coordinates of the sources; (2) redshift measured from the SDSS spectrum; (3) flux density at 1.4 GHz; (4) radio power; (5) radio classification
as compact (C), extended (E) and interacting (I) sources; (6) WESE colour-colour classification as dust-poor (dp), 12µm-bright (12µm) and 4.6µm-bright (4.6µm)
galaxies (see Sect. 2.2.2); (7) 3–σ detection limit of the H i spectrum; (8) peak optical depth of the H i detections; (9) full-width at half-maximum; (10) full-width
at 20% of the peak flux density; (11) position of the centroid of the line. Galaxies marked by (*) have been presented in G14 and Chapter 1.

Source
J2000
J170815.25+211117.7
J171056.30+394131.2
J171522.97+572440.3
J171523.73+302824.1
J172223.65+320128.2

Table 2.4: continued.
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Abstract
We present MoD_AbS, a software developed to infer the distribution and kinematics of
gas in radio AGN from the characteristics of absorption observed against the continuum
emission. Given a radio continuum background, MoD_AbS simulates a gaseous rotating
disk around it and determines which absorption line is generated. A Markov Chain
MonteCarlo algorithm allows MoD_AbS to find the combination of parameters of the disk
that best fit an observed absorption line. We use MoD_AbS to determine the distribution
of neutral hydrogen (H i) in radio AGN. We consider sources where high resolution
observations give us a priori information on which parts of the continuum emission are
absorbed and in sources where we can make fewer a priori assumptions. This allows us
to understand which parameters of the gaseous distribution change the width and shape
of the observed absorption lines and how. Moreover, this is a test to understand the
capabilities of MoD_AbS and its future applications in the data analysis of the upcoming
H i absorption surveys of the SKA pathfinders and precursors (SHARP at Apertif, MALS
at MeerKAT and FLASH at ASKAP).

3.1. Introduction

3.1

87

Introduction

The regions close to an active galactic nucleus (AGN) are complex and are characterized
by the presence of gas in different physical conditions. Through the study of the
kinematics of the neutral hydrogen (H i) detected in absorption against the radio
continuum emission of the AGN, it is possible to obtain information on its interaction
with the energy released by the radio source. As described in Chapters 1 and 2, absorption
lines centred on the systemic velocity are usually associated to regularly rotating disks
(on small or large scales). These absorption profiles can range in width a few hundred
km s−1 , likely depending on a combination of background continuum and rotational
velocity of the absorbing structure. Absorption features that exceed these velocities (in
the integrated H i absorption profile) are assumed not to follow regular rotation. This is
mostly seen in blue-shifted shallow features, that are explained as out-flowing gas (e.g.
3C 305, Morganti et al. 2005a; 3C 293, (Mahony et al., 2013); NGC 1266, Alatalo et al.
2011; IC 5063, Morganti et al. 1998, 2015; Mrk 231, Morganti et al. 2016), but also
in red-shifted lines, that could suggest H i flowing into the radio AGN (e.g. NGC 315,
Morganti et al. 2009 and PKS B1718–649, Chapters 4 and 5 and 6).
In principle, imaging the distribution of the absorbing gas can give important
information on the properties of the absorbing structure. This, for example, has allowed
to identify different cases of out-flowing gas (e.g. 4C +12.50 Morganti et al. 2013a;
IC 5063, Morganti et al. 2015; Mrk 231 Morganti et al. 2016). However, these kind of
observations can be very time consuming and not always possible. Moreover, the main
limitation of all absorption studies is that the profiles only trace the gas located in front of
the background radio continuum source, while they do not provide information on how
all the gas, absorbed and not, is distributed within the galaxy. Hence, we developed a
simple modelling program (MoD_AbS) that can help us infer the distribution of the total
H i present in a galaxy from the integrated absorption profile and a few assumptions on the
properties of the radio continuum emission and the host galaxy. MoD_AbS determines if
all or only part of the integrated H i absorption can be produced by an absorber distributed
in a regularly rotating disk. This tool can be used to identify sources where the cold
gas may be interacting with the radio AGN from the properties of the associated H i
absorption profiles.
In the last few years, different studies have detected H i absorption in ∼ 30% of
the observed radio AGN and studied its properties in relation to the radio activity
(e.g. Gallimore et al. 1999; Vermeulen et al. 2003; Morganti et al. 2005b; Gupta et al.
2006; Emonts et al. 2010; Curran & Whiting 2010; Geréb et al. 2014; Glowacki et al.
2017; Curran et al. 2017 and Chapters 1 and 2). These surveys have allowed us to
characterize the H i population in the centre of radio galaxies. Nevertheless, they are not
conclusive in drawing a connection between the properties of the H i lines (e.g. width,
shape, optical depth) and the orientation of the H i in the host galaxy with respect to the
continuum source. It is unclear if the detection rate of ∼ 30% reflects the real occurrence
of H i in radio AGN, or if, instead, most radio AGN have H i, but orientation effects
between the gas distribution and the radio continuum emission influence the detection
rate, and how. In Chapter 1 we point out that when the large scale stellar body of
the host galaxy is edge-on, then H i is more often detected, while Curran & Whiting
(2010) suggest that the detection rate of H i absorption is independent of the inclination
of the torus surrounding the radio source. This may occur because the inclination of
the AGN system is decoupled from that of the larger galactic structure where absorption
takes place. Different simulations (e.g. Gallimore et al. 1999; Pihlström et al. 2003;
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Curran et al. 2013a) have suggested that orientation effects between the H i disk and
the background continuum may be important for the detection and the properties of
the absorption lines, mainly when the continuum source is compact possibly because
the radio AGN is young, i.e. Compact Steep Spectrum sources (CSS) and Giga-Hertz
Peaked Spectrum sources (GPS) where the radio jets are typically embedded within the
host galaxy. However, these simulations have considered either a very simple model
where the background continuum has two jets with varying sizes and the H i is spherically
distributed in front of them (Pihlström et al., 2003; Curran et al., 2013a), or they have
focused on interpreting H i absorption lines in a particular sub-class of radio AGN
(Seyfert galaxies, Gallimore et al. 1999). Using MoD_AbS to infer the distribution of the
H i over a large sample of sources may allow us to understand if and how the orientation
effects between the gaseous disk and the background continuum influence the detection
of H i in absorption.
In this chapter, we test if and how MoD_AbS can reproduce a few observed H i
absorption profiles from a high resolution image of the radio continuum emission
and making limited assumptions on the modelled H i disk, that can be derived
from information about the host galaxy (e.g. using the Sloan Digital Sky Survey
catalogue, York et al. 2000, or other available optical data). The modelling software
allows us to test this using Markov Chain Monte Carlo algorithms.
In the next few years, dedicated H i absorption surveys of the SKA precursors and
pathfinders will begin: the Search for H i with Apertif (SHARP, at Apertif, Oosterloo
et al. 2010b), the MeerKAT Absorption Line Survey (MALS) with MeerKAT (Jonas,
2009), and the First Large Absorption Survey in H i (FLASH) with ASKAP (Johnston
et al., 2008)1 . These surveys will provide a lot of new objects with H i absorption.
Hence, understanding the properties of the absorbing structures and how they relate to
the properties of the host galaxy will be done in a statistical way. It will not be possible
to follow up all sources with high resolution observations all sources. One of the goal
of these surveys is to relate the properties of the absorption lines (e.g. width, shape,
position of the peak) to the distribution and kinematics of the H i. MoD_AbS will be an
important tool to infer the distribution of H i detected in absorption in a large a large
sample of sources. This will allow us to understand if the H i detected in absorption
in radio AGN could be distributed in a circumnuclear or large scale disk, what are the
typical inclination, position angles and scale heights of this disk and if they are related to,
for example, the position angle of the radio jets, or to the inclination and position angle
of the stellar body, of the dust lanes that may be present in these sources.
This chapter is structured as follows. In Sect. 3.2, we describe how MoD_AbS
simulates the gas distributed around the continuum emission of a radio AGN and
identifies the most likely distribution that generates the observed line. In Sect. 3.3, we
use MoD_AbS to generate the line of the H i disk of two radio AGN where the distribution
of the absorbed H i is known. In Sect. 3.4, we use MoD_AbS to infer the distribution of
H i we detected in absorption in the circumnuclear regions of five radio AGN, of which
we know the only the distribution of the radio continuum. In Sect. 3.5, we discuss the
results of these simulations and we illustrate how MoD_AbS will be used in the future to
interpret the results of H i absorption surveys.

1 see

Sect. 5 of Chapter 2 for a review of these surveys.
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MoD_AbS: a program for H i absorption studies

In this section, we illustrate how MoD_AbS simulates a disk in circular rotation around
the continuum emission of a galaxy, how it determines which regions of the disk absorb
the continuum emission and how it computes the integrated absorption line.
MoD_AbS is a program written in python2.7 which makes extensive use of the
numpy, scipy and astropy libraries. The Monte Carlo Markov Chain algorithm is
implemented using the module emcee (Foreman-Mackey et al., 2012). The software is
publicly available at https://github.com/Fil8/MoD_AbS/tree/master/v1.0.
Given an image of the background continuum emission, MoD_AbS builds a rotating
disk with uniform density and size, height and orientation specified by a set of
parameters. The rotation curve can be flat throughout the disk or be rising with a given
steepness. MoD_AbS, according the orientation of the model disk with respect to the
background radio continuum, selects the part of the disk where absorption occurs, the
velocities of the corresponding absorbing gas and determines the absorption line.
In particular, MoD_AbS needs two input files. The image of the radio continuum
emission, in fits format, and a parameter file with the main parameters of the disk.
These parameters are:
• Right ascension and declination of the centre of the disk, ra, dec in h.m.s and
d.m.s..
• Radius of the disk, rdisk in pc.
• Inner radius of the disk, rin in pc. If rin is greater than zero, MoD_AbS builds a ring.
• Height of the disk, h in pc.
• Systemic velocity, vsys in km s−1 .
• Inclination angle, i in degrees. With respect to the observer, 90◦ indicates an
edge-on disk. i varies between 0◦ and 180◦ .
• Position angle, φ in degrees, of the major axis of the receding half of the galaxy,
taken counter-clockwise from the north direction on the sky. When φ=0◦ , the
red-shifted velocities of an edge-on disk are in the north direction. φ varies between
0◦ and 360◦ .
• Rotational velocity, vrot in km s−1 .
• Velocity dispersion, σ in km s−1 .
• Velocity resolution of the final spectrum, vres in km s−1 .
• Initial spatial resolution of the rotating disk, res in pc.
• Final spatial resolution of the rotating disk, resfin in pc.
• Inclination of the radio continuum emission along the line of sight, φcont(x,z) in pc.
MoD_AbS builds the model disk in a cube defined by three spatial dimensions (x, y, z),
with pixel size given by the coarse spatial resolution res, in parsec. The x and y
coordinates define the plane of the sky, while z is the direction of the line of sight. The
image of the radio continuum lies in the central slice of the data-cube, z = 0.
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Fig. 3.1: a - Results of the MCMC algorithm run by MoD_AbS to identify which
inclination (i) and position angle (φ) of a rotating disk generate a line that best fits the
H i absorption detected in galaxy 3C 305. b - Triangle plot showing which inclination
and position angle of a rotating disk generate a line that best fits the H i absorption of
3C 305. The bottom left panel, shows the parameter space investigated by the MCMC
algorithm. The contours mark the 1, 2, 3σ levels of the distribution of each parameter.
The top left panel shows the distribution of the different inclinations investigated by the
algorithm. The bottom right panel shows the distribution of the different position angles.
c - Spectrum of the H i absorption line observed in 3C 305 (black, Chapter 1), along with
the absorption line of the model disk (in red), and the residuals between the two lines
(in orange). The bottom panels show the orthogonal projection of the rotating disk. The
bottom left panel shows the disk, in rainbow colours, and the radio continuum emission,
marked by a black contour, in the plane of the sky (x, y). The middle panel shows the (x, z)
plane, where z is the line of sight. The right panel shows the disk in the (z, y) plane, i.e. a
view from the side with respect to the plane of the sky. The rotating disk has three shades
of colours. The darkest shade marks the part of the disk where absorption occurs, the
lightest shade marks the part of the disk in front of the plane of the continuum emission
but not on the line of sight where absorption occurs. The medium shade marks the part
of the disk behind the radio continuum emission, (refer to the text for further details).
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Table 3.1: Input parameters of MoD_AbS
Fixed Parameters
Centre of disk
Radius of disk (rdisk )
Height of disk (h)
Systemic velocity, (vsys )

Assumption
Coincident with the radio source
& 2× extension radio continuum
20 pc
Systemic velocity of the host galaxy

Rotational velocity, (vrot )

Flat part of the rotation curve inferred
from the K-magnitude using the TF
relation

Position angle radio continuum along the
line of sight, φcont(x,z)

0◦ unless specified by observations of the
radio continuum emission.

Velocity dispersion of the gas (σ)
Velocity resolution of the spectrum (vres )
Spatial resolution (resfin )

8 km s−1
Velocity resolution observed spectrum
Disk smoothly varies on scales smaller
than the resolution
Range
0◦ –180◦ . If i= 90◦ : edge-on disk.
0◦ –360◦ .
Counter-clockwise rotation
starting from North (φ= 0◦ )

Variable Parameters
Inclination of the disk (i)
Position angle of the disk (φ)

After having built the disk, MoD_AbS identifies which part of the disk is absorbed, i.e.
the part of the disk that lies on the line of sight in front of the continuum emission.
For simplicity, MoD_AbS assumes that absorption occurs in every line of sight where the
continuum emission is 2.5σ above the noise level, even though, in principle, absorption
may occur also in regions where the continuum emission is weaker and below the
detection limit of the observations. MoD_AbS assumes that the absorbed gas is optically
thin and that absorption is the same in every resolution element of the disk. Under the
assumption that the disk is smoothly varying on scales smaller than the coarse resolution
res, MoD_AbS interpolates the disk to the final requested resolution, resfin . This allows
us to sample the disk with high spatial resolution keeping the computing time of the
program low, since the interpolation step is much faster than generate a disk directly at
the resolution resfin .
MoD_AbS subtracts the continuum flux density absorbed by the disc along each sight
line, and adds this result as a function of velocity (S (v)), obtaining an absorption line
for each sight line of the absorbed disk. Adding these lines, MoD_AbS determines the
integrated absorption line. The model spectrum is normalized to the peak of the observed
absorption line. Then, the model spectrum is convolved to the spectral resolution the
observed spectrum (vres ). The quality of the fit is determined by the likelihood function:
1
ln p(free variables | fixed parameters) = −
2

2
n (spectrum − model)
σ2n

P

− ln

 1 
(3.1)
σ2n

where σn is the noise of the observed H i spectrum. n the number of channels over
which we fit the observed spectrum, i.e. the range of velocities ±vrot .
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Besides generating a single absorption line given a fixed set of parameters of the
rotating disk, if a few parameters are left free, e.g. the inclination of the disk or its
position angle, MoD_AbS uses a Markov Chain Monte Carlo algorithm (MCMC) to
investigate the parameter space of these variables and find the ones that best produces
the observed absorption line. The algorithm initializes an ensemble of ‘walkers’, i.e.
initial combinations of the free parameters, according to their probability distribution.
Then, for each walker it looks for the best-fit solution for a number of iterations given
by the variable ‘step’. The parameters that produce the line that best fits the observed
absorption profile are the ones minimizing the posterior probability function. This is the
combination of the likelihood function in Eq. 3.1 and of the probability distribution of
the input (priors) free parameters. The probability distribution of the input parameters
depends on how well we can constrain the parameters of the disk beforehand. For
example, if the free parameters are the inclination and position angle of the disk, the
probability distribution changes if we restrict the range of their possible values.
It is important to point out that since the software is written in python its computing
time may become long, when the MCMC algorithm is associated to the modelling of the
disk and to the extraction of the absorption line at high spatial and velocity resolution.
Therefore, it is crucial to find a good balance between the resolution with which to
simulate the disk and the number of iterations of the MCMC algorithm.
As output, MoD_AbS provides a data-cube in (x, y, v) coordinates, where v is the
velocity of the disk projected along the line of sight. In principle, this cube can be
overlaid to an observation where absorption is detected and resolved, and the observation
and the model can be compared directly on the data-cube. Other outputs are the
integrated modelled spectrum (in text format), a figure of summary, and a table listing
the parameters of the model disk.
Figure 3.1 shows the figure of summary. The figure is the output provided by
MoD_AbS when used to understand the morphology of the absorbing structure traced
by the H i absorption line of the radio galaxy 3C 305 (see Sec. 3.3.1 for further details).
Panel (a) shows the steps made by the MCMC algorithm for each walker, while panel
(b) is a triangle plot. The bottom left panel of the plot shows all the one and two
dimensional projections of the posterior probability distributions of the free parameters
of the algorithm. This plot shows the covariances between all free parameters of the
algorithm, i.e. i and φ of the disk of 3C 305. The two histograms on the sides of the panel
show the marginalized distribution of i and φ. MoD_AbS determines the errors on the best
fit parameters as the 16th percentile of the one dimensional projections of the posterior
probability distribution.
Panel (c) of Fig. 3.1 shows, in the top, the integrated absorption line (in red) produced
by MoD_AbS overlaid with the observed line (in black) and the residuals of the fit (in
orange). In the bottom, the panel shows the orthogonal projection of the rotating disk as
well as the radio continuum emission, to provide a 3-dimensional view of how the disk is
oriented with respect to the radio continuum. In particular, the bottom left panel shows
the disk and the continuum emission in the plane of the sky, (x, y) = (ra, dec). The bottom
middle panel shows this system as seen from above, (x, z), while the bottom right panel
shows a view from the side, (z, y). The black contour defines the region of the continuum
emission against which absorption occurs. The disk is colour-coded according to its
rotational velocity along the line of sight (that is proportional to vrot · sin(i) · cos θ, where
θ is the azimutal angle of the disk). Red indicates velocities directed away from us and
blue velocities directed towards us. The part of the disk with the darkest colour-scale
shows where absorption occurs, i.e. the disk is located at z ≤ 0 and on the line of sight
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of the radio continuum emission. The lightest colour-scale shows the part of the disk
spatially lying in front of the continuum emission (z ≤ 0) but that does not intercept its
line of sight. The intermediate colour-scale marks the part of the disk lying behind the
radio continuum emission (z > 0).
In Table 3.1 we summarize the parameters needed by MoD_AbS to generate a rotating
disk and the assumptions we make on them.
An absorption line traces the rotational velocity of the absorbed gas projected along
the line of sight. MoD_AbS determines the integrated absorption profile generated by a
rotating disk. If the disk is uniformly absorbed, the relations we know for an integrated
H i emission line are valid also for the absorption line, i.e. the width of the line is
proportional to sini. Hence, when the inclination of the disk is a free parameter varying
in the range 0◦ –180◦ , we expect MoD_AbS to identify two values for i that produce a line
of the same width.
MoD_AbS considers the continuum emission as flat, i.e. a slice at z = 0 in the data-cube.
Nevertheless, from the intensity of the radio continuum emission, as well as other
ancillary information, sometimes it is possible to estimate which lobe is pointing towards
us and which one away from us, i.e. the position angle of the radio jets along the line of
sight. In this case, setting the parameter φcont(x,z) , 0, MoD_AbS takes this information into
account and aligns the continuum image according to this angle in the plane (x, z), as it
is shown in the low middle panel of Fig. 3.1 for φcont(x,z) = +30◦ . Consequently, the part
of the disk in front of the plane of the continuum emission has coordinates constrained
by z < x · tan(φcont(x,z) ).

3.2.1

A numerical test

In this section, we show that MoD_AbS correctly generates the absorption line of two
edge-on disks with different rotation curves for which we know the analytical expression
of the absorption profile. This is a numerical test to understand performance and accuracy
of MoD_AbS in providing the correct absorption line of a given rotating disk. One
rotation curve that we consider is flat between r = 0 and r =rdisk , with rotational velocity
equal to vrot . A flat rotation curve is a good approximation to describe the rotation in
early-type galaxies from large to small radii. Nevertheless, in the very inner regions, if
the contribution of the SMBH is negligible with respect to the stellar mass distribution,
the rotation curve may still be rising. This could be the case for some compact radio
AGN (Davis et al., 2013b). Hence, the second rotation curve we consider has velocities
linearly increasing between v = 0 km s−1 at r = 0 and v =vrot at r =rdisk .
A uniform gaseous edge-on disk with a flat rotation curve would be seen in emission
as a double-horned profile, as often observed in H i spectral emission lines, which has
analytical expression given by (e.g. Stewart et al. 2014):
2S −1  v 
S (v) =
ρ
(3.2)
π∆v
∆v/2
where S is the total flux of the line, ∆v the range between minimum and maximum
v
velocities and ρ is given by (where u = ∆v/2
):
( 2
ρ (u)= 1 − u2 for |u| < 1
(3.3)
ρ2 (u)= 0
else.
Because of symmetry, in the case of uniform absorption throughout the same edge-on
disk, the integrated absorption line has same analytical expression with negative sign.
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We run MoD_AbS setting the parameters of an edge-on disk (i= 90◦ , φ= 0◦ ), with flat
rotation curve (vrot = 100 km s−1 ). The disk has radius rdisk = 100 pc, height h= 25 pc and
we sample it with a resolution of resfin = 0.25 pc. The spectral resolution of the model
absorption profile is set to vres = 1 km s−1 .
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Fig. 3.2: Top panel: Absorption line generated by a uniform disk oriented edge-on with
respect to a uniform continuum source (in red). The absorption line expressed by Eq. 3.2
is plotted in black and the residuals between the two lines are in orange. Bottom panel:
orthogonal projection of the model disk. Colours are as in Fig. 3.1.

Fig. 3.2, shows the result where we compare the model line with the one predicted
by the analytical expression. MoD_AbS generates the expected line profile accurately. In
particular, no issues are found in producing the sharp edges of the double horn profile, at
v = ±vrot . The small dips seen in the residuals, close to the edges, are due to a different
binning of the analytical absorption line and of the line of the model disk.
An edge-on disk centred at (0, 0) in the plane of the sky has rotation curve
discontinuous at x = 0. If the region around the discontinuity is not sampled with
enough resolution elements, then the absorption line of the model may not be correct
at velocities v ∼ 0. Fig. 3.3 shows the absorption line provided by MoD_AbS fits very well
the analytical expression at velocities close to zero, only if the disc is smoothly varying
on scales smaller than res. The right panel of the figure shows how the same absorption
line generated by a coarser sampling of the disk (res= 3 pc).
A uniform gaseous edge-on disk with a rotation curve rising between 0 and rdisk
generates an absorption line with the shape of a half ellipse, the analytical expression is
(e.g. Stewart et al. 2014):
S (v) =

4S  v 
ρ
π∆v ∆v/2

(3.4)

where ρ has same expression as in Eq. 3.3. In Fig. 3.4, we show that MoD_AbS
produces the expected line profile accurately.

95

3.3. Two applications of MoD_AbS

Spectrum

Spectrum
uniform absorption
model
residuals

0
Flux [-]

Flux [-]

0.005

-2.5
uniform absorption
model
residuals

-5
-90

-60

-30

0

30

60

90

0
-0.005
-0.01
-90

Velocity [km s−1]

-60

-30

0

30

60

90

Velocity [km s−1]
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line of sight x = 0 where the flat rotation curve of the disk is discontinuous. The model
absorption line fits well the expected line for uniform absorption. Right panel: Same
spectrum as in the left panel generated with a coarser sampling of the disk.

3.3

Two applications of MoD_AbS

In this section, we present two possible applications of MoD_AbS. First, we use MoD_AbS
to produce the H i absorption line of radio source 3C 305. Its H i has been observed at
high resolution (<< 100 Jackson et al. 2003; Morganti et al. 2005a) and we know which
regions of the radio continuum are absorbed by the gas and at which velocities. Second,
we show that MoD_AbS can produce absorption generated by a more complicated model
than a single rotating disk. We use the program to generate the H i absorption line of
radio source 3C 293. The high resolution observations of this galaxy (Beswick et al.,
2002; Morganti et al., 2003; Beswick et al., 2004; Emonts et al., 2005; Mahony et al.,
2013) detect two rings of H i oriented with different inclinations with respect to the radio
jets of the central AGN.

3.3.1

3C 305

Here, we use MoD_AbS to generate the H i absorption line detected against the radio
jets of galaxy 3C 305. The goal is to understand if and how MoD_AbS finds the
best-fit absorption line when the available information on the galaxy, its radio continuum
emission, and its neutral hydrogen, constrain most parameters of the model disk.
3C 305 is a radio AGN hosted by a massive early-type galaxy whose H i has been
detected in absorption by high resolution observations. These identify an absorption line
peaking at v ∼ 200 km s−1 (Jackson et al., 2003) with a blue-shifted wing extending at
v < −350 km s−1 (Morganti et al., 2005a). The bulk of the integrated absorption line
traces a disk of H i rotating in front of the south-western lobe of the continuum emission.
Combining the radio MERLIN observations with the Hubble Space Telescope imaging of
3C 305, Jackson et al. (2003) show that the radio jets are expanding outside of the plane
of the stellar body, which has inclination i∼ 60◦ and position angle along the east-west
direction. Resolving the H i against the continuum emission, Morganti et al. (2005a)
suggest that the blue-shifted shallow wing of the line traces an outflow of H i pushed out
of the host galaxy by the north-western jet. The H i absorption observations suggest that
the H i disk may be aligned with the stellar body, but further constraints on its properties,
e.g. inclination and position angle, cannot be determined.
The information provided by the observations of 3C 305 allow us to constrain the
rotational velocity of the disk, vrot = 260 km s−1 (Heckman et al., 1982) and the position
angle of the radio jets, φcont(x,z) = +30◦ (Jackson et al., 2003). Each radio jet of 3C 305
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Fig. 3.4: Top panel: Absorption line generated by a uniform disk with rising rotation
curve between r = 0 and r =rdisk , oriented edge-on with respect to a uniform continuum
source (in red). The absorption line of Eq. 3.4 is also plotted in black and the residuals
between the two lines are in orange. Bottom panels: orthogonal projection of the model
disk. Colours are as in Fig. 3.1.

extends for ∼ 2 kpc in the plane of the sky and absorption is detected out to the edges of
the jet. Since we want to investigate the possible orientations of the H i disk, the most
simple assumption we can make on the model disk is that for any orientation part of it is
always absorbed. Hence, we set the radius of the disk to rdisk = 4 kpc. H i disks typically
extend for tens of kilo-parsecs. Their height increases with radius, and in the innermost
few kilo-parsecs it is at most a few hundred parsecs (e.g. O’Brien et al. 2010; Van Der
Kruit & Freeman 2011). For this experiment, we set the height of the disk to h= 100 pc.
We constrain the interval of possible position angles of the disk to be (180◦ , 370◦ ) and
the one of possible inclinations to (0◦ , 90◦ ), because the observations detect the bulk of
the absorption centred at the systemic velocity only against the SW radio lobe. We use
the Markov Chain Monte Carlo algorithm of MoD_AbS to investigate the parameter space
of i and φ. We run the algorithm with 10 walkers and 500 steps for each variable, for a
total of 5000 operations. MoD_AbS fits the line of the model disk to the one observed with
the Westerbork Synthesis Radio Telescope (WSRT) at 16 km s−1 of resolution (Chapter
The result provided by the MCMC algorithm of MoD_AbS is shown in panel (a) of
Fig. 3.1. The number of iterations of the algorithm is sufficient to converge to the values
of best-fit. The convergence is reached in less than a hundred steps for the position angle
of the disk at the value of φ= 270◦ ± 5◦ , while the inclination is found with less accuracy
at i= 55◦ ± 10◦ . Similar information is shown by the triangle plot in panel (b) of Fig. 3.1.
Panel (c) of the figure shows the best-fit absorption line of the model disk with i= 55◦
and φ= 270◦ . The model disk produces a line that fits the bulk of the observed line but
not the blue-shifted shallow wing. This is consistent with the model determined from
high resolution imaging (Morganti et al., 2005a).
This example shows that if the range of possible inclinations and position angles can
be constrained by other observations, MoD_AbS finds the model disk that best fits the
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observed line in a short number of iterations (500). The inclination of the best-fit disk is
very similar to the one of the dust-lane and stellar body (i[gal] = 45◦ , Jackson et al. 2003),
while there is a difference of approximately 30◦ between the position angle of the model
H i disk (φ= 270◦ ± 3◦ ) and of the stellar body (φ[gal] = 60◦ , Jackson et al. 2003).
For this example, the information that red-shifted velocities are detected only against
the south-western lobe is crucial to limit the parameter space to investigate. Since the
background continuum has two symmetric lobes, a disk with the same inclination but
position angle different of 180◦ , so that the red-shifted velocities of the disk are absorbed
against the north-eastern lobe would have generated a very similar absorption line. This
suggests that if the background continuum is symmetrical, without a priori constraints
on what part of it is absorbed, MoD_AbS identifies multiple combinations of i and φ that
generate the same line.

3.3.2

3C 293

In this section, we show that MoD_AbS can model a more complicated gaseous
distribution than one rotating disk. In the young radio source 3C 293 two rotating H i
disks absorb the radiation of the radio jets. We use MoD_AbS to generate the complex
integrated absorption line these two disks.
The H i absorption line has three main components: the bulk of the line, peaking
near the systemic velocity, a red-shifted second peak and a shallow wing extending
for more than 1000 km s−1 at blue-shifted velocities. Different high resolution
observations (Beswick et al., 2002, 2004; Emonts et al., 2005) suggest that the bulk
of the line traces H i distributed in two concentric rings with different inclinations and
orientations. The outer disk is seen more edge-on than the inner disk. The shallow
blue-shifted wing traces H i at fast velocities in front of the western radio jet (Morganti
et al., 2003; Mahony et al., 2013). This may be an outflow of gas pushed by the radio
jets, and it is detected also in the ionized phase (Mahony et al., 2015).
Figure 3.5 shows the combination of disks that best fits the observed absorption line.
The two disks are centred on the core of the radio AGN (+13h 52m 17.8s , +31◦ 26m 46.48s ),
have radii of rdisk = 4 kpc (inner disk) and rdisk = 5 kpc (outer disk), same flat rotation
curve with vrot = 285 km s−1 . As for 3C 305 (Sect. 3.3.1), we fix the height of both disks
to h= 100 pc. The high resolution observations of the radio continuum, suggest that the
eastern lobe may be directed towards us, hence we set rcont = 30◦ . The solution that best
fits the observed line has both disks that are edge-on (i= 65◦ for the inner disk and i= 92◦
for the outer disk) with different position angles (φ= 55◦ and φ= 75◦ , respectively). This
agrees with the inclinations and position angles of the two disks inferred from the high
resolution observations (Beswick et al., 2002, 2004).
Simulating two disks instead of one, doubles the number of free input parameters of
MoD_AbS. For this reason, we did not run MoD_AbS connected to the MCMC algorithm,
but we identified the best fit line visually, fine tuning the parameters of the two disks.
The solution (Fig. 3.5) generates a line that well matches the bulk of the observed one as
well as the shallow red-shifted wing. As expected, the disks do not produce the shallow
blue-shifted wing of the absorption line, since this is likely tracing gas not rotating within
the disks, but out-flowing from the circumnuclear regions pushed by the western radio
jet.
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Fig. 3.5: Top panel: Absorption line generated by a two disks aligned with different
position angles in front of the radio continuum emission of galaxy 3C 293 (in red). The
observed H i absorption line is plotted in black colours and the residuals between the two
lines are in orange. Bottom panel: orthogonal projection of the model disks. Colours are
as in Fig. 3.1.

3.4

Applying MoD_AbS to the CORALZ sources

Table 3.2: Properties of the CORALZ sources and fixed parameters of the model
Source

Redshift

J083637+440110
J131739+411546
J132513+395553
J134035+444817
J143521+505123

0.055390
0.066164
0.075592
0.065325
0.099749

vsys
[ km s−1 ]
16605
19835
22662
19615
29904

K–band
vrot
[mag] [ km s−1 ]
12.427
229
11.796
300
12.282
280
12.525
245
13.534
280

rcont
[pc]
1700
5
14
4.1
270

rdisk
[pc]
2500
30
60
30
1000

resfin
[pc]
3.5
0.1
0.5
0.2
5

Notes. Main properties of the CORALZ sources detected in H i absorption (see Chapter 1) and fixed
parameters of the model disk (see Sect. 3.4 for further details). K–band is the magnitude in the
band K from which we estimate the rotational velocity of the galaxy (vrot ) using the Tully-Fisher
relation. rcont indicates the size of the radio continuum emission, rdisk the size of the disk we
model. resfin indicates the resolution MoD_AbS uses to sample the model disk.

Having tested with success the performance and accuracy of MoD_AbS, we use it to
generate the absorption lines of galaxies for which we have less information than for the
previous objects, i.e. we only know the morphology and size of the continuum emission.
Our goal is to understand if there is a particular configuration between a rotating disk of
H i and the background continuum that can explain the variety of shapes and widths of
the observed H i absorption lines.
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We also aim to investigate if the best-fit model disks have a preferential orientation
with respect to the background continuum. For example, in radio AGN when dust
features are present in the form of a circumnuclear disk or lanes, the radio jets are often
perpendicular to them (Mollenhof et al., 1992; van Dokkum & Franx, 1995; Ruiter et al.,
2002). MoD_AbS may allow us to understand if the H i follows the same behaviour as the
dust features or if they have similar orientation and position angle to the stellar body of
the host galaxy. This may allow us to gain new insights on the role of orientation effects
in the detection and properties of H i absorption lines in radio AGN (see Section 3.1).
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Fig. 3.6: (a) Results of the MCMC algorithm run by MoD_AbS to identify which
combination of i and φ of a rotating disk generate a line that best fits the H i absorption
detected in galaxy J083637.8+440110 (#1). (b) Triangle plot showing which inclination
and position angle of a rotating disk generate a line that best fits the observed H i
absorption. In the bottom left panel we show the parameter space investigated by
the MCMC of MoD_AbS. The contours mark the 1, 2, 3σ levels of the distribution of
each parameter. The top left panel shows the distribution of the different inclinations
investigated by the algorithm. The bottom right panel shows the distribution of the
different position angles. (c) Best-fit H i absorption line of galaxy J083637.8+440110
(#1), if it was generated by a rotating disk oriented as in the bottom panels (i= 150,
φ= 240).

For these purposes, we select five radio sources where H i absorption has been found
by the observations presented in Chapter 1. These sources belong to the COmpact
RAdio sources at low redshift sample (CORALZ, de Vries et al. 2009). Their radio
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continuum emission has been observed at high resolution with the European VLBI2
Network (EVN, de Vries et al. 2009)3 . Depending on the source, it extends between 4
pc and 2 kpc. The spatial resolution of the WSRT H i observations is not high enough to
resolve the absorbing structure. We exploit the high resolution observations of the radio
continuum of the sources as well as ancillary information on their host galaxy to make
reasonable assumptions on most parameters of the disk. In particular, we assume that the
centre of the disk coincides with the core of the radio continuum, detected by the VLBI
observations. We determine the rotational velocity (vrot ) from the K–band magnitude
of the galaxy, using the Tully-Fisher relation for early-type galaxies (den Heijer et al.,
2015) and we assume that the disk of H i has circular rotation with a flat rotation curve
between 0 and rdisk . We also assume that the disk has always radius larger than the extent
of the radio continuum: rdisk ≥ 3 rcont . Given the radius of the disk, we constrain the
resolution of the model (res and resfin ) so that MoD_AbS samples the disk along each
line of sight always with at least three resolution elements. The ancillary observations
of these sources, e.g. optical and infra-red observations, do not provide any information
on the height of the gaseous disk. To simplify the experiment and have only two free
parameters to investigate (i and φ) we fix the height of all disks to the same value. In the
previous sections, we assumed a height of the H i disks of 3C 305 and 3C 293 of h= 100
pc. In these galaxies the absorbed H i extends for several kilo-parsecs, suggesting the
presence of a large-scale disk similar to the one observed in late-type galaxies, which
have heights, in the innermost few kilo-parsecs, of at most a few hundred parsecs (e.g.
O’Brien et al. 2010; Van Der Kruit & Freeman 2011). In the CORALZ sources, instead,
we do not know if a large scale disk is present or if the absorbed H i is only part of a
circumnuclear disk that could be thinner. Hence, we set the height of the model disks to
be h= 30 pc. In Table 3.2, we show the main properties of the CORALZ sources, as well
as the fixed parameters of the model H i disk.
In this experiment, we use MoD_AbS letting i and φ vary over the entire parameter
space: i between 0◦ (face-on) and 180◦ , and φ between 0◦ and 360◦ (see Table 3.1
for further details). The output of the MCMC algorithm of MoD_AbS provides the
combination of these variables that best fits the observed H i absorption line. By
identifying the best-fit lines across the entire parameter space (i, φ), we will understand
if and what is the degeneracy between inclinations and position angles of a rotating disk
in generating the H i absorption lines we observe.
The CORALZ sources have also been observed as part of the Sloan Digital Sky
Survey (SDSS, York et al. 2000). Hence, we have information on the inclination (i[gal] ) of
the stellar body of this sources (derived from the ratio of its axis b/a assuming a typical
intrinsic thickness for early type galaxies of q0 = 0.24 ) and its position angle (φgal ) that
we can compare to the best-fit model disk provided by MoD_AbS(values for each source
are shown in Table 3.3).
The position angle of the continuum emission along the line of sight is naturally
degenerate with the position angle of the rotating disk, i.e. different combinations of
the two parameters cause the disk to generate the same integrated absorption line. For
simplicity, we assume the radio continuum emission to be aligned in the plane of the sky
(φcont(x,z) = 0◦ ).
2 Very
3 The

Long Baseline Interferometer
input continuum images of MoD_AbS are extracted from the figures published in de Vries et al. 2009.

2 2
4 cos2 i= (b/a) −q0
1−q20

(e.g. Hubble 1926)
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3.4.1

J083637.8+440110

Source J083637.8+440110 has radio continuum emission extending for rcont = 1.7 kpc,
in the east-west direction (φ[gal] = 270◦ ). The H i absorption line is narrow (FWHM
∼ 80 km s−1 ) peaking at vpeak ∼ 78 km s−1 , with respect to the systemic velocity.
The fixed parameters we choose for the model disk are shown in Table 3.2. We run
MoD_AbS to investigate the parameter space of i and φ of the model disk with 20 initial
walkers and 500 steps for each walker. The result is shown in Fig. 3.6. Panel (a) shows
the steps made by the algorithm. MoD_AbS initializes a sparse sampling of the parameter
space, and in only a few hundreds of iterations is able to identify which combinations of
the two parameters of the disk generate the best-fit line.
MoD_AbS does not find a single combination of i and φ of the disk, but it identifies
two values for the inclination and four values for the position angle. The two inclinations
produce the same values of sin(i) since they both differ of thirty degrees from being
face-on. This is expected by the setup of the experiment, because the width of the line of
a rotating disk is proportional to sin i (see Sect. 3.2 for further details).
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Fig. 3.7: (a) Results of the MCMC algorithm run by MoD_AbS to identify which
inclination and position angle of a rotating disk generate a line that best fits the H i
absorption detected in galaxy J131739+411546 (#2). (b) Triangle plot showing the
covariances between the inclination and position angle of the model disk. In the bottom
left panel, the contours mark the 1, 2, 3σ levels of the distribution of each parameter. The
top left panel shows the marginalized distribution of the different inclinations investigated
by the algorithm. The bottom left panel shows the marginalized distribution of the
different position angles. (c) Best-fit H i absorption line of galaxy J131739+411546 (#2),
if it was generated by a rotating disk oriented as in the bottom panels (i= 35, φ= 290).
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Panel (b) of the figure shows that for each of the two inclinations, two position angles
are possible that differ by ∼ 180◦ , i.e. for one value of φ the red-shifted velocities of the
disk are in front of the eastern radio jet (φ= 60◦ ), while for the other value they are in
front of the western radio jet (φ= 240◦ ). This occurs because to produce the observed
narrow line peaking at red-shifted velocities (vpeak = +78 km s−1 ), it does not matter if
absorption occurs against the eastern or western radio lobe, as long as the part of the disk
with red-shifted velocities is absorbed. Since the rotation curve of the disk is the same
at all radii, the width of the line is proportional to sin(i) (see Sect. 3.2), and MoD_AbS
identifies two values of i, as expected. Then, for each inclination, there are two values of
the position angle for which the red-shifted velocities of the disk are absorbed.
The values of the most likely parameters identified by MoD_AbS are shown in
Table 3.3. In panel (c), we show the absorption line produced by a disk with i= 150◦ ,
φ= 240◦ , which is the solution that minimizes the posterior probability distribution of the
parameters.
The best-fit solution has inclination compatible with the inclination of the stellar
body provided by the SDSS parameter (i[gal] = 49◦ ) and position angle orthogonal to the
stellar body but similar to the position angle of the radio jets in the plane of the sky
(φ(x,y) [cont] = 270◦ ).

3.4.2

J131739+411546

Source J131739+411546 has radio continuum emission extending for rcont = 5 pc with
position angle φ(x,y) [cont] ∼ 60◦ . The H i absorption line is 134 km s−1 wide peaking at
red-shifted velocities, vpeak = 148 km s−1 .
The fixed parameters we choose for the model disk are shown in Table 3.2. MoD_AbS
investigates the parameter space of all inclinations and position angles of the model disk
finding four different possible combinations that best-fit the line. The results are shown
in Fig. 3.7. As mentioned in the previous section and in Sect. 3.2, in this case there are
always two values of the inclination that produce a line of the same width, that MoD_AbS
identifies as expected. Then, because radio continuum emission of J131739+411546
is very compact and fairly symmetrical, to generate a line with the peak at the correct
position is only important that more red-shifted velocities are absorbed than blue-shifted
velocities. For each inclination, there are two position angles of the disk that satisfy this
condition. Panel (b) of the figure shows the four combination of inclination and position
angle, which are also reported in Table 3.3. The panel also shows that MoD_AbS better
constraints the inclination of the disk, while the error on the position angle is higher.
MoD_AbS recovers the position of the peak and the width of the line. The probability
distribution computed by the MCMC algorithm suggests the best-fit solution likely
occurs for i= 35◦ and φ= 290◦ , which we show in Fig. 3.7 shows this line along with
the disk that generates it.
The inclination of the model disk is compatible to the one of the stellar body (given
by the ratio of its axis measured by the SDSS). The position angle of the model disk is
orthogonal to the one of the stellar body, and approximately perpendicular to the direction
of the radio continuum emission.
The overall shape of the line is not recovered by MoD_AbS. The best-fit line has a
double peak shape, while the observed line has a single peak. Since the radio AGN is
very small (rcont = 5 pc), in the innermost regions the rotation curve of the disk may be
steeply rising, rather than flat. This may generate a profile with more similar shape to the
observed one.
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Fig. 3.8: (a) Results of the MCMC algorithm run by MoD_AbS to identify which
inclination and position angle of a rotating disk generate a line that best fits the H i
absorption detected in galaxy J132513+395553 (#3). (b) Triangle plot showing the
combinations inclination and position angle of the model disk generate a line that
best fits the H i absorption of the source. (c) Best-fit H i absorption line of galaxy
J132513+395553 (#3), if it was generated by a rotating disk oriented as in the bottom
panels (i= 150, φ= 240).

3.4.3

J132513+395553

Source J132513+395553 has radio continuum emission formed by a core and four blobs
extending with same position angle (φ[gal] ∼ 30◦ ) for rcont = 14 pc. The H i absorption
line has a double peak and it is symmetrical with respect to the systemic velocity of the
galaxy. The width of the line is 376 km s−1 .
The fixed parameters we choose for the model disk are shown in Table 3.2. In this
source, the radio continuum emission is brightest in the core. If there was H i on the
line of sight of the core we should have detected it at v = 0 km s−1 . Instead, we detect a
double peaked line symmetrical with respect to v = 0 km s−1 . This suggests that against
the central radio core H i is not absorbed. Hence, for this source, instead of generating a
disk we generate a ring, with a very small hole in the centre, rin = 3 pc.
As for the previous sources, MoD_AbS investigates the parameter space of all
inclinations and position angles of the model disk finding four different possible
combinations that best-fit the line. The results are shown in Fig. 3.8. Panel (a) shows the
steps made by the MCMC algorithm. In less than hundred steps, MoD_AbS identifies the
two inclinations of the disk generating the best-fit line (i= 45◦ , i= 135◦ ). As mentioned
for the previous sources, these inclinations generate a profile with the same width. Panel
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(b) shows how for each inclination two different position angles are possible. These
differ of 180◦ because the source is symmetrical with respect to the x-axis, so there is
no difference against which blob of the continuum source the red-shifted or blue-shifted
velocities are absorbed. The values of i and φ for the four solutions are given in Table 3.3.
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Fig. 3.9: (a) Results of the MCMC algorithm run by MoD_AbS to identify which
inclination (i) and position angle (φ)of a rotating disk generate a line that best fits the
H i absorption detected in galaxy J134035+4448173 (#4). (b) Triangle plot showing the
combinations of inclination and position angle of the model rotating disk generating a
line that best fits the H i absorption of J134035+444817. (c) Best-fit H i absorption line
of galaxy J134035+4448173 (#4), if it was generated by a rotating disk oriented as in the
bottom panels (i= 30, φ= 30).
The combination of i and φ that minimizes the posterior probability function, i.e. the
solution of best-fit, occurs for i= 45◦ and φ= 5◦ , shown in panel (c) of the figure.

3.4.4

J134035+444817

Source J134035+444817 is one of the most compact sources of the CORALZ sample,
extending for only 4.1 pc in the north-south direction. The H i absorption line is very
narrow and centred at the systemic velocity of the galaxy (FWHM = 43 km s−1 , vpeak =
9 km s−1 ). The fixed parameters we choose for the model disk are shown in Table 3.2.
As for the previous sources, MoD_AbS investigates the parameter space of all
possible inclinations and position angles of the model disk finding four different possible
combinations of best-fit. The results are shown in Fig. 3.9. Panel (c) shows the line
generated by one solution (i= 35◦ , φ= 30◦ ). Since the radio source is very compact, and

105

3.4. Applying MoD_AbS to the CORALZ sources

180
160
140
120
100
80
60
40
20
0
360

(c)
Spectrum
0.0010

300

0.0005

240

0.0000

Flux [mJy]

180
120

300

400

500

Flux [mJy]

200

1923

1000

0.0005

500

500

1000

0.0005

1282

resitudals

-1000

-750

-500

-250

Plane of the sky

0

250

500

View from ‘above’

750

1000

1250

View from the ‘side’

800

800

800

400.0

400.0

400.0

y [pc]

320

0.0
-400.0

746.0

300

639.4

240

532.9
426.3

180

319.7
120

-800.0

-800.0
-800.0 -400.0

0.0 400.0
x [pc]

800

0.0

-400.0
-800.0
-800.0 -400.0

0.0 400.0
x [pc]

800

-800.0 -400.0

0.0 400.0
z [pc]

800

213.1

60
0
0

0.0

-400.0

Count

360

y [pc]

962
641

PA [ ]

0
Velocity [km s 1]

0.0000

0.0010
-1250

1602

Count

observation
model

0.0020

100

Steps

(b)

0.0010
0.0015

60
0
0

0.0005

z [pc]

PA [ ]

I[]

(a)

106.6
20 40 60 80 100 120 140 160 180 0
I[]

60

120

180 240
PA [ ]

300

360

Fig. 3.10: (a) Results of the MCMC algorithm run by MoD_AbS to identify which
inclination (i) and position angle (φ) of a rotating disk generate a line that best fits the H i
absorption detected in galaxy J143521+505123 (#5). (b) Triangle plot showing which
combination of inclination and position angle of a rotating disk generate a line that best
fits the H i absorption of J143521+505123. (c) Best-fit H i absorption line of galaxy
J143521+505123 (#5), if it was generated by a rotating disk oriented as in the bottom
panels (i= 55, φ= 240).

the H i line very narrow, centred at the systemic velocity, we expect a strong degeneracy
in the model disk, i.e. most combinations of i and φ will generate the same line. This
suggests that if the background continuum is very compact and symmetric, it may be
very difficult using this experimental setup to constrain the properties of the absorber
from the line profile.

3.4.5

J143521+505123

Source J143521+505123 has radio continuum extending for 270 pc in the east-west
direction (φ(x,y) [cont] = 110◦ ). Against it we detected detect a broad (FWHM=
280 km s−1 ) H i absorption line, that peaks at blue-shifted velocities and extends at
red-shifted velocities (Chapter 1). Even though the peak of the line is shifted, its centroid
is centred at v = −67 km s−1 . We run the MCMC algorithm of MoD_AbS analogously to
the other sources (20 walkers and 500 steps).
As in the previous cases, MoD_AbS finds two different solutions for the inclination
(i= 55◦ , 125◦ ) that generate a profile of the same width of the observed one. For both
inclinations two position angles are possible (φ= 70◦ , 240◦ for i= 55◦ and φ= 150◦ , 330◦
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for i= 125◦ ), that are different by 180◦ . Panel (b) of Fig. 3.10, shows that the most likely
solution occurs for the combination of parameters i= 55◦ and φ= 240◦ .
In this source, the inclination of the disk found by MoD_AbS is equal to the one of the
stellar body of the host galaxy of this source (see Table 3.3). The position angle of the
disk of best-fit is almost perpendicular to the one of the stellar body of the host galaxy,
as well as to the position angle of the continuum emission.

3.5

Results and future developments

In the previous sections, we presented MoD_AbS and how it can infer the total distribution
of H i in the circumnuclear regions of a radio AGN from the observed absorption
line, the radio continuum image and a few reasonable assumptions. In particular, in
Sect. 3.4, we show how MoD_AbS identifies the inclination and position angle of the disks
that best explain the H i absorption lines detected in five radio AGN of the CORALZ
sample (de Vries et al., 2009), for which we do not have any information on how the H i
is distributed in front of the radio source from high resolution observations.
In all sources of our experiments, the H i disk identified by MoD_AbS has inclinations
comparable with the stellar body of the galaxy, measured from the SDSS axis ratio.
In our sample, the position angle of the model disk does not appear to be related
to the one of the other components of the host galaxy, or with the orientation of the
background continuum emission. The sample is too small to understand if the H i disk
have a typical orientation with respect to the radio jets. This could be, for example, the
same of the dust present in radio AGN, that typically is distributed in a disk or lane in
the plane perpendicular to the radio jets (Mollenhof et al., 1992; van Dokkum & Franx,
1995; Ruiter et al., 2002), with known exceptions, e.g. 3C 305.
The applications of MoD_AbS presented in this chapter show that the program
identifies the most unambiguous solutions of the model disks in sources where the radio
continuum emission is big enough that it intercepts a gradient of velocity across the disk
and it is not symmetrical, or when we can constrain the range of possible inclinations
and position angles of the model, as in 3C 305 (see Sect. 3.3.1). In Sect. 3.4, MoD_AbS
identifies for each inclination of the disk always two possible values of the position angle
because the background continuum is so compact that it is not important for the shape
of the line if absorption occurs against one radio lobe or another (e.g. J083637+440110,
J132513+395553).
In Sect 3.4, we assumed that the disks we model have a flat rotation curve.
Nevertheless, in the innermost regions of compact radio AGN the rotation curve can be
steeply rising. This changes the shape of the absorption line, but not its width, and can
also explain why the fits for the lines of sources J131739+411546 and J134035+444817
are poor.
In this chapter, we presented a new open access program MoD_AbS and we showed
that it can be used in different ways to understand if and how H i detected in absorption
in radio AGN is distributed in a rotating disk.
The upcoming H i absorption surveys (SHARP, MALS and FLASH) will detect
hundreds of absorption lines. This will allow us to bring the experiment presented in
Sect. 3.4 to the next level by creating model disks for a large sample of sources and,
for example, set stronger constraints on typical inclination of the H i with respect to the
stellar body of the galaxy. If, for example, we will confirm that the H i is often inclined
as the stellar body, new experiments to constrain the other parameters of the H i disks
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Table 3.3: Inclinations and position angles of the model disks that best fit the H i
absorption lines of the CORALZ sources

[◦ ]
150±20
30±20
150±20
30 ±20

MoD_AbS
φ
[◦ ]
240±10
330±10
60±10
150±10

J131739+411546

35±10
145±10
35±10
145±10

290±20
358±20
2±15
2±20

0.57

124
56

105

60

J132513+395553

45±10
135±10
45±10
135±10

5±10
60±15
170±10
200±20

0.77

40
140

0

30

J134035+444817

35±40
150±40
35±40
150±40

30±20
240±20
30±20
240±20

0.70

46
134

125

10

J143521+505123

55±10
125±15
55±10
125±15

240±15
150±20
70 ±15
330±12

0.53

59
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175

100

Source
J083637+440110

i

b/a
[-]
0.65

SDSS
i[gal]
[◦ ]
140
40

φ[gal]
[◦ ]
20

Radio
φ(x,y) [cont]
[◦ ]
105

Notes. Inclinations and position angles of the rotating disks of each source of Table 3.2, identified
by the MCMC algorithm of MoD_AbS as the most likely to generate the observed H i absorption
line. In bold are shown the parameters of best-fit. For comparison, observational parameters from
SDSS (i.e. the inclination and position angle of the stellar body, i[gal] and φ[gal] , respectively). For
each source, we show the inclinations that have same value for sin i. The column Radio shows
the position angle of the radio continuum emission in the plane of the sky (x, y) measured by the
CORALZ survey (de Vries et al., 2009).
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will be possible. For example, we will be able to consider as a free parameter the height
of the model disk, that so far we always considered to be same for every source, and
understand if (and how) it can change the absorption lines.
Besides the properties of the background continuum emission (compactness and
symmetry) that can limit the results of MoD_AbS, the other main limitation of the program
is its speed. In the future, it will be important to improve this aspect of the program, to
efficiently apply MoD_AbS over a sample of hundreds of sources and run the MCMC
algorithm to identify the combination of parameters that best fits the observed lines. It
should not be excluded that the most time consuming processes of the program will be
re-written in C/C++ rather than in python2.7.
MoD_AbS can be used to simulate hundreds of thousands of different absorption lines,
given a pre-set of radio continuum images and disk parameters. These can be used, for
example, to understand if taking as input a representative sample of radio AGN, with
different shapes and extents, it is possible to determine which combination of parameters
of the disks generate the observed distribution of widths of the absorption lines, or their
shift with respect to the radio continuum (see Chapters 1 and 2). This kind of experiment
may allow us to shed new light on the role of orientation effects and of the covering factor
of the disk on the detection, or not, of H i in radio AGN.
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Abstract
We present new Australia Telescope Compact Array (ATCA) observations of the young
(tradio 102 years) radio galaxy PKS B1718–649. We study the morphology and the
kinematics of the neutral hydrogen (H i) disk (MH i = 1.1 × 1010 M , radius∼ 30 kpc).
In particular, we focus on the analysis of the cold gas in relation to the triggering of the
nuclear activity. The asymmetries at the edges of the disk date the last interaction with a
companion to more than 1 Gyr ago. The tilted-ring model of the H i disk shows that this
event may have formed the disk as we see it now, but that it may have not been responsible
for triggering the AGN. The long timescales of the interaction are incompatible with the
short ones of the radio activity. In absorption, we identify two clouds with radial motions
which may represent a population that could be involved in the triggering of the radio
activity. We argue that PKS B1718–649 may belong to a family of young low-excitation
radio AGN where, rather than through a gas rich merger, the active nuclei (AGN) are
triggered by local mechanisms such as accretion of small gas clouds.

4.1. Introduction

4.1
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Introduction

Active galactic nuclei (AGN) are associated with the accretion of material onto a
supermassive black hole (SMBH). There are tight scaling relations between the mass of
the SMBH and the stellar bulge mass of the host galaxy, the stellar velocity dispersion and
the concentration index (see Magorrian et al. 1998; Ferrarese & Merritt 2000; Hopkins
et al. 2007). This suggests that the energy emitted by the AGN strongly affects the
evolution of its host. Conversely, the phenomena going on within the host galaxy may set
the conditions to trigger the AGN. It still remains very unclear, though, what are these
triggering mechanisms and when they occur. Gas and dust are the fuel of the nuclear
activity and are now being detected in many elliptical galaxies (Oosterloo et al. 2010a;
Serra et al. 2012), i.e. the typical host of radio AGN . Hence, insights on the triggering
mechanisms of AGN can perhaps be found observing the cold gas in its host: through
the fuel we understand how the AGN was started.
Radio AGN can be classified in two distinct populations based on the intensity ratios
of their optical emission lines: low-excitation radio galaxies (LERG) and high-excitation
radio galaxies (HERG). This dichotomy is reflected in the different efficiency of the
accretion into the black hole: LERG are radiatively inefficient accretors, with most of the
energy from the accretion being channeled into the radio jet, while HERG are radiatively
efficient (Best & Heckman 2012), showing strong evidence of nuclear activity also in
the optical band. It is possible that these two accretion modes are triggered by gas in
different initial physical conditions (Hardcastle et al. 2007; Kauffmann & Heckman 2009;
Cattaneo et al. 2009). In merger and interaction events the cold gas of the galaxies may
loose angular momentum and form a radiatively efficient accretion disk around the black
hole (Smith & Heckman, 1989; Sabater et al., 2013). Internal slow processes, known as
‘secular’ (Kormendy & Kennicutt 2004), are also able to drive cold gas into an accretion
disk.
On the other hand, radiatively inefficient accretion may occur through, e.g. accretion
of hot coronal gas (Allen et al., 2006; Hardcastle et al., 2007; Balmaverde et al., 2008).
Nowadays simulations (Soker, 2009; Gaspari et al., 2012, 2013), take into account more
physical conditions, i.e. radiative cooling, turbulence of the gas, and heating, and show
that cold gas clouds may form through condensation into the hot halo of the host galaxy.
Through collisions the clouds may loose angular momentum and chaotically accrete into
the black hole, possibly triggering a radiatively inefficient AGN.
Neutral hydrogen (H i) observations of radio galaxies are particularly suitable for
understanding the connection between the fueling and the triggering of the AGN. The
kinematics of the (H i) can trace if and when a galaxy has undergone an interaction event,
as well as the presence of ongoing secular processes and in-falling clouds. Thus, by
comparing the timescales of these events with the age of the radio source, it is possible
to learn about the mechanism responsible for the triggering of the AGN. In some of these
objects, see e.g. Emonts et al. 2006; Struve & Conway 2012; Shulevski et al. 2012, large
delays have been found between these events, suggesting that the recent radio-loud phase
has been triggered by the chaotic accretion of cold clouds.
Absorption studies of the neutral hydrogen are successful in tracing the cold gas in
the inner regions of the AGN. There, the dynamical time of the gas is similar to the
lifetime of the radio source (see e.g. Heckman et al. 1983; Shostak et al. 1983; van
Gorkom et al. 1989; Morganti et al. 2001; Vermeulen et al. 2003; Gupta et al. 2006).
These studies show that the H i, in many AGN where it is detected, is distributed in a
circum-nuclear disk/torus around the active nucleus (Geréb et al. 2014, and references
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therein). In some radio galaxies, clouds of H i not following the regular rotation of the
disk are detected. These clouds can be outflowing from the nucleus e.g. pushed by the
radio jet (e.g. 4C 12.50 and 3C 293 ( Morganti et al. 2005b, 2013b; Mahony et al. 2013)
or falling into the nucleus, possibly providing fuel for the AGN (see the case of NGC 315,
Morganti et al. (2009), and 3C 236, Struve & Conway (2012)). Thus, the H i can trace
different phenomena in the nuclear regions.

Fig. 4.1: 4.8 GHz SHEVE VLBI image of PKS B1718–649. The contour levels shown
are -1,1,2,4,8,16,32 and 64% of the peak flux density of 2.0 Jy. The restoring beam
FWHM dimensions are 2.6x2.3 mas, the major axis position angle is −29.5◦ (Tingay
et al., 1997).
Young radio sources (< 105 years) are ideal to study the cold gas in AGN, and, in
particular, its role in their triggering. Among all kinds of radio galaxies, the H i is detected
more frequently in these sources (O’Dea 1998; Emonts et al. 2010; Geréb et al. 2014),
suggesting that the cold neutral gas must play an important role in the early life of a radio
AGN.
In this chapter, we present the Australia Telescope Compact Array (ATCA)
observations of a young H i rich radio source: PKS B1718–649. We analyze the
kinematics of the neutral hydrogen, detected in absorption and in emission, to understand
what may have triggered the radio activity.
This chapter is structured as follows. In Sect. 4.2, we describe the overall properties
of PKS B1718–649. Our observations and data reduction are described in Sect. 4.3. In
Sect. 4.4 we describe the main properties of the H i disk retrieved from our observations.

4.2. Properties of PKS B1718–649
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In Sect. 4.5 we illustrate the tilted-ring model of the H i disk retrieved from our data and
we compare the timescales of the merger to the ones of the radio activity. Section 4.6
focuses on the analysis of the H i detected in absorption, which could be connected to a
cloud close to the center of the galaxy, possibly interacting with the nuclear activity. In
the last Section, we summarize our results and provide insights on the accretion mode of
this radio source.
Throughout this chapter we use a ΛCDM cosmology, with Hubble constant H0 = 70
km s−1 /Mpc and ΩΛ = 0.7 and Ω M = 0.3. At the distance of PKS B1718–649 this results
in 1 arcsec = 0.294 kpc.

4.2

Properties of PKS B1718–649

The radio source PKS B1718–649 is a young Giga-Hertz Peaked Spectrum (GPS) radio
source. GPS are defined as compact radio sources (smaller than their optical host),
not core dominated, with a spectrum peaking in the GHz region (Fanti 2009). The
compactness of the source and the peak of the spectrum indicate the very young age of
these sources. In PKS B1718–649, VLBI observations at 4.8 GHz (Tingay et al. 1997)
show a compact double structure (size R ∼ 2 pc; Fig. 4.1(b)). Follow up observations
(Giroletti & Polatidis 2009) measured the hot spot advance velocity and determined the
kinematic age of the radio source to be tradio ∼ 102 years. PKS B1718–649 is hosted by
the galaxy NGC 6328 (Savage 1976), whose physical parameters are given in Table 4.1.
This galaxy has an early-type stellar population of stars and elliptical morphology. There
is a faint spiral structure, visible in the I-band (Fig. 4.2). The ionized gas (H α) follows
this same spiral distribution in the external regions, but it is distributed along the N-S axis
in the center of the galaxy (Keel & Windhorst 1991, Fig. 4.3). The high-density H α in
the inner regions is a sign of active star formation. Spitzer Infra-Red data (Willett et al.
2010) infer a star formation rate (SFR) of SFRNe = 1.8 ± 0.1 M yr−1 and SFRPAH = 0.8
M yr−1 . A dust lane is visible south of the nucleus oriented approximately at PA= 170◦ ,
(as shown by the ESO-SUSI optical observations, Fig. 4.4).
ATCA observations (Veron-Cetty et al. 1995) detected the massive (M & 109 M ) H i
disk of PKS B1718–649. As in ∼ 20% of early-type galaxies (Serra et al. 2012), the disk
appears fairly regular, except for slight asymmetries in the outer regions. The central
depression, along with the orientation of the dust lane and the H α region, are indicative
of a warped structure of the disk. Two H i absorption lines were detected against the radio
core. The estimate of their optical depth was limited by the low velocity resolution of the
observations.

4.3

Observations and data reduction

The new H i observations of PKS B178-649 were taken with the ATCA in three separate
runs of 12 hours. Full details are given in Table 4.2. The observations were centered
at the H i-line red-shifted frequency (1.398 GHz). For the three observations different
array configurations were used in order to assure the best uv-coverage. The Compact
Array Broadband Backend (CABB) of the telescope provides a total bandwidth of 64
MHz over 2048 channels (dual-polarization). The primary calibrator for flux, phase and
bandpass was PKS B1934-638 (unresolved and with a flux of 14.9 Jy at 1.4 GHz). A
continuum image has been produced using the line-free channels. At the resolution of
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Table 4.1: Basic properties of PKS B1718–649.
Parameter
Morphological type
MK20
Radio continuum center α (J2000)
Radio continuum center δ (J2000)
Distance (Mpc)
Size of the radio lobes (mas)
Radio source PA (◦ )
Peak Flux [2.4 GHz] (Jy)
Flux [1.4 GHz] (Jy)
Radio Power [1.4 GHz] (W Hz−1 )
Age of the radio source (yr)
Total H i Mass (M )
Radius H i disk (kpc)
LHα ( erg s−1 )
MH2 (M )
M? (M )
SFRPAH (M yr−1 )

Value
S0 / SABab III
−24.4
17h 23m 41.09s
0
00
−65◦ 00 37
62.4 (z = 0.0144)
2.3 × 1.2 - 2.4 × 1.5
135
4.4
3.98
1.8 × 1024
102
1.1 × 1010
29
2.9 × 1041
0.2 × 107
4.9 × 1011
0.8

Ref.
(1,2)
(3)
(4)
(4)
(5)
(6)
(4)
(4)
(*)
(*)
(6)
(*)
(*)
(7)
(8)
(*)
(8)

References. (1) Lauberts (1982); (2) De Vaucouleurs & et al. DeVaucouleurs (1991); (4) 2MASS
2003; (3) Tingay et al. (1997); (5) H iPASS, Doyle et al. (2005); (6) Giroletti & Polatidis (2009);
(7) Keel & Windhorst (1991); (8) Willett et al. (2010); (*) this work.

Table 4.2: Instrumental parameters of the ATCA observations.
Field Center (J2000)
Date of the observations
Total integration time (h)
Antenna configuration
Bandwidth
Central Frequency

17h 23m 41.0s − 65◦ 00m 36.6s
11 Jun. 13; 04 Aug. 13; 10 Sep. 13
12 ; 12; 12
6C; 750D; 1.5A
64 MHz; 2048 channels
1.398 GHz

our observations, the continuum is unresolved with a flux density of S cont =3.98 Jy. In
order to track the variations in the bandpass and improve the calibration precision, we
observed the calibrator for 15 minutes every 3 hours.
The data were calibrated and cleaned using the MIRIAD package (Sault et al. 1995).
We joined together our 36 hours of observations with the 24 hours taken byVeron-Cetty
et al. (1995). For the H i-line study, we fitted the continuum in the line-free channels with
a 3rd order polynomial. In PKS B1718–649 the neutral gas is detected in emission and
in absorption against the unresolved radio continuum.
The final data cubes to study the H i in emission and absorption have been
produced using different parameters. For the study of the H i emission, to increase the
signal-to-noise ratio (S/N), the final data cube considers visibilities only from 5 antennas,
thus excluding the longest baselines. Robust weighting (robust = 0) was applied to
the data. The complete list of parameters used for the data reduction is presented in
Table 4.3. The restoring beam has a size of 29.7 × 27.9 arcsec and PA= 16.6◦ . After
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Fig. 4.2: I-band Image of PKS B1718–649: the spiral arms form an envelope around the
elliptical like central part of the galaxy [UKSchmidt telescope, DSS, 1993 (NED)]. The
unresolved radio source is marked in white.
Hanning smoothing, the velocity resolution is ∼ 15 km s−1 . The rms noise of the final
data cube is 0.71 mJy beam−1 . Hence, the minimum detectable (3σ) column density is
6.7 × 1019 cm−2 , and the minimum mass is 3.8 × 107 M .
To retrieve the best information from the H i detected in absorption, it is important
to exploit the highest spatial and velocity resolution of the telescope. The final cube
considers visibilities from all 6 antenna. It has uniform weighting (robust = −2) and a
restoring beam of 11.21×10.88 arcsec. The velocity channels have a resolution of 6.7 km
s−1 . The noise in the cube is 0.94 mJy beam−1 . The 3σ noise level gives the minimum
detectable column density 9.5 × 1017 cm−2 . In absorption we are more sensitive than in
emission because of the higher velocity resolution of the data cube and because of the
strong continuum flux of PKS B1718–649.

4.4

The neutral hydrogen in PKS B1718–649

In this Section, we present the analysis of the resulting cubes from the combined datasets.
The H i detected in emission reveals a regularly rotating disk. In absorption, we detect
two separate lines.

4.4.1

H i emission

PKS B1718–649 has a face-on H i disk extending beyond the stellar structure. Fig. 4.5
shows the total intensity H i map of our new data laid over the optical image of the galaxy.
Most of the gas is settled within the central 100 arcsec (R ∼ 29 kpc). In the inner regions,
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Fig. 4.3: Hα image of PKS B1718–649 from the CTIO 1.5 m telescope. The field is
2.3’×2.3’ with North at the top. A complex extended emission region is visible, with a
strong concentration N-S from the nucleus. An extensive filamentary structure seems to
follow the spiral structure seen in the I band (Keel & Windhorst, 1991). The unresolved
radio source is marked in white.

the density of the disk is lower, producing a central depression. From the total intensity
map, we infer a mass of the disk of MH i = 1.1 × 1010 M . These results are in agreement
with the observations of Veron-Cetty et al. 1995. Our higher sensitivity and velocity
resolution data allow us to determine the extent of the disk and to model the kinematics
of the H i.
The position-velocity plot (Fig. 4.6), shows a slice at the position angle of PA= 108◦
to better highlight the kinematics of the external regions of the disk. The flatness of
the rotation curve hints that, overall, the disk is regularly rotating. The blue-shifted part
has a low-density feature extending up to angular offset of 2’. This corresponds to the
‘plume’ visible in the total intensity map, N-W of the disk. Similar irregularities are also
present in the southern regions of the disk. Both asymmetries hint to an ongoing merger
or interaction event. These features are located in the disk at a radius >23 kpc, suggesting
that these events are not directly related to the beginning of the radio activity.
The timescale of the merger event will be estimated, in the next Section, from the
dynamical time of the rotating disk.
Inside the primary beam of the observations, we detected the H i emission of also
another galaxy: ESO 102-G21 . This galaxy lies 16.2 arcmin (285 kpc) SW of PKS
B1718–649 at a systemic velocity of = 4415 ± 15 km s−1 . The total inferred H i mass is:
MH i = 1.1 × 1010 M (Veron-Cetty et al. 1995) and the disk has a size of approximately
110 arcsec. The small difference in redshift, as well as the external asymmetries of
1 Ra= 17h 21m 38s ,

0

00

Dec= −65◦ 10 27 , z= 0.0147
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Fig. 4.4: Detail of the GUNN-I observation of PKS B1718–649. An absorbed thin disk
of dust is oriented in the N-S direction. We applied unsharp masking to the image to
better highlight the dust lane [Veron-Cetty et al. 1995]. The unresolved radio source is
marked in white.
the H i disk of PKS B1718–649, slightly oriented towards ESO 102-G2, suggest a past
interaction between the two galaxies. This event may have strongly influenced the
kinematics of the neutral hydrogen in both galaxies.

4.4.2

H i absorption

The H i absorption profile is shown in Fig. 4.8 and the inferred properties of the gas
are summarized in Table 4.4. Two H i absorbing systems are detected: one is a narrow
and deep (FWZI= 43 km s−1 , Sabs = −35.4 mJy beam−1 ), while the other is broader
and shallower (FWZI= 65 km s−1 , Sabs = −26.0 mJy beam−1 ). The detection limit
in absorption of our observations is very low (see Table 4.3); hence, we can exclude
the presence of other undetected shallow H i absorbing components. We determine the
optical depth (τ) from the following equation:
peak

−τ

e

= 1−

S abs

S cont · f

(4.1)

where f is the covering factor, assumed equal to 1. From the optical depth it is possible
to determine the column density of the inferred gas:
Z
NH i = 1.82 × 1018 · T spin τ(v)dv
(4.2)
where T spin = 100 K is the assumed spin temperature. The derived column density is
∼ 7 × 1019 cm−2 for both components. The broad absorption line is red-shifted with
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Table 4.3: General data reduction parameters of the new ATCA observations of
PKS B1718–649.
Data cube parameters
Number of antennas
Velocity resolution (km s−1 )
Angular resolution (arcsec)
Beam PA (degrees)
Weighting
Rms noise (mJy beam−1 )
Minimum detecable optical depth (3σ)
Minimum detectable column density (3σ; cm−2 , T spin =
100 K)
Minimum detectable mass (3σ; M per resolution
element)

Emission
5
15
29.7 × 27.9
16.6
0
0.71
6.73 × 1019

Absorption
6
6.7
11.2 × 10.9
25.6
-2(uniform)
1.04
0.0007
9.5 × 1017

3.8 × 107

-

respect to the systemic velocity (blue dashed line in Fig. 4.8). On the other hand, the
narrow component has a significant blue shift (∆v ∼ 70 km s−1 ), with respect to the
systemic velocity. Further insights on the nature of both absorption features will be given
in Section 4.6.
Table 4.4: Main properties of the two H i absorption lines.
Line
S peak (mJy beam−1 )
S abs (mJy beam−1 )
τpeak
∆v (km s−1 )
NH i (cm−2 )
FWZI (km s−1 )

4.5

Narrow
–14.9
–35.4
0.004
–74
7.03 × 1019
43

Broad
–7.1
–26.0
0.002
+26
7.74 × 1019
65

The modeling of the H i disk and the timescales of the
merger

To study the global kinematics of the H i, we fit the observed H i disk with a model of a
regularly rotating disk, and we identify the presence of deviating components. The radius
where the gas starts deviating from circular motions can be connected to the date of the
last merger, or interaction event, of the disk.
The kinematics of the H i disks in galaxies are usually derived by fitting a tilted ring
model to the observed velocity field (Rogstad et al. 1974). The disk is decomposed using
a set of concentric rings. Along the different radii (r) of these rings, the velocity of the
gas is defined by three velocity components as follows:
vobs (r) = vsys + vrot (r) cos θ sin i + vexp sin θ sin i

(4.3)

vsys is the systemic velocity at the center of each ring. vrot (r) defines the rotational
velocity at each radius r. The non-circular motions of the gas, if present, are described
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Fig. 4.5: I-band optical image of PKS B1718–649, overlaid with the column density
contours (in black) of the neutral gas. The H i disk has the shape of an incomplete ring
with asymmetries in the NW and in the S of the disk. The contour levels range between
7 × 1019 cm−2 and 8 × 1020 cm−2 , with steps of 1.5 × 1020 cm−2 . The unresolved radio
source is marked in white.

by vexp . θ denotes the azimuthal angle in the plane of the galaxy. i is the inclination of
each ring with respect to the line of sight.
Different processing software, such as the Groningen Imaging Processing System
(GIPSY, van der Hulst et al. 1992), provide specific routines for the tilted-ring modeling.
In this chapter, we use the GIPSY routine galmod to create a model data cube, from the
parameters of the rings mentioned above.
To properly estimate the physical properties of the H i disk, it is crucial to spatially
resolve the disk with enough resolution elements. Our observations resolve the H i disk
of PKS B1718–649 with only three beams on each side of the disk. This is insufficient
to constrain all the parameters of Eq. 4.3 with an automatic fit. Hence, we built a very
schematic model using other properties of the galaxy to set constraints on the parameters.
The systemic velocity is estimated combining the information given by Veron-Cetty et al.
1995, the position-velocity diagram (Fig. 4.6) and the global H i profile: vsys = 4274 ± 7
km s−1 .
To first order, the rotational velocity is well predicted by the Tully-Fisher relation
(Tully & Fisher 1977). Given the relation in the K-band (Noordermeer & Verheijen
2007), since the absolute magnitude of PKS B1718–649 is MK20 = −24.4, we estimate
the rotational velocity of its H i to be vrot = 220 km s−1 .
We constrain the geometrical parameters of the rings from the following
considerations: we center all rings at the position of the radio source (RA= 17h23h41.0s,
DEC= −65d00m36.6s). The distortion of the minor axis in the velocity field (see
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Fig. 4.6: Position-velocity plot along a slice taken at PA= 108◦ of the H i disk. In
black is shown the emission. The contour levels range between 1.7 mJy beam−1 and
7 mJy beam−1 , with steps of 1.4 mJy beam−1 . The absorption features are circled
in blue and red, at the resolutions of 1100 and 3000 . Contour levels are −2, −8 mJy
beam−1 and −1.7, −3.5 mJy beam−1 , respectively. The blue-shifted emission shows an
external ‘plume’ of the disk (in the NW of the total intensity map), at lower densities
with respect to the regularly rotating ring.

Fig. 4.7)) hints that the disk has a warped structure in the inner regions, oriented as the
H α region and the dust lane (see Sec. 4.2). A warped disk would also reproduce the steep
rotation curve seen in Fig. 4.6. Hence, we model a warped disk: within r . 50 arcsec,
the rings slowly switch from being N-S oriented (PA= 180◦ ) and edge-on (i = 90◦ ) to a
more face-on and circular structure (PA= 110◦ , i = 30◦ ).
From these constraints, we build the first model, which is then smoothed to the
resolution of the observations. Comparing the smoothed model to the original data cube,
we fine tune by hand the position angle, inclination and extension of the warped inner
structure to find the best match. The complete list of the final fit parameters is shown
in Table 4.5. The quality of the fit is limited by the resolution and sensitivity of the
observations. We estimate the error on the parameters to be ±10◦ in PA and i and ±1500
in the extension of the warp. This includes the fact that these parameters are correlated.
Nevertheless, the modeling allows us to study the overall kinematics of the disk and
determine the timescale of its formation.
The position-velocity diagram in Fig. 4.9, shows the same slice of Fig. 4.6 overlaid
with the model disk (grey contours, while the observed emission is in black). The model
disk overlaps most of the observed emission up to R = 8000 (R = 23.5 kpc). Therefore, our
observations well match with a warped disk of neutral hydrogen settled in regular rotation
up to the distance of R = 8000 , which we define as the maximum radius of regular rotation.
The model does not match the observations in the outer regions: on the blue-shifted part
of the rotation curve we detect emission beyond R = 8000 , in the same range of velocities
of the regularly rotating component, as if it was its elongation on one side. This feature
corresponds to the asymmetric ‘plume’ mentioned in see Sec. 4.4.1. The southern edge
of the disk is also characterized by slight deviations from the regular rotation.
The time for the H i to settle into regular orbits can be assumed as the time taken
by the gas to complete two revolutions around the center of the galaxy (Struve et al.,
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Fig. 4.7: Velocity field of the H i disk of PKS B1718–649. The position angle and
inclination of the minor axis of the field varies with the radius, suggesting a warped
structure of the disk in the inner regions. The color-scale ranges between 4140 km s−1 and
4420 km s−1 , showing the systemic velocity of the galaxy (4274 km s−1 ) in green. The
unresolved continuum radio source is marked in black.
2010). Knowing the rotational velocity of the disk (vrot = 220 km s−1 ) and the radius of
maximum regular rotation (R = 23.5 kpc), this corresponds to ∼ 1 × 109 yr.
Thus, if the H i has originated via a merger or interaction event, this has occurred at
least 1 Gyr ago, i.e. on a much longer timescale than the triggering of PKS B1718–649
(102 years ago). Hence, a direct connection between these two events is unlikely.
The good agreement between the model and the observations allows us to stress that,
in emission, we do not detect, in the inner regions of PKS B1718–649, large clouds
with significant deviations from regular rotation, and that there are no streams or radial
motions in the disk which are currently bringing the cold gas close to the radio activity.
Such structures may still be present in the galaxy, but they must have a mass MH i <
4 × 107 M , otherwise they would have been detected (see Table 4.2). However, the
comparison with the model (Fig. 4.9) highlights that the two absorption lines detected
against the compact radio source do not correspond to gas not regularly rotating within
the disk.

4.6

The H i absorption and the origin of the atomic
neutral hydrogen

Neither of the two absorption lines is detected at the systemic velocity of the disk.
Hence, since the continuum source is compact (R < 2 pc), they cannot originate from
gas regularly rotating in circular orbits. To first order, a warped disk with circular orbits
describes the overall kinematics of the H i disk. However, given the quality of the data,
we cannot completely exclude the presence of elliptical orbits. In this scenario, the gas
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Fig. 4.8: H i profile of PKS B1718–649 obtained from the ATCA data. The two
absorption systems are clearly visible. The narrow line is located at velocity 4200 km
s−1 , blue-shifted with respect to the systemic velocity (4274 km s−1 , blue dashed line).
The broad component is double peaked and found at velocity 4300 km s−1 .

detected in absorption would be part of the globally rotating structure of the disk. The
shifts of the two lines could be explained by gas in elliptical orbits. The presence of
a barred structure in the inner regions, which may explain such orbits, is suggested by
the optical morphological classification of this galaxy (SABab, see Table 4.1). It must
be pointed out, though, that in emission, we are sensitive to the column densities of the
observed absorption lines (NH i ∼ 7 × 1019 cm−2 ). Hence, if the absorbed gas belonged
to a diffuse structure of the disk, we should have detected it also in emission.
The most likely possibility is that both absorption components come from two small
clouds not regularly rotating. Although these particular clouds may not have been
directly involved in the triggering mechanism of the AGN, they may belong to a larger
population present within the galaxy, which may contribute to fuel the AGN. These
clouds could be brought in by the merger or formed for example. by cooling of the
hot halo. Simulations of the accretion into the AGN, which consider the turbulence of
the gas, its heating and cooling, show that cold clouds and filaments may be forming
from condensation of the hot halo (Gaspari et al. 2013). These clouds would chaotically
collide with the surrounding medium, loosing angular momentum, falling toward the
center of the galaxy and triggering the AGN.
Cold gas clouds, similar to the ones of PKS B1718–649, have been detected also
in other radio sources, which corroborates the hypothesis on their involvement in the
accretion mechanisms. For example, in 3C 236 (Struve & Conway 2012) several discrete
absorbing clouds, not belonging to the rotating H i disk, are observed close to the radio
core (. 102 pc). Their incoherent structure (kinetic and morphological) suggests they
may be involved in the accretion mechanism into the AGN. In NGC 315 (Morganti et al.
2009), two different absorbing H i components are seen against the radio jet. One of
them is associated to a cloud in-falling into the radio source. Galaxies showing ongoing
interaction between the H i and the radio activity (e.g. via a fast cold neutral hydrogen
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Fig. 4.9: Position-velocity plot of the H i emission disk (black) compared to the tilted ring
model, smoothed at the resolution of the observations (grey contours). The contour levels
range between 1.7 mJy beam−1 and 7 mJy beam−1 , with steps of 1.4 mJy beam−1 . The
model describes a regularly rotating disk, with a warp in the inner part, oriented along
the N-S axis. The two absorption features are shown in blue and ted, at the resolutions
of 1100 and 3000 . Contour levels are −2, −8 mJy beam−1 and −1.7, −3.5 mJy beam−1 ,
respectively.
outflow), often also show a clumpy structure of the Inter-Stellar Medium, which is
populated by multiple clouds of H i with anomalous kinematics, (see, for example, 4C
12.50 Morganti et al. 2004, 2013b; and 3C 293 Mahony et al. 2013). Considering that
the HI disk in PKS B1718-649 is mostly face-on in the outer regions, we also suggest
that the H i detected in absorption may instead belong to the inner structure of the galaxy,
which is oriented edge-on.
The optical classification of radio sources between low-excitation and high-excitation
radio galaxies, based on the relative strength of their optical emission lines, reflects the
intrinsic difference in the efficiency of the accretion into the SMBH (Best & Heckman
2012). HERG are radiatively efficient while LERG are radiatively inefficient accretors.
The different efficiency is linked to physically different triggering mechanisms: LERG
may be fueled by the cooling of the hot X-ray emitting halo of the host galaxy, while
high-excitation sources may accrete cold gas, rapidly driven into the black hole by a
merger or an interaction event (Hardcastle et al. 2007). Considering the intensity ratios
of its ionized optical emission lines (Filippenko, 1985), we classify PKS B1718–649
as a low-excitation radio galaxy. Furthermore, for compact sources, it is possible to
distinguish between the two different kind of AGN by measuring the ratio between
the X-ray and radio luminosity of the source (Kunert-Bajraszewska et al. 2014). The
optical, radio and X-ray properties of PKSB 1718-649 all suggest that PKSB 1718-649
is a LERG. Best & Heckman (2012) introduce the Eddington scaled accretion parameter
λ to estimate the accretion efficiency of LERG and HERG, which is defined as follows:
λ=

Lmech + Lrad
Ledd

(4.4)

where Lmech is the jet mechanical power, which is related to the 1.4 GHz radio continuum
(Cavagnolo et al. 2010), and Lrad is the radiative power as estimated from the [OIII]
oxygen luminosity (Heckman et al. 2004). The Eddington luminosity is defined as LEdd =
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Table 4.5: Radially dependent parameters of the tilted ring model.
rp
(arcsec)
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80

vrot
(km s−1 )
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220

i
(◦ )
90
90
90
90
90
90
60
40
30
30
30
30
30
30
30
30

PA
(◦ )
180
180
180
170
170
170
135
127
118
118
118
118
118
105
105
105

Notes. r p represents the radius of the rings in arcsec. vrot is the rotation velocity in km s−1 . i
and PA are the inclination and the position angle respectively, expressed in degrees. This model
smoothed at the resolution of 29.700 × 27.900 , is the best-fit to our observations.

1.3 × 1038 MBH /M erg s−1 (Best & Heckman, 2012). In the case of PKS B1718–649,
knowing that F[O III] = 5.0 × 10−14 erg s−1 cm−2 (Filippenko, 1985) and MBH = 4.1 × 108
M (Willett et al., 2010), we determine Lrad = 8×1043 erg s−1 and Lmech = 1×1044 erg s−1 .
Hence, λ ≈ 0.003, even though the measurement is affected by the scatter in the relation
between the 1.4 GHz radio power and the mechanical luminosity. The value of λ we
measured is in the range of values measured for the LERG population in the work by
Best & Heckman (2012). This classification of the source would be consistent with the
idea that a merger or an interaction event did not trigger this radio source.
We can investigate whether the radio nuclear activity PKS B1718–649 could be
sustained by the infall of the H i clouds we detected in absorption. Given the uncertainty
on the origin of the clouds, we can use different approaches. The most common analytical
solution of a radiatively inefficient accretion is the Bondi mechanism (Bondi, 1952).
Even though it makes general, unrealistic assumptions on the conditions of the accreting
gas, this solution allows us to roughly estimate an upper limit to the accretion rate
into the AGN, simply from the radio properties of the source. Following the empirical
relation between the radio jet power and the Bondi power log Pj = (1.10 ± 0.11) × log PB −
1.91 ± 0.20, measured by Balmaverde et al. (2008), we can estimate the mass accretion
rate (PB = ṀBondi c2 ). In the case of PKS B1718–649, the radio jets are undetected in
the VLBI observations (Tingay et al. 2002). The 3σ noise level of the observations
sets an upper limit on the flux density to 20 mJy. Hence, the radio jet power is
Pj . 2.3 × 1043 erg s−1 and the Bondi power is PB . 1.2 × 1045 erg s−1 . Therefore we set
an upper limit to the accretion rate of PKS B1718–649 to . 0.02 M yr−1 .
We now estimate the accretion rate that, under reasonable assumptions, we could
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expect to be provided by the H i clouds we detect in absorption. It is plausible to assume
that they have similar properties to the population of H i clouds detected in NGC 315
and in 3C 236. They might have similar sizes, r . 100 pc, and they might be located
in the innermost regions of the galaxy . 500 pc. Under these assumptions, we can
estimate a lower limit on the inflow rate of our clouds into the nuclear regions of the
galaxies. Constraining their size, we determine the mass of the clouds to be MH i & 104
M . The infall speed of the clouds into the radio core (vin . 70 km/s) is estimated
from the shift of the absorption lines with respect to the systemic velocity (δv, see
Table 4.4). If these clouds were located in the innermost 500 pc, the accretion rate would
be ∼ 10−2 M yr−1 . Hence, a first order approximation on the accretion rate seems
to suggest that the H i clouds detected in absorption might be able to sustain the radio
activity of PKS B1718–649.
If the clouds we detect in PKS B1718–649 were close to the radio source and involved
in its accretion, the H i could have much higher temperatures than Tspin = 100 K, (see
for example the case of PKS 1549–79, Holt et al. 2006). Assuming, Tspin ∼ 1000 K
the column density of the absorption features would be ∼ 7 × 1020 cm−2 (similarly, the
minimum mass of the inferred cloud would be: MH i & 105 M ). This agrees with the
column density of the nuclear source measured from the X-ray spectrum: NH i ∼ 8 × 1020
cm−2 (Siemiginowska, private communication), thus the close proximity of the H i clouds
to the radio source may not be excluded.

4.7

Summary and conclusions

We have presented new neutral hydrogen ATCA observations of the nearby young radio
source PKS B1718–649. We detected a large H i disk, (MH i = 1.1 × 1010 M ) with
radius R ∼ 29 kpc. The disk is warped in the inner regions and overall regularly rotating.
In emission, we do not detect significant deviations from the regular rotation. There are
no streams or radial motions in the disk which are currently bringing the cold gas close
to the radio activity. At the edges of the disk, we detect slight asymmetries, traces of
a past merger or interaction event. This may have contributed in forming the settled
disk, but is not related to the triggering of the radio activity. From the dynamical time
of the H i disk, we dated the interaction event to more than 1 × 109 years ago. Since
the radio source is very young (102 years), there is a significant time delay between the
episode that formed the disk and the beginning of the radio activity. Even though the
past interaction provided the galaxy of a massive reservoir of cold gas, the triggering of
the radio activity must be attributed to another phenomenon, which let some amount of
cold gas loose angular momentum and fall into the SMBH, without perturbing the overall
regular rotation of the disk.
In absorption, we detect two separate lines. Their kinetic properties, compared to the
ones of the H i seen in emission, suggest that they may trace distinct clouds not regularly
rotating within the disk. The sensitivity and resolution of the data does not allow us to
determine their position, and different interpretations on their nature are possible. The
link between these clouds and the radio activity cannot be excluded. Different detailed
studies of accretion mechanisms (Gaspari et al. 2012, 2013; Hillel & Soker 2013) predict
that accretion into the black hole can occur through chaotic collisions of small clouds of
cold gas. There are also other radio sources where several clouds of cold gas, similar
to the ones of PKS B1718–649, are detected, as, for example, NGC 315 (Morganti et al.
2009) and 3C 236 (Struve & Conway 2012). Galaxies B2 0258+35 (Shulevski et al.
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2012) and Centaurus A (Struve et al. 2010), like PKS B1718–649, show a time delay
between the formation of the H i disk and the triggering of the radio activity, and they
may also have a complex H i structure below the overall regularly rotating disk. All these
radio sources present an on-going radiatively inefficient mode of accretion. The neutral
hydrogen in the form of small cold clouds, as the ones detected in PKS B1718–649, may
play a crucial role in the triggering and fueling of this kind of radio sources.
Acknowledgements. The Australia Telescope Compact Array is part of the Australia Telescope which
is funded by the Commonwealth of Australia for operation as a National Facility managed by CSIRO. RM
and FMM gratefully acknowledge support from the European Research Council under the European Union’s
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Abstract
We present new SINFONI VLT observations of molecular hydrogen (H 2 ) in the central
regions (< 2.5 kpc) of the closest young radio source PKS B1718–649. We study the
distribution of the H 2 traced by the 1-0 S(1) ro-vibrational line, revealing a double disk
structure with the kinematics of both disks characterised by rotation. An outer disk (r >
650 pc) is aligned with other components of the galaxy (atomic hydrogen, stars, dust),
while the inner disk (r < 600 pc) is perpendicular to it and is polar with respect to the
stellar distribution. However, in the innermost 75 pc, the data show the presence of
H 2 gas red-shifted with respect to the rotating inner disk (∆v ∼ +150 km s−1 ), which
may trace gas falling into the super massive black hole associated with the central radio
source. Along the same line of sight, earlier observations had shown the presence in the
central regions of PKS B1718–649 of clouds of atomic hydrogen with similar unsettled
kinematics. The range of velocities and mass of these unsettled clouds of H i and H 2
suggest they may be actively contributing to fuelling the central newly born radio source.

5.1. Introduction

5.1
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Introduction

Active galactic nuclei (AGN) are associated with the accretion of material onto the
central super-massive black hole (SMBH) of galaxies. The gas surrounding the SMBH
must lose angular momentum in order to fall into it so it can trigger and feed an active
nucleus. Nevertheless, direct observational evidence of this process is still limited.
Statistically, galaxies that have undergone a merger or an interaction event have a higher
probability of hosting an AGN (Ellison et al., 2008; Ramos Almeida et al., 2012; Hwang
et al., 2012; Sabater et al., 2013). However, in several objects with signatures of past
mergers or accretion, the timescales associated with these phenomena can be much
longer than the age of the AGN (e.g. Emonts et al. 2006; Tadhunter 2008; Schawinski
et al. 2010; Struve & Conway 2012 and Chapter 4), suggesting that the link between
mergers/accretion and AGN in these galaxies is, at most, indirect, and other processes
must occur to trigger the nuclear activity. Slow secular processes may help the gas
lose angular momentum on short timescales (∼ 105 − 108 years) and form a dense gas
core in the central 100 pc (Kormendy & Kennicutt, 2004; Wada, 2003; Combes, 2004,
2010). However, it is not clear whether these phenomena are efficient in the very
innermost regions near the AGN (Athanassoula et al., 2005; Begelman & Shlosman,
2009). Thus, other processes taking place on small spatial and temporal scales are
expected to be responsible for the direct fuelling onto the AGN (Wada & Tomisaka,
2004; King & Pringle, 2007; Hopkins & Quataert, 2010). Numerical simulations suggest
that gravitational and thermal instabilities induce chaotic collisions in the interstellar
medium ISM surrounding the SMBH (Soker, 2009; Gaspari et al., 2013; King et al.,
2008; Nayakshin & Zubovas, 2012; King & Nixon, 2015). This causes small clouds or
filaments of gas to lose angular momentum and begin a series of small-scale, randomly
oriented accretion events, which then trigger the AGN. In this scenario, the gas deviating
from regular rotation is responsible for the chaotic infall of clouds and, consequently, for
the accretion onto of the AGN (Gaspari, 2015; Gaspari et al., 2016).
High spatial resolution observations tracing in particular the cold gas in the innermost
regions of AGN are needed to investigate these hypotheses. Different types of AGN,
such as Seyfert galaxies (Gallimore et al., 1999; Mundell et al., 2003; Hicks et al., 2009,
2013; Combes et al., 2014; Mezcua et al., 2015), low-ionisation nuclear emission region
galaxies (LINER; García-Burillo et al., 2005; Müller-Sánchez et al., 2013), and radio
galaxies (Neumayer et al., 2007; Dasyra & Combes, 2011; Morganti et al., 2013a,b;
Guillard et al., 2015), are rich in molecular (H 2 ) and atomic hydrogen (H i), which may
represent the fuel reservoir for the nuclear activity. Indeed, the kinematics of at least
part of this gas often appears to be unsettled with respect to the regular rotation of the
galaxy, suggesting a strong interplay between the nuclear activity and the surrounding
environment. On the one hand, it is likely that plasma ejected by the radio source perturbs
the neutral and molecular hydrogen (Neumayer et al., 2007; Hicks et al., 2009; Dasyra &
Combes, 2011; Guillard et al., 2015; Müller-Sánchez et al., 2013; Mezcua et al., 2015).
On the other hand, it is also possible that this reflects the presence of processes such as
those described above that can cause the gas to stream towards the SMBH and trigger the
nuclear activity (Hopkins & Quataert, 2010; Combes et al., 2014).
Young radio sources in the first stages of their activity (Murgia, 2003; Fanti, 2009)
are the best candidates for studying the relation between the kinematics of the cold gas
and the triggering of the AGN. They are often embedded in a dense gaseous environment
where the fuelling of the AGN has just begun and is likely to be continuing. Also,
amongst all radio AGN, these sources show neutral and molecular gas with unsettled
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Declination (J2000)

kinematics in proximity of the core relatively often (e.g. Emonts et al. 2010; Geréb et al.
2015b; Curran et al. 2013a; Guillard et al. 2015; Allison et al. 2015 and Chapter1).
PKS B1718–649 is a compact radio source (rradio . 2 pc) with an optically classified
LINER AGN (Filippenko, 1985) at a distance1 of ∼62 Mpc. The estimated age of the
radio activity is ∼102 years (Tingay et al., 1997; Giroletti & Polatidis, 2009). PKS
B1718–649 is morphologically classified as an S0-SABb early-type galaxy embedded
in a disk of neutral hydrogen (see Fig. 5.1), which shows regular rotation out to large
radii (∼23 kpc). Given the long timescale for such a regular disk to form, this excludes
a merger or a disruptive event being directly responsible for the recent triggering of the
central radio source. The accretion onto the SMBH and the fuelling of the radio activity
could find their origin in a small-scale phenomenon. The detection, in H i absorption, of
two separate clouds with kinematics deviating from the rotation of the disk suggests that
a population of clouds may be contributing to feeding the AGN in the centre (Chapter 4).
The regions close to the radio source have been indirectly probed by the study of
the variability of the radio continuum emission (Tingay et al., 2015), which has been
attributed to changes in the free-free absorption due to a clumpy circum-nuclear medium
around the radio source. The presence of such a clumpy medium has also been suggested
by optical spectroscopic observations (Filippenko, 1985). The available information on
PKS B1718–649 suggests that the origin of its newly born radio activity may be found in
the kinematics of its circum-nuclear medium.

~ 10 kpc

Right Ascension (J2000)

Fig. 5.1: I-band optical image of PKS B1718–649, overlaid with the column density
contours (black) of the neutral gas. The contour levels range between 7 × 1019 cm−2 and
8 × 1020 cm−2 in steps of 1.5 × 1020 cm −2 . The unresolved continuum radio source is
indicated in white. The H i disk has the shape of an incomplete ring with asymmetries in
the NW and in the S of the disk Chapter 4.

1 z = 0.014428; D = 62.4 Mpc, 1 arcsec = 0.294 kpc; where ΛCDM cosmology is assumed, H =
L
◦
70 km s−1 Mpc−1 , ΩΛ = 0.7, ΩM = 0.3.
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Table 5.1: SINFONI observation specifications
Parameter
Field of view
Pixel size
Spectral resolution (at 2.1 µm)
Spectral sampling (at 2.5 µm)
Seeing (run 1, run 2, run 3)

Value
800 × 800 (2.37×2.37 kpc)
0.12500 (37 pc)
75 km s−1 (R=4000)
36 km s−1
00
0.4 (131 pc); 2.4900 (735 pc); 0.5200 (154 pc)

Integral field unit (IFU) instruments allow us to analyse the spatial distribution and
kinematics of the ISM in the innermost regions of low-redshift AGN. Here we present
the results obtained for PKS B1718–649 using the Spectrograph for INtegral Field
Observations in the Near Infrared (SINFONI) on the VLT. The detection of the molecular
hydrogen traced by its ro-vibrational states (T ex ∼ 103 K, H 2 1-0 S(0,1,2,3)) allows us to
study its distribution and kinematics and to provide interesting insight into the role of the
H 2 in relation to the fuelling of the central radio source.

5.2

Observations and data reduction

We observed the inner 2.5 kpc region of PKS B1718–649 in the K band (1.95 − 2.45 µm),
using SINFONI (Eisenhauer et al., 2003) mounted on the Very Large Telescope (VLT)
UT4. The observations were performed under seeing-limited conditions during three
different nights (May 18-26-29, 2014) in period 93A. The spectral resolution is R ∼ 4000,
and the plate scale is 0.12500 × 0.25000 pixel−1 , yielding a field of view of 800 × 800 . The
full width half maximum (FWHM) of the sky lines is 6.5 ± 0.5Å, with a spectral sampling
of 2.45 Å pixel−1 . Bad seeing conditions caused us to exclude the May 26 observations.
We reduced the data using the official ESO REFLEX workflow for the SINFONI
pipeline (version 2.6.8) and the standard calibration frames provided by ESO. The
workflow allowed us to derive and apply the corrections for dark subtraction, flat fielding,
detector linearity, geometrical distortion, and wavelength calibration to each object and
sky frame. Following Davies (2007), we subtracted the sky from the data cubes of the two
observing blocks. The typical error on the wavelength calibration is 1.5 Å (15 km s−1 ).
Through IDL routines implemented by Piqueras López (2014), we calibrated the
flux of each cube. First, we obtained the atmospheric transmission curve, extracting
the spectra of the standard stars with an aperture of 5σ of the best 2D Gaussian fit
of a collapsed cube. Then we normalised these spectra using a black-body profile
at the temperature T e that corresponds to the spectral type of the observed stars (as
tabulated in the 2MASS catalogue, see Skrutskie et al. (2006)), using Table 5 in Pecaut
& Mamajek (2013). We modelled the stellar hydrogen Brγ absorption line at 2.166 µm
with a Lorentzian profile to determine the sensitivity function for the atmospheric
transmission (Bedregal et al., 2009). We converted the star spectra from counts to
physical units with a conversion factor extracted using the tabulated K magnitudes in
the 2MASS catalogue.
We obtained the full-calibrated data cube by dividing each spectrum by the sensitivity
function and multiplying it by the conversion factor. The typical uncertainty for the flux
calibration is 10%. We combined the two cubes of the single observing runs into the final
one by spatially matching the peaks in the emission of the galaxy. The spatial resolution
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of the final data cube is equal to the FWHM of a 2D Gaussian we fit to the central region
of the collapsed cube: 0.52 arcseconds.
In the final cube, we determined whether a line of the ro-vibrational states of the H 2
is detected by considering the spectra extracted over regions of size equal to the spatial
resolution of the observations. In Fig. 5.3 we show the spectra extracted in five different
regions of the H 2 distribution, approximately in the north (RN ), the south (RS ), the west
(RW ), the east (RE ), and in the centre (RC ) (see Fig. 5.2). In all five regions, we detect
the H 2 1-0 S(1) line, the brightest in the spectrum, at 2.14 µm, as well as the H 2 1-0 S(3)
line, while we do not detect the H 2 1-0 S(0,2), and the higher excited states of molecular
hydrogen, H 2 2-1 S(1,3). In this case, we determine the 3σ upper limits assuming a
FWHM of the line equal to the one of the H 2 1-0 S(1) line. Brγ and [Si VI], tracers of
high-excitation ionized gas, are also expected in the same spectral range, but lie below
the detection limit of these observations. In Table 5.2, we list the flux densities and upper
limits of the lines for the five different regions.
Table 5.2: Line flux density of the molecular hydrogen gas in five regions of the
SINFONI field of view.
Line [λrest ]
H 2 1-0 S(3)
[1.95 µm]
[Si VI]
[1.96 µm]
H 2 1-0 S(2)
[2.03 µm]
H 2 2-1 S(3)
[2.07 µm]
H 2 1-0 S(1)
[2.12 µm]
Brγ
[2.16 µm]
H 2 1-0 S(0)
[2.22 µm]
H 2 2-1 S(1)
[2.24 µm]

RN
20.2±1.29

RS
6.88±1.17

RW
11.4±1.52

RE
14.1±1.62

RC
8.35±3.08

<3.88

<3.52

<4.55

<4.86

<8.88

<5.85

<6.59

<5.51

<7.33

<10.3

<6.41

<3.64

<4.89

<5.90

<8.04

24.2±0.737

11.6±1.62

19.1±0.659

16.1±0.835

44.6±6.15

<4.01

<4.01

<4.56

<6.19

<4.55

<6.39

<3.61

<5.63

<7.54

<10.2

<4.73

<6.81

<4.59

<9.09

<10.4

Notes. The flux densities are given in units of ×10−17 erg s−1 cm−2 . The upper limits indicate the
3-σ noise level, measured in the wavelength ranges where we expect to detect the lines. The spectra
are extracted in five regions, RN , RS , RW , RE , RC of the field of view shown in Fig. 5.2. Their
sizes correspond to the spatial resolution of the observations (0.5200 ).

We have focused on the H 2 1-0 S(1) line to determine the distribution and the
kinematics of the molecular hydrogen and used the integrated flux densities or the upper
limits of the H 2 1-0 S(0,1,2,3) lines to determine the temperature of the molecular
hydrogen and its mass. We derived the distribution and kinematics of the H 2 1-0 S(1)
emission line using two independent methods, which provide consistent results. In the
first method, we spatially smooth the cube with a Gaussian with FWHM ∼ 0.500 and fit a
single Gaussian component to the H 2 1-0 S(1) line in each pixel of the field of view. We
build a mask of the regions of pure line emission, selecting the pixels where the H 2 1-0

5.2. Observations and data reduction
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S(1) line is detected with signal-to-noise ratio of S /N > 5. We extend the mask to also
consider regions neighbouring the ones where the fit is successful. Following this, for
each pixel within the mask, we extract the spectrum and we fit the H 2 1 − 0 S(1,3) lines
with a single Gaussian component. We derive the intensity and velocity fields of the H 2
1-0 S(1) line only in the regions where the two lines are detected.

Fig. 5.2: Distribution of molecular hydrogen (black contours) overlaid onto the Hubble
Space Telescope WFPC2 image. A dust lane is visible, oriented in the north-south
direction. The grey crosses mark the regions where we extracted the spectra to measure
the temperature of the H 2 . The grey dashed square indicates the SINFONI field of view.

In the second method, we build a cube free of emission-line signal by masking out the
regions where the H 2 1-0 S(1) line is detected above the 2.5-σ level channel-by-channel.
Next, we smooth the edges of the masked regions to completely exclude any residual
emission-line signal. From this cube, we determine the template of the stellar continuum
spectrum. We subtract this stellar spectrum from every pixel where the H 2 1-0 S(1)
line is detected and obtain a data cube of pure emission-line spectra. We determine
the distribution of the H 2 as the zeroth moment map of this cube, summing all emission
above the 3-σ level along the velocity axis in at least two consecutive pixels. The velocity
field corresponds to the first moment map and is centred on the systemic velocity of the
H i disk, vsys = 4274 km s−1 Chapter 4.
This method is less conservative than the first, but does not rely on the quality of
the Gaussian fitting, which may bias the characterisation of the morphology of the H 2
1-0 S(1) emission. Interestingly, the total intensity and velocity field determined from
the two methods are very similar. In the next section, we use the results of the second
method to analyse the kinematics of the molecular hydrogen in PKS B1718–649.
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The Gaussian fitting of the H 2 1-0 S(1) line describes the line across the field of view
well, except in the central 0.5200 in the proximity of the AGN. This is the only region
where the fit with a single Gaussian component leaves substantial residuals above 3σ
of the noise (see Fig. 5.3 right panels). The profile is also clearly more asymmetric,
and the velocity dispersion of the profile is higher than in the other regions of the field
of view. This suggests that in the centre, more than one component is needed to fully
characterise the kinematics of the H 2 . A further analysis of the morphology of the H 2
1-0 S(1) emission in the central 75 pc of PKS B1718–649 is given in Section 5.3.2.
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Fig. 5.3: Spectra extracted from the five regions (RN , RS , RW , RE , RC ) illustrated in
Fig. 5.2. The right panels show a zoom-in on the H 2 1-0 S(1) line, centred at the systemic
velocity of PKS B1718–649. The dashed line shows the fit with a single Gaussian
component, while the dotted line shows the residuals. In the bottom panel, solid lines
indicate the locations of the H 2 1-0 S(0,1,2,3) lines, while dashed and dotted lines show
the H 2 2-1 S(1,3) and [Si VI] and Brγ lines, respectively.

5.3
5.3.1

Results
Distribution and kinematics of the molecular hydrogen

The intensity map and velocity field of the H 2 1-0 S(1) line emission in the central regions
of PKS B1718–649 are shown in Figs. 5.4 left and right panels. At radii r > 650 pc, the
H 2 is assembled in a disk aligned in the N-S direction, the same direction as the H i disk,
Hα , and the dust lanes at larger radii (r ∼ 8 kpc) (Keel & Windhorst 1991, Chapter 4). The
H 2 disk reaches velocities of ±200 km s−1 , which is similar to the rotational velocities
of the large scale H i disk Chapter 4 From now on, we refer to it as the ‘outer disk’ of
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5.3. Results

Right Ascension (J2000)

Fig. 5.4: Left panel: Intensity map of the H 2 1-0 S(1) line in the inner 2 kpc of PKS
B1718–649. The position angle of the radio source is shown in dashed green (PA= 135◦ ).
Intensity contours at 1.5, 3, 5, 7, 9, 12, and 15-σ are shown in black, starting from
1.5σ = 2.5 × 10−17 erg s−1 cm−2 . The isophotes in grey show the distribution of the stellar
component. Right panel: Velocity field of the H 2 1-0 S(1) line with the contours of
the intensity map overlaid. The position angle of the radio source is shown in black.
Velocities are given relative to the systemic value, vsys = 4274 km s−1 . The regions
marked by crosses are those where we extracted the profiles of Fig. 5.5, (see the text for
more details).

H 2 . At radii r < 650 pc, the major axis of the H 2 disk abruptly changes orientation from
approximately north-south (PA∼ 170◦ ) to east-west (PA∼ +85◦ ). We therefore refer to
this as the ‘inner disk’ of H 2 . The outer disk has asymmetries extending towards the
inner disk, possibly suggesting that inner and outer disks are a part of a single, strongly
warped structure. From the stellar continuum, we determined the distribution of the stars
in the field of view (see the grey isophotes in Fig. 5.4 (left panel)). The outer disk is
aligned with the stellar component in the N-S direction. Conversely, the inner disk is
polar.
In the inner disk, the major axis is aligned in the E-W direction perpendicular to
the outer disk. As we move towards the centre, the velocity field suggests that the
kinematic minor axis of the disk (green velocities in Fig. 5.4 (right panel)) may change
its orientation within 100 from the radio source. There, its axis of rotation appears
to be aligned with the direction of propagation of the radio jets (dashed line in the
figures). However, given the quality of the data, the presence of this warp should only be
considered as a suggestion.

5.3.2

The H 2 1-0 S(1) line in the innermost 75 pc

The velocity field in Fig. 5.4 (left panel) suggests that, overall, the disk is dominated
by rotation. However, as mentioned above, the very central region (r < 0.2500 ) shows a
broader profile compared to the neighbouring regions, suggesting a much larger velocity
dispersion in the innermost ∼ 75 pc. In Fig. 5.5, we show the H 2 1-0 S(1) line profile
extracted from the nucleus (r ∼ 0.2500 ) and from two adjacent regions on either side of the
nucleus (crosses in Fig. 5.4 (right panel)). The line extracted from the central region (C)
is shown in Fig. 4, along with the H 2 1-0 S(1) line from two regions adjacent to the centre
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on the east (E) and on the west (W), respectively. All spectra are centred on the systemic
velocity of the galaxy. From the figure it is clear that the H 2 line has an asymmetric
profile in the centre, with a second component peaking at velocities > +220 km s−1 . This
component lies outside the range of velocities of the rotation, limited by the flanks of the
blue and red lines. The centre of the galaxy (r < 75 pc) is the only region of the galaxy
where the H 2 1-0 S(1) line has this feature.
This can also be illustrated by the position-velocity diagram extracted along the major
axis of the inner disk (PA ∼ 85◦ ). Figure 5.6 shows that the kinematics are generally
characterised by rotation, as suggested by the smooth gradient in velocity along the
x-axis, which is symmetric with respect to the centre of the galaxy and with respect
to its systemic velocity. Nevertheless, in the centre (r < 75 pc), the profile appears to be
broader and more asymmetric towards red-shifted velocities (v > +200 km s−1 ) than in
the rest of the disk.
Some considerations of the rotation curve of the inner disk of PKS B1718–649 allow
us to explore the kinematics in more detail. Willett et al. (2010) estimate that the mass
of the SMBH is ∼4×108 M . Assuming that the velocity dispersion of the stars is ∼200
km s−1 , this means that the SMBH dominates the kinematics of the galaxy out to r ∼ 45
pc, while beyond that radius, the stellar mass distribution, which is described well by a
de Vaucouleurs profile (Veron-Cetty et al., 1995), also contributes. Figure 5.6 shows
a rotation curve based on such a model where we have assumed a total mass of PKS
B1718–649 of 4 × 1011 M , an effective radius of 9.7 kpc (Veron-Cetty et al., 1995),
and circular orbits of rotation, and then corrected for the inclination of the inner disk2 .
Looking at the central 75 pc, part of the broad profile can be described by the effect of the
SMBH on the gas rotation. However, at red-shifted velocities (v & +220 km s−1 ), there
is gas extending beyond the velocity range of the rotation curve expected for the mass
model: ∆vuns ∼ +150 km s−1 . Although our model is fairly qualitative, it suggests gas
with anomalous velocities (∆vuns ) exists very close to the SMBH which may be directly
involved in its fuelling (see Section 5.4 for more details) .

5.3.3

The temperature and mass of the H 2

The relative intensity of the H 2 emission lines can be used to infer the temperature and
mass of the molecular gas. We estimate the temperature in five different regions within
the field of view from the flux densities shown in Table 5.2. As shown in Fig. 5.2, we
chose two regions in the outer disk (RN and RS ), two in the inner disk (RN and RS ) and
one in the centre (RC ). Following Jaffe et al. (2001); Wilman et al. (2005); Oonk et al.
(2010) (and references therein), assuming that the gas is in local thermal equilibrium, the
logarithm of the ratio between the flux density of a H 2 line and the flux density of the H 2
rot ) of the gas itself. The
1-0 S(1) line depends linearly on the excitation temperature (T ex
flux ratios of the H 2 1-0 lines suggest that the inner and outer disks have temperatures
between 1100 K and 1600 K, while the temperature is lower ∼ 500 K in the centre. In the
RN and RC regions, we measure upper limits for the H 2 1-0 S(0,2) line flux densities that
are inconsistent with the local thermal equilibrium (LTE) temperatures derived from the
1-0 S(3) over 1-0 S(1) ratio. Deeper observations are needed to further investigate these
possible deviations from LTE.
2 The ratio between the minor and major axes of the inner disk, assuming a finite thickness, indicates the
disk is oriented approximately edge-on (i ∼ 90◦ ).
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Fig. 5.5: Spectra of the H 2 1-0 S(1) line, centred at the systemic velocity of PKS
B1718–649. Spectra are extracted along the line of sight to the radio source (black)
and on a region on the east (red) and on the west (blue) of the inner disk, at 0.7500 from
the centre. Only the spectrum in front of the radio source appears broader and red-shifted.

The X-ray emission is localized in the innermost 200 of the galaxy. Considering
that X-rays in the [0.5 − 2] keV energy range could be strongly absorbed, we estimated
the lower limit on the luminosity L[0.5−2] keV & 1041 erg s−1 Chapter 4. This is only
one order of magnitude higher than the H 2 luminosity of the inner disk, LH 2 ∼ 6.0 ×
1040 erg s−1 (where the flux density is 5.1 × 10−14 erg s−1 cm−2 at DL ∼ 62.4 Mpc). This
agrees with the thermal excitation scenario and suggests that only a small number of
high-energy photons are required to produce molecular hydrogen emission. The small
size of the radio source (2 pc) hints that shocks, if present, may excite the warm molecular
gas only in the regions right next to the radio jet (r  75 pc). As a result, this cannot
be the main excitation process of the H 2 , suggesting that thermal excitation is likely the
main mechanism responsible for the warm H 2 emission.
Given the temperature of the molecular hydrogen, we determine the mass of the H 2
of the inner disk, MH 2 (warm) ≈ 1 × 104 M , from the flux density of the H 2 1-0 S(1)
line, as shown in Turner et al. (1977),Scoville et al. (1982) and Dale et al. (2005). From
the data cube, we also measure the flux density of the unsettled H 2 component in the
innermost 75 pc (see Section 5.3.2): F ∼ 6.5 × 10−19 erg s−1 cm−2 . This corresponds to
MH 2 (warm) & 130 M .
The amount of warm gas found in the inner disk of PKS B1718–649 is in the
same range of masses as found in the innermost hundreds of parsecs of other LINER
galaxies (Müller-Sánchez et al., 2013). Since the H 2 is mainly thermally excited, the
H 2 1-0 S(1) line may reflect the total mass of the cold molecular component, i.e. the
H 2 in its ground state (T exc ∼ 100 K) commonly traced by the CO lines and the H 2 0-0
S(0,...,7) rotational lines. Within one order of magnitude, the mass of the cold H 2 can be
estimated from the mass of the warm H 2 . We find MH 2 (cold) ≈ 2 × 109 M for the inner
disk and MH 2 (cold) & 5 × 107 M for the unsettled H 2 in the central 75 pc, where we
use the relation found for a sample of galaxies with similar morphological classification
to PKS B1718–649, (Mueller Sánchez et al., 2006; Dale et al., 2005; Mazzalay et al.,
2013; Emonts et al., 2014).
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Fig. 5.6: Position velocity plot of the H 2 1-0 S(1) line extracted along the major axis
of the inner disk. Contour levels are –3, –2, 2, 3, 5, 7,9, and 12-σ. The black dashed
line shows the rotation curve predicted from the stellar photometry, while the fine dashed
line shows the contribution of the SMBH to the rotation. The solid line is the total
rotation curve derived from the two. In the centre at velocities & +220 km s−1 , we identify
a component of H 2 deviating from the predicted rotation curve (see Section 5.3.2 for
further details).

5.4

Relating the kinematics of the gas to the radio
nuclear activity

The SINFONI observations in the innermost kilo-parsec of PKS B1718–649 reveal two
disks of molecular hydrogen. The outer disk (r > 650 pc), oriented in the N-S direction,
follows the rotation of the stars and of the other gaseous components of the galaxy. The
inner disk (r . 600 pc) is oriented E-W with kinematics characterised overall by rotation.
In Section 5.3.2, we showed that in the innermost 75 pc of PKS B1718–649, the H 2 1-0
S(1) line is brightest and asymmetric, suggesting the presence of a second component
of H 2 with unsettled kinematics deviating from the rotation with red-shifted velocities
∆vuns ∼ +150 km s−1 .
The H 2 is not the only gaseous component with unsettled kinematics near the
radio source. Along the same line of sight (and in particular only in front of the
central 2 pc of the radio source), the H i also shows kinematics deviating from regular
rotation Chapter 4. Two separate absorption lines with opposite velocities with respect
to the systemic value suggest the presence of small clouds of cold gas close to the
AGN that deviate from the rotation of the other components of the galaxy. From the
separation between the two lines, we estimate that these clouds have unsettled velocities
of vuns (H I) ∼ 100 km s−1 . Given that the distribution of the H 2 in the inner disk is not
homogeneous, it is reasonable to assume that the H i clouds are located in the same
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Table 5.3: Main properties of the molecular hydrogen in the innermost regions of
PKS B1718–649.
Parameter
Radius [pc]
Flux [ erg s−1 cm−2 ]
Luminosity [ erg s−1 ]
Temperature [K]
Mass H 2 (warm) [M ]
Mass H 2 (cold ) [M ]

Inner disk
<650
5.1 × 10−14
3.5 × 1040
∼ 1100
∼ 1.5 × 104
∼ 2 × 109

Deviating component
< 75
1.5 × 10−15
5.7 × 1038
∼ 900
& 130
∼ 5 × 107

region of the H 2 with unsettled kinematics, i.e. in the innermost 75 pc of the galaxy. The
presence of a clumpy multiphase environment around the radio source is also suggested
by the variability of its radio-continuum (Tingay et al., 2015), which has been attributed
to changing conditions in the free-free absorption in a surrounding clumpy cold medium.
Moreover, optical spectroscopic observations also suggest the presence of a clumpy
circum-nuclear medium (Filippenko, 1985). A similar distribution of H 2 with increasing
velocity dispersion in the central ∼100 pc has been detected in a number of different
AGN and Seyfert galaxies (Hicks et al., 2009, 2013; Davies et al., 2014; Guillard et al.,
2012; Müller-Sánchez et al., 2013; Mazzalay et al., 2013; Mezcua et al., 2015).
PKS B1718–649 is thus a newly born compact radio AGN surrounded by a rotating
clumpy multi-phase circum-nuclear disk, where we measure deviations from rotation in
the H i and the H 2 only in the innermost 75 pc. While the H i–because it is detected in
absorption–must be located in front of the radio source, the H 2 is detected in emission and
can be located either in front of or behind the radio source, or both at once. In principle,
therefore, the red-shifted velocities of the unsettled gas could correspond to either an
infall or an outflow. It is difficult to disentangle this from the available data. However,
given the properties of this AGN, we note it is unlikely that it is driving an outflow. The
small scale of the radio source (2 pc) and its low jet power (P j . 2.3×1043 erg s−1 ) would
exclude a jet-driven outflow. Since PKS B1718–649 is a LINER galaxy, the radiation
from the optical AGN is also limited (Prad . 8 × 1043 erg s−1 ), and an outflow is not
likely to occur on energetic grounds. These considerations make it plausible to assume
that the red-shifted, unsettled velocities of the H 2 are connected to gas falling into the
AGN and perhaps being responsible for its fuelling. PKS B1718–649 does not show
traces of previous periods of radio activity that could have perturbed the gas3 . As a
result, it is likely that, when the radio source was triggered, these clouds with unsettled
kinematics (∆vuns ∼ +150 km s−1 ) were already present in the innermost 75 pc of the
circum-nuclear disk. The double disk structure of the H 2 and the large-scale strongly
warped H i disk suggest that the gas in PKS B1718–649 is still settling in the gravitational
potential and that stellar torques are acting on the gas to align into a stable configuration.
These torques may strip gas clouds from the inner two-disk configuration so that the
clouds subsequently become unsettled and fall towards the SMBH.
Simulations of black hole accretion in rotating environments (King et al., 2008;
Nayakshin & Zubovas, 2012; Gaspari et al., 2013; Gaspari, 2015) have suggested that,
because of the local instabilities of the medium, chaotic collisions between clouds,
3 Since the 1.4 GHz continuum flux density over ∼ 4 pc2 (beam of the VLBI observations,Tingay et al.
(2002)) is the same as over ∼ 64 kpc2 (resolution of the ATCA observations, Chapter 4).
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cold filaments, and the clumpy circum-nuclear disk may unsettle the kinematics of
the gas and promote the cancellation of angular momentum. This may lead to the
triggering of accretion into the SMBH. If the velocity dispersion does not exceed the
rotational velocity, the accretion rates onto the AGN are predicted to be . 0.1 M
yr−1 . This scenario could be an alternative explanation for the disturbed kinematics
observed in the H i and the H 2 of PKS B1718–649, where the deviations from rotation
(∆vuns ∼ +150 km s−1 ) are in the same order of magnitude as the rotational velocity
(vrot ∼ 220 km s−1 ). This scenario predicts inefficient accretion onto the AGN, which
is also suggested by the radio power and by the LINER nature of PKS B1718–649.
In low-efficiency radio AGN, the radio power may set a constraint on the accretion
rate onto the SMBH (Allen et al., 2006; Balmaverde et al., 2008). In PKS B1718–649,
this is equal to Ṁ . 10−2 M yr−1 . In Chapter 4, we derived a limit for the contribution
of the H i to the accretion using a very uncertain distance of the clouds from the nucleus
owing to the large beam of the H i observations. The H 2 emission allows us to constrain
this distance to . 75 pc, so we determined the accretion rate of the H i clouds and of
the H 2 with unsettled kinematics and investigated whether this could sustain the radio
activity. Assuming the velocities deviating from rotation are equal to the in-fall velocity
into the black hole (v ∼ +150 km s−1 ) and assuming a distance of the clouds from the
SMBH r . 75 pc, we determined a typical timescale of accretion of these components
to be taccretion ∼ 6.9 × 105 years. The mass of the H i clouds is constrained by the column
density of the absorption lines; assuming these are located within ∼ 75 pc of the radio
source, we determined MH I ∼ 3.5 × 102 M . From this, it follows that ṀH I ∼ 10−4 M
yr−1 , which is insufficient, alone, to sustain the radio activity. In the innermost 75 pc, the
warm molecular hydrogen with unsettled kinematics has a mass of MH2 (warm) . 130
M , which also gives an accretion rate of ṀH2 ∼ 10−4 M yr−1 . If some of the cold H 2
(T ex ∼ 102 K, see Section 5.3.3) is also involved in feeding the AGN, we may obtain an
accretion rate sufficient to power such a radio source.
PKS B1718–649 has some interesting features in common with the nearest radio
galaxy Centaurus A. Like PKS B1718–649, Centaurus A has a young radio core
surrounded by a circum-nuclear rotating disk of H 2 that is embedded in a large-scale
H i disk (Struve & Conway, 2010). Centaurus A also shows a brighter and asymmetric
H 2 line profile in the innermost 200 pc. This can be explained by gas streaming down
into the AGN (Neumayer et al., 2007). PKS B1718–649 appears to be another example
where we witness the fuelling of a radio-loud AGN. We plan to investigate this further
with future observations.

5.5

Conclusions

Our SINFONI [1.95−2.45] µm observations of the innermost 800 ×800 of PKS B1718–649
have shown the presence of molecular hydrogen assembled into two orthogonal disks.
The outer (r > 650 pc) disk of H 2 is oriented in the north-south direction aligned with
the stellar distribution and of which the kinematics connects smoothly to that of the
large-scale H i disk. At radii r < 650 pc, the H 2 was assembled in an inner circum-nuclear
disk, aligned in the east-west direction and polar with respect to the stars. The kinematics
of the disks is characterised by rotation with velocities of about 220 km s−1 . Assuming
thermal equilibrium within the disk, we determined the temperature of the H 2 to be
T ex ∼ 1100 K and its mass MH 2 (warm) ≈ 1 × 104 M , which may trace up to ∼ 2 × 109
M of cold molecular hydrogen.

5.5. Conclusions
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The kinematics of the inner disk of H 2 is characterised by rotation due to the
combination of the stellar distribution and the SMBH (see Section 5.3.2). Close to the
radio source, at radii r < 75 pc, we detected H 2 deviating from such a rotation. In the
innermost 75 pc, the H 2 has unsettled kinematics in the range ∆vuns ∼ +150 km s−1 . This
component of warm H 2 has a mass of ∼ 130 M , which may trace . 5 × 107 M of cold
molecular hydrogen. The H i clouds detected in absorption against the compact radio core
by Chapter 4 have similar velocities deviating from rotation, and they could be located in
the same region close to the radio source. These observations, along with the information
collected from the variability of the radio continuum (Tingay et al., 2015) and the line
ratios of the optical forbidden lines (Filippenko, 1985), suggest that the circum-nuclear
ISM is clumpy and may represent the fuel reservoir of the radio source. The mass traced
by the H i clouds and by the warm H 2 alone is insufficient to fuel the AGN to power the
radio jets. Instead, the mass of total cold H 2 (T ex ∼ 102 K) traced by the warm unsettled
H 2 in the innermost 75 pc could fuel the radio source at the required accretion rate.
Given the low power of the AGN, inefficient accretion is most likely to occur in PKS
B1718–649. Given the double disk structure of the H 2 , which is part of the larger (r ∼ 23
kpc) H i disk, the gas configuration could be caused by the stellar torques acting on the
gas to align into a stable configuration, and it may give rise to small clouds with unsettled
kinematics. The small clouds of H i and H 2 with unsettled velocities of ∼ 150 km s−1 ,
which we detect, could be falling into the AGN, contributing to the fuelling of the radio
source.
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Abstract
We present ALMA observations of the 12 CO (2–1) line of the newly-born (tradio ∼ 102
years) radio AGN PKS B1718–649. These observations reveal that the carbon monoxide,
in the innermost 15 kpc of the galaxy, is distributed in a complex warped disk. Overall,
the 12 CO (2–1) follows the rotation of the dust lane and of the stellar body of the galaxy.
In the innermost kiloparsec, the gas abruptly changes orientation and is distributed in
a circumnuclear disk (r . 700 pc) with major axis perpendicular to that of the outer
rotating gas. Against the compact radio emission of the source (r ∼ 2 pc), we detect 12 CO
(2–1) in absorption at red-shifted velocities with respect to the systemic velocity (∆v =
+365 ± 22 km s−1 ), which could trace molecular gas falling into the central super-massive
black hole. A comparison with near infra-red H 2 observations shows that this in-falling
gas must be close to the black hole (d . 75 pc), and is likely accreting onto it. This is the
first time that traces of accretion of cold molecular clouds onto the SMBH are detected
in a young radio source.

6.1. Introduction

6.1
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Introduction

The presence of a radio AGN in the centre of a galaxy is associated with the accretion of
material onto the central super-massive black hole (SMBH) and the release of energy into
the host galaxy through radiation and high-speed radio jets. Different studies (e.g. Best
et al. 2005; Best & Heckman 2012 or see Heckman & Best 2014 for a review) have
shown that in some radio AGN, the energy released through radiation dominates over the
mechanical energy of the radio jets. These sources have a radiatively efficient accretion
mode, which is often expressed in terms of the Eddington ratio Lbol /LEdd & 1%, i.e. the
ratio between the bolometric luminosity (Lbol ) and the Eddington luminosity (LEdd )1 ,
and they are called radiative mode radio AGN. In other radio AGN, the material accreted
onto the SMBH leads to the production of highly energetic radio jets that dominate over
the radiative energy. These are the so called jet-mode radio AGN, and have typically
low Eddington ratios Lbol /LEdd . 1%. The vast majority of radio AGN is characterized
by jet-mode accretion (e.g. Best et al. 2005; Sadler et al. 2007). Most of the energy of
the AGN is deposited mechanically in the interstellar medium (ISM) by the radio jets
producing some of the most directly observable phenomena of feedback from AGN, e.g.
inflated bubbles or cavities in the hot gas, or fast outflows of gas driven by the expansion
of the AGN. The effect of an AGN is believed to play a fundamental role in regulating
the star formation of the host galaxy as well as the observed relation between the masses
of the bulge and the SMBH (see the Introduction of this thesis for further details).
It is still not understood which physical phenomena trigger a jet-mode radio AGN.
The origin of the fuelling gas, the mechanism by which it is transported to the vicinity of
the black hole (e.g. Hopkins & Quataert 2011), and the nature of the accretion flow
onto the black hole (e.g. Best et al. 2005; Heckman & Best 2014) must play a role
in characterizing this type of radio AGN. Moreover, in radio AGN, the time-scale of
the nuclear activity (∼ 108 years) is much shorter than the lifetime of the host galaxy.
Therefore, it is possible that during its life a galaxy is characterized by multiple phases
of radio nuclear activity (e.g. Clarke & Burns 1991; Jones & Preston 2001; Saikia &
Jamrozy 2009, not necessarily with the same efficiency.
There are different accretion mechanisms which have been proposed to explain the
triggering of jet-mode AGN. One possibility (e.g. Bondi 1952; Narayan & Yi 1995; Ho
2009) is that the accreting material has an inflow time much shorter than its radiative
cooling time and hot gas is possibly the main fuel for the nuclear activity (e.g. Hardcastle
et al. 2007). The simplest model for accretion (Bondi, 1952) of hot gas assumes that the
accreting gas is initially distributed in a spherically symmetric geometry with negligible
angular momentum. Bondi accretion does not realistically describe the circumnuclear
environments of a radio AGN but it provides an estimate of the accretion rate that
correlates with the power released by the radio AGN, for a small sample of radio sources
typically located in the centre of galaxy clusters (i.e. Allen et al. 2006).
A more plausible model for the accretion mechanism of jet-mode radio AGN has been
proposed based on different numerical simulations which consider that the gas cools prior
to the accretion onto the SMBH. These simulations predict that the circumnuclear regions
of radio AGN are rich in molecular gas distributed in clumpy disks, with kinematics
characterized both by rotation and turbulence (e.g. Wada & Tomisaka 2005; Wada et al.
2009). Accretion of small (30 ≤ r ≤ 150 pc) dense (NHI & 1020 cm−2 ) clouds of gas,
= (4πGmp c/σT )MBH = 3.3 × 104 MBH , where G is the gravitational constant, σT is the Thomson
scattedisk cross-section for the electron, mp is the mass of a proton and c is the speed of light (e.g. Heckman &
Best 2014).
1L
Edd
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for example, is a process that could explain both the low accretion rates typical of these
AGN as well as the short time-scale of the fuelling of the radio activity (Nayakshin &
Zubovas, 2012; Gaspari et al., 2013; Hillel & Soker, 2013; King & Nixon, 2015; Gaspari
et al., 2015, 2016). Nevertheless, this process where dense clouds of cold gas form within
a hot medium because of turbulence, and chaotically free-fall towards the SMBH, lacks
clear observational evidence.
One key ingredient of radiatively inefficient accretion of radio AGN seems to be cold
gas (T . 102 K), atomic and molecular. High resolution observations of a handful of
AGN (e.g. Müller-Sánchez et al. 2013; Combes et al. 2013, 2014; García-Burillo et al.
2014; Viti et al. 2014; Morganti et al. 2015; Martín et al. 2015; Dasyra et al. 2016;
García-Burillo et al. 2016) have characterized the physical conditions (e.g. distribution,
kinematics, pressure, density, temperature) of the molecular gas in their circumnuclear
regions. These high resolution observations enabled the characterization of the effect of
the AGN on the surrounding molecular medium and, sometimes, to trace gas that may
be moving towards the central SMBH. In particular, gas that may be falling towards
the AGN has been identified via different tracers, i.e. carbon monoxide clouds falling
towards the centre of the Abell 2597 Cluster (Tremblay et al., 2016), counter rotating
gas in the torus (4C +12.50, Dasyra & Combes 2012; Dasyra et al. 2014; NGC 1566,
Combes et al. 2014), gas streams of warm molecular hydrogen (NGC 1068, Sánchez et al.
2009), inflowing torques on the circumnuclear molecular clouds (NGC 1433, Combes
et al. 2013), gas deviating from regular rotation detected in absorption (3C 293, Labiano
et al. 2013), and H i clouds of gas detected through absorption (e.g. NGC 315, Morganti
et al. 2009; PKS B1718–649, Chapter 4). Observations of the molecular gas in a few
young radio sources (e.g. PKS B1718–649, Chapter 5; 4C +31.04, García-Burillo et al.
2007; 3C 293, Labiano et al. 2013) infer a clumpy circumnuclear disk or disk and find
indications that the gas may contribute to fuel the central radio source. Nevertheless,
in some of these sources the radio jets have already expanded for hundreds of parsecs
in the ISM, possibly changing its physical conditions, making the study of the fuelling
mechanisms very difficult. To study the fuelling of the central nucleus is important to
select a radio AGN where the activity did not have time to perturb the surrounding ISM.
Hence, the ideal candidate would be a very young radio source, where the radio jets
extend for at most a few parsec, hence their impact on the ISM is limited.
Young radio sources with compact radio jets (i.e. the jets extend for less than a
kilo-parsec and are embedded in the host galaxy) are rich in atomic and molecular gas
compared to other more evolved AGN (e.g. Emonts et al. 2010; Guillard et al. 2012,
Chapters 1 and 2), and are the best candidates to study the triggering and fuelling of
jet-mode radio AGN. The kinematics of the gas in the proximity of the AGN seems to be
more unsettled than in older AGN (e.g. Allison et al. 2012, Chapters 1 and 2). However,
these observations lack the spatial resolution to resolve individual cloud-like structures.
In the following section, we introduce the main characteristics of PKS B1718–649,
a nearby (z=0.01442)2 young radio AGN, that makes it an ideal candidate to study the
triggering of young AGN.

2 Throughout this chapter we use a ΛCDM cosmology, with Hubble constant H = 70 km s−1 Mpc−1 and
0
ΩΛ = 0.7 and ΩM = 0.3. At the distance of PKS B1718–649 (62.4 Mpc): 100 = 294 pc.
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6.1.1

A baby radio source: PKS B1718–649

PKS 1718-649 is among the nearby radio AGN one of the youngest (tradio ∼ 102 years,
Giroletti & Polatidis 2009). Its radio continuum emission is compact, extending only 2
pc. The radio source is classified as a Giga-Hertz Peaked Spectrum source (GPS, Tingay
et al., 1997, 2002). Previously, we observed the source in neutral hydrogen (H i) with
the Australia Telescope Compact Array (ATCA) and in warm molecular hydrogen (H 2 ,
2.12µm) with SINFONI. The results are shown in Chapters 4 and 5.
PKS B1718–649 is hosted by an early-type galaxy and is embedded in a large-scale
H i disk (Veron-Cetty et al. 1995, Chapter 4). The regularity of the H i disk rules out
large-scale inflows of gas, caused by bars or interaction events, as responsible for the
fuelling of the radio source (Chapter 4). The observations of the H 2 1-0 S(1) line
emission at 2.12 µm (Chapter 5) show that in the innermost kilo-parsec warm H 2 is
rotating in a disk that abruptly changes its orientation at r ∼ 650 pc. At outer radii,
the disk is oriented north-south and it follows the rotation of the other components of the
galaxy (e.g. stars, H i disk), while at small radii (r . 650 pc)the disk is oriented along
the east-west direction. The inner disk is not homogeneous and it forms a circumnuclear
disk characterized by rotation around the radio source.
Figure 6.1 shows the optical emission of the central regions of PKS B1718–649
observed by the Hubble Space Telescope WFPC2. A dust-lane oriented north-south
crosses the central bulge. Clouds of dust are detected also in other regions of the field.
The location of the radio AGN is shown in brown.
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Fig. 6.1: Hubble Space Telescope WFPC2 image of PKS B1718–649 within the field of
view of the ALMA telescope. The black cross indicates the compact radio AGN.
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In the inner kpc of PKS B1718–649, we detect both H i and warm H 2 gas with
turbulent kinematics deviating from the regular rotation of the circumnuclear disk
detected in emission. Against the compact radio continuum emission, we detect two
H i absorption lines with opposite velocities with respect to the systemic velocity of the
galaxy. These lines trace two clouds of cold gas which are not rotating within the galactic
disk. The clouds are small (MHI < 107 M ), otherwise they would have been detected in
emission. As discussed in Chapter 4, these clouds may belong to a larger population of
clouds surrounding the radio source, which contributes to its fuelling. Most interestingly,
the observations presented in Chapter 5 also show that in the innermost hundreds of
parsecs a component of H 2 deviates from the regular rotation of the disk. The deviation
from rotation is ∼ 150 km s−1 towards red-shifted velocities with respect to the systemic
velocity. Given the clumpiness of the ISM surrounding the radio source, it is reasonable
to assume that the H 2 component and the H i clouds are located in the same region, in
front of the radio source in the innermost few hundred parsec. If this were the case, since
the velocities of the H 2 component are red-shifted, we would observe gas directly falling
towards the SMBH.
The spatial resolution of the 2.12 µm observations does not allow us to further
constrain the conditions of the molecular hydrogen and to understand if and how it could
be fuelling the newly born radio AGN. Nevertheless, complementary observations also
suggest that gas in the form of dense clouds may actively contribute to the accretion
onto the SMBH. In the optical band, PKS B1718–649 is a weak AGN, classified as
a LINER. The ratios between the fluxes of the emission lines typical of the narrow
line region of AGN (i.e. [O III], [S ii]) suggest the circumnuclear regions of PKS
B1718–649 are populated by dense clouds (Filippenko, 1985). A clumpy circumnuclear
environment could also explain the variability of the peak of the radio spectrum due
to free-free absorption (Tingay et al., 2015). While relatively weak in the optical,
PKS B1718–649 has an excess of X-ray emission. This could be due to an extended
thermal component typical of complex gaseous environments (Siemiginowska et al.,
2016). Moreover, PKS B1718–649 is the first compact young radio AGN where γ-ray
emission has been detected (Migliori et al., 2016). Possibly this emission is generated by
inverse-Comptonization of the circumnuclear photon field (IR-to-UV) by the relativistic
electrons of the expanding radio jets.
In this chapter, we present the results from ALMA observations of the 12 CO (2–1)
line of the central 15 kpc of PKS B1718–649. The chapter is structured as follows. In
Sect. 6.2, we describe the observations and the data reduction. In Sect 6.3, we reveal the
complexity of the distribution and kinematics of the molecular gas. In Sect. 6.3.2, we
focus on the study of kinematics of the gas in the circumnuclear (r < 700 pc) regions.
In Sect. 6.3.3, we determine the properties of the CO detected in absorption against the
compact radio AGN. In Sect. 6.3.4, we determine the masses of the molecular gas in
different regions of PKS B1718–649. In Sect. 6.4.1, we compare the distribution and
kinematics of the 12 CO (2–1) with the warm H 2 (Chapter 5). In Sect. 6.4.2, we discuss
how molecular clouds of gas are falling towards the radio source, and in Sect 6.4.3 we
analyse how accretion of these clouds onto the SMBH could sustain the radio nuclear
activity of PKS B1718–649. In Sect. 6.5, we summarize our results and suggest future
observations that may allow us to better understand the physical conditions of the gas
fuelling a newly born radio sources.

6.2. Observations

6.2
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Observations

The 12 CO (2–1) line of PKS B1718–649 was observed by ALMA during Cycle 3 in
September 2016 (ID: 2015.1.01359.S, PI: F. M. Maccagni). The observing properties
are summarized in Table 6.1. The observations were pointed at the innermost 15 kpc
of PKS B1718–649 with a single-pointing field of view (FoV) of ∼ 51.200 . The ALMA
extended antenna configuration (C36 − 6, maximum baseline of 16 km) allows us to
reach maximum spatial resolution of 0.2200 . At the redshift of PKS B1718–649, the
12 CO (2–1) line is found at frequency ν
obs = 227.591 GHz and the Band 6 receivers
were used for the observations. The spectral window of the observation was 1.875 GHz,
divided in 240 channels of 7.81 MHz (∼ 10.3 km s−1 ). The duration of the observation,
including the time for calibration, was 3.4 hours. The initial calibration was done in
CASA (McMullin et al., 2007) using the ALMA data reduction scripts. These calibrated
uv-data were subsequently exported to MIRIAD (Sault et al., 1995), which was used to
perform additional self-calibration of the continuum point source which improved the
quality of the images and datacubes. All further reduction steps (continuum subtraction,
mapping/cleaning) were also done in MIRIAD.
Table 6.1: Specifications of the ALMA final data-cube
Parameter
Field of view
Synthesized beam
Velocity Resolution
r.m.s noise per channel

Value
51.200 × 51.200 (15 × 15 kpc)
0.2800 × 0.2800 (82 × 82 pc)
48 km s−1
0.09 mJy beam−1

The data cubes were made using various Briggs weightings (D. S. Briggs, F. R.
Schwab, 1999) to explore which one would allow us to better image the molecular gas.
In this chapter, we show the data cube obtained using natural weighting and smoothed
to a velocity resolution of 48 km s−1 , except when indicated otherwise. The r.m.s. noise
per channel of the data cube is 0.09 mJy beam−1 . The size of the synthesized beam of
the final data cube is 0.2800 × 0.1900 (PA = 41◦ ), which corresponds to a spatial resolution
of ∼ 82 pc. This allows us to resolve the molecular gas emission in the innermost 700
pc of the galaxy, where the SINFONI observations revealed the presence of a clumpy
circumnuclear disk of H 2 .
A continuum image was also produced from the uv-data using uniform weighting.
The r.m.s noise of the continuum image is 0.1 mJy beam−1 and the restoring beam is
0.2400 × 0.1500 (PA = 37◦ ). Since the emission of the AGN is strong at 230 GHz (S cont =
303 mJy), the quality of the continuum image is limited by the dynamic range. The
continuum source is unresolved, as expected from its measured linear size.

6.3

Results

In this section, we present the analysis of the data cube of the observations of the 12 CO
(2–1) line of PKS B1718–649. The gas detected in emission reveals a complex clumpy
distribution overall dominated by rotation (Sect. 6.3.1). The innermost regions (r < 700
pc) show a circumnuclear gaseous rotating disk (Sect. 6.3.2) with a different orientation.
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Against the central compact radio continuum, 12 CO (2–1) is detected in absorption at
red-shifted velocities with respect to the systemic velocity (Sect. 6.3.3).
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Fig. 6.2: Hubble Space Telescope WFPC2 image of PKS B1718–649 with overlaid the
contours of the total intensity map of the 12 CO (2–1) line detected in the innermost 15
kpc. The resolution of the total intensity map is 0.500 . Contour levels are 3, 6, 12 and 18σ.
This and all intensity maps shown in this chapter are not corrected for the primary beam
of ALMA. The 230 GHz continuum emission of the radio AGN is indicated with a black
cross.

6.3.1

Molecular clouds rotating in a warped disk

The ALMA observations at 230 GHz of PKS B1718–649 show that the innermost 15
kpc is rich in molecular gas distributed in clouds and filamentary structures. Figure 6.2
displays the total intensity map of the 12 CO (2–1) line emission (extracted from a data
cube with 0.500 of spatial resolution) overlaid on the optical image taken with the Hubble
Space Telescope WFPC2 camera. Overall, the 12 CO (2–1) emission is co-located with
the dust lane detected in the optical band and oriented north-south, in sparse clouds
around the bulge of the galaxy, and in the circumnuclear regions, close to the radio AGN.
The distribution of the CO is clumpy, with many molecular clouds spatially resolved
in the field of view. At radii greater than 1 kpc, the molecular gas is approximately
distributed in an edge-on (i = 60◦ − 80◦ ) disk oriented north-south (PA = 0◦ ). From the
total intensity map, correcting for the primary beam of ALMA, we measure the total flux
density of the 12 CO (2–1) line, S CO ∆v = 174 ± 17.4 Jy km s−1 . We estimate that the
error in the flux density is ∼ 10%, to allow for uncertainties in the flux density of the gain
calibrator.
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Fig. 6.3: Velocity field of the 12 CO (2–1) line detected in the innermost 15 kpc of PKS
B1718–649. Contours are as 6, 12, 18σ. The systemic velocity (∼ 4250 ± 20 km s−1 ) has
green colours. The radio continuum emission is indicated by a black cross.

Figure 6.3 shows the moment one map of the 12 CO (2–1) line emission extracted
from the same data cube as the total intensity map. Overall, the kinematics of the gas
is dominated by rotation. The observed velocity ranges between ∼ 3950 km s−1 and
∼ 4600 km s−1 along the north-south axis. We measure the systemic velocity of the
CO as the mean point of this range of velocities, ∼ 4250 ± 20 km s−1 . This velocity is
comparable to the systemic velocity measured from the kinematics of the H i and of the
warm H 2 gas (vsys = 4274 ± 5 km s−1 ). The position angle of the disk and the direction of
rotation is the same of the H i disk in the range of radii from 3 to 8 kpc, suggesting that
overall the 12 CO (2–1) is following the rotation of the other components of the galaxy.
Figures 6.2 and 6.3 show that moving towards the centre, the gaseous disk changes
its orientation and in the innermost 700 pc and reaches a PA = 72◦ , almost perpendicular
to the outer disk. The CO in the circumnuclear regions and in the dust lane are connected
in velocity, suggesting they all form a single warped disk. The single channel maps
suggest that the inclination of the disk remains approximately edge-on (i∼ 60◦ − 80◦ )
across all radii. A position-velocity diagram taken along the north-south axis shows that
the gas along the dust lane has a smooth velocity gradient along the spatial axis with very
low velocity dispersion, indicating that besides the very central regions (r . 700 pc) the
rotation of the molecular clouds is very regular.

6.3.2

A clumpy circumnuclear disk

Figure 6.4 (left panel) shows the total intensity map of the 12 CO (2–1) emission line
in the circumnuclear regions of PKS B1718–649. The rotating structure is oriented
along the east-west direction (PA = 72◦ ), it has radius of 700 pc. Interestingly, even
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Fig. 6.4: Left panel: Total intensity map of the 12 CO (2–1) line detected in the innermost
1.5 kpc of PKS B1718–649. The 230 GHz continuum emission is indicated by a black
cross. Right panel: Velocity field of the 12 CO (2–1) line detected in the circumnuclear
regions of PKS B1718–649. Green velocities mark approximately the systemic velocity
of the galaxy (vsys = 4250 ± 20 km s−1 ).

though it is much smaller that the circumnuclear disk, the radio source has a PA = 135◦ .
This angle is very similar to the position angle of the minor axis of the disk and it also
marks the direction along which the 12 CO (2–1) in the circumnuclear disk is dimmest.
The circumnuclear disk shows a clumpy structure embedded in a more diffuse medium.
Within the disk we resolve spatially and in velocity a few of these clouds that have
approximately size of r . 120 pc. In the very centre, where the radio AGN is located
(brown contours in the figure), we do not detect 12 CO (2–1) in emission. There, if
carbon monoxide is present, it must have column-density below the detection limit of
our observations (∼ 7.7 × 1019 cm−2 ).
The total flux density (corrected for the primary beam of ALMA) of the
circumnuclear disk is S CO ∆v = 29.5 ± 2.95 Jy km s−1 (see Table 6.3).
Figure 6.4 (right panel) shows that the circumnuclear disk is dominated by rotation.
The velocity field, as well as the single channel maps, suggest the disk is approximately
edge-on (i ∼ 60◦ − 80◦ ).
Figure 6.5 (top panel) shows a position-velocity diagram taken along the major axis
of the circumnuclear disk. The smooth velocity gradient along the x-axis clearly shows
the disk is overall regularly rotating and has a radius of 700 pc. In the innermost ∼ 300 pc,
the disk spans a broader range of velocities than at outer radii. This suggests an increase
in the velocity dispersion of the gas in the central regions. Part of this broadening of the
velocity gradient can be explained by the geometry of the system, since the disk is edge
on.

6.3.3

The 12 CO (2–1) detected in absorption

Figure 6.5 (top panel) shows that the 12 CO (2–1) is detected in absorption against the
radio AGN, at x = 0 and v = +4615 ± 20 km s−1 (in white contours). In Fig. 6.5 (bottom
panel), we show the spectrum extracted against the radio continuum emission from a
data cube at a higher spectral resolution (20 km s−1 ) to investigate the line profile in
more detail. The noise of the spectrum is 1.12 mJy beam−1 . The peak of the absorption
line (Speak = −0.813 mJy) is detected with ∼ 9σ significance. The total absorbed flux
density is 2.59 mJy km s−1 . Given that the flux density of the continuum at 230 GHz
is 304 mJy, the line has peak optical depth τpeak = 0.003 and integrated optical depth
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Table 6.2: Properties of the 12 CO (2–1) detected in absorption
Parameter
S230 GHz
Sabs
Speak
FWHM
∆v = vpeak −vsys
Peak optical depth
Integrated optical depth
NCO
NH2
M (H 2 ) (rcloud = 2 – 75 pc)

Value
304 ± 30.4mJy
2.59 ± 0.259 mJy
−0.813 ± 0.0813 mJy
57.4 ± 20 km s−1
345 ± 20 km s−1
0.003
0.221 km s−1
1.0 × 1017 cm−2
1.65 × 1021 cm−2
335 M – 4.69 × 105 M

τdv = 0.221 km s−1 . Our observations spectrally resolve the absorption line and we
measure a Full Width at Half Maximum, FWHM= 57.4 ± 20 km s−1 .
In the centre, if the CO was regularly rotating within the disk, we would have
expected to detect it at the systemic velocity. Instead, the absorption line peaks at
vpeak = 4615 ± 20 km s−1 and has an offset with respect to the systemic velocity of
∆v = vpeak −vsys = +365±22 km s−1 (see Table 6.2). Since the gas is detected in absorption
it is located in front of the radio source, it is falling towards the radio source and the in-fall
velocity is given by the shift of the line vinfall . ∆v = +365 ± 22 km s−1 .
If we assume that the gas detected in absorption is homogeneously distributed in front
of the background continuum source, and that it is in local thermal equilibrium (LTE), we
can determine the column density (NCO (2) ) of the carbon
monoxide in the level J = 2 from
R
the integrated optical depth of the absorption line ( τdv) using equation (e.g. Wiklind &
Combes 1995; Bolatto et al. 2013):
Z
3h
gJ
NCO (J) = 3 2  hνrest
(6.1)
 · τCO (J) dv
8π µ
J · e kB Tex − 1
R

where µ = 0.112 cm5/2 g1/2 s−1 is the dipole moment of the CO molecule, J = 2 is
the upper level of the J → J − 1 transition, g J = 2J + 1 is the statistical weight of the
transition, T ex its excitation temperature and νrest its rest frequency, h and kB are the
Planck’s and Boltzmann constants, respectively. To determine the column density of
the carbon monoxide we need to assume its excitation temperature. In the Milky Way,
in conditions of thermal equilibrium the typical temperature of the CO is ∼ 16 K (e.g.
Heyer et al. 2009), which is the value we assume in this chapter. Nevertheless, close to
the nuclear activity, the gas could be warmer. For example, in the circumnuclear regions
of 4C +12.50, (Dasyra & Combes, 2012; Dasyra et al., 2014) measured T ex = 65 K,
which would increase its column density. Assuming T ex = 65 K, the column density
derived from the 12 CO (2–1) line is NCO (2) = 8.9 × 1014 cm−2 .
In order to derive the column density of the total CO, we multiply by the partition
−EJ
P
function of the 2-1 rotational transition of the CO, J (2J + 1)e kB T = kBBT ex (where B is
the the rotational constant of the molecule expressed in cm−1 ), and we divide by the
relative population of the upper level of the transition, g J exp(−Eu /kB T ex ) (where Eu =
11.5 cm−1 ), to obtain the column density of the total CO, NCO = 1.0 × 1017 cm−2 . To
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Fig. 6.5: Top Panel: Position-velocity diagram taken along the major axis of the
circumnuclear disk of PKS B1718–649 (PA = 72◦ ). The dashed horizontal line
shows the systemic velocity of the source. Contour levels are −5, −3, −2σ, in white,
and 3, 6, 12, 18, 24σ, in black. Absorption is detected with ∼ 7σ significance at v ∼
4615 km s−1 and zero offset. Bottom Panel: Spectrum extracted against the radio
continuum emission of PKS B1718–649. 12 CO (2–1) is detected in absorption at
red-shifted velocities with respect to the systemic. The peak of the line is detected with
∼ 7σ significance. The red shaded regions shows the integrated flux of the line.
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convert it to column density of the molecular hydrogen we assume the most conservative
CO-to-H 2 abundance ratio, AC = 1.6 × 10−4 (Sofia et al., 2004), and we find NH2 = 1.65 ×
1021 cm−2 (see Table 6.2).
The column density also depends from the covering factor (c f ) of the absorbing
component against the continuum source. Given that the extent of the continuum is
only two parsec, it is likely that the covering factor is equal to one. The column density
of the absorbing component is ∼ 4 times lower than the detection limit of the 12 CO (2–1)
gas in emission on the same line of sight. This suggests that the absorbed 12 CO (2–1) gas
could belong to a larger component of molecular gas present in the innermost 0.2800 pc
of the galaxy (the central beam of our observations), which has lower column densities
than the 12 CO (2–1) in the outer regions of the circumnuclear outer regions of the disk.
The width of the absorption line also suggests that the absorbed 12 CO (2–1) is part
of a large and complex ensemble of molecular clouds. In the spectrum at the original
resolution of the observations (10.3 km s−1 ), we resolve the absorption line over five
channels. The width of the absorption line is much higher than the typical velocity
dispersion of the molecular gas in a cloud (. 4 km s−1 e.g. Heyer et al. 2009). According
to the scaling relations for molecular clouds (Larson, 1981; Solomon et al., 1987; Heyer
et al., 2009), the size of a cloud corresponding to the width of the absorption line would
be ∼ 1 kpc, which is the extent of the entire circumnuclear disk. Hence, the absorption
line is either tracing an ensemble of clouds, or the molecular cloud we detect has turbulent
kinematics, possibly because it is torn apart while falling, or a combination of both effects
(see Sect. 6.4.2 for further details).
From the extent and column density of the molecular cloud seen in absorption, it is
possible to estimate its mass. The in-falling clouds are detected in absorption against
a very narrow line of sight (2 pc) which sets the lower limit to the size of the clouds.
Nevertheless, it is likely that the low column density 12 CO (2–1) extends in the entire
region where we do not detect 12 CO (2–1) in emission (r ∼ 75 pc). Hence, we set these
dimensions as the lower and upper limit on the extent of the in-falling clouds. The mass
of the in-falling molecular gas may range between 335 M – 4.69 × 105 M .

6.3.4

Luminosities and masses of the molecular gas

The emission of the 12 CO (2–1) line allows us to determine the molecular masses of
the different structures we identified in the previous sections, i.e. the mass derived
from the total flux density of the 12 CO (2–1) line in PKS B1718–649, from the flux
of the circumnuclear disk, and from the column density of the 12 CO (2–1) detected in
absorption (see Table 6.2).
To convert the flux of the 12 CO (2–1) line to mass we need to assume the ratio
between the luminosity of the observed line and the CO (1–0) line. Optically thick gas
in thermal equilibrium has brightness temperature and line luminosity independent of
the rotational energy level J of the line, LCO(2−1) = LCO(1−0) . If the gas is optically thin
the ratio can be higher than one. Here, we are not able to set constraints on the optical
thickness of the 12 CO (2–1) (observations of different excitation levels would be needed)
and, for simplicity, we assume LCO(2−1) = LCO(1−0) (in units of Kelvin). By consequence,
the values we derive for the luminosity of the total 12 CO are upper limits.
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According to Solomon & Vanden Bout 2005; Bolatto et al. 2013 (and references
therein), the luminosity of the CO line is given by:

−2
LCO [K km s−1 pc2 ] = 3.25 × 107 S CO ∆v [Jy km s−1 ] νobs
[GHz] ×

D2L [Mpc]
(1 + z)3

(6.2)

where νobs is the frequency at which the line is observed, and DL is the luminosity
distance of the source in Mpc. The total luminosity of the 12 CO (2–1) emission in PKS
B1718–649 is LCO = 7.369×107 K km s−1 pc2 and the circumnuclear disk has luminosity
of LCO = 1.21 × 107 K km s−1 pc2 .
The CO line emission traces discrete molecular clouds in the central regions of PKS
B1718–649. Molecular clouds consist almost entirely of H 2 gas (Solomon et al., 1997;
Downes & Solomon, 1998; Solomon & Vanden Bout, 2005; Dale et al., 2005; Bolatto
et al., 2013) and the H 2 mass-to-CO luminosity relation can be expressed as MH2 =
αCO LCO , where MH2 is defined to take into account the mass of the helium, so that
it corresponds to the total gas mass of the molecular clouds. In the Milky Way, most
of the CO is detected in optically thick molecular clouds and αCO = 4.6 M · (K km
s−1 pc−2 )−1 . If the temperature of the gas is higher, e.g. in Ultra Luminous InfraRed
Galaxies (ULIRGs) and AGN the conversion factor may be as low as αCO = 0.8 (Downes
& Solomon, 1998; Bolatto et al., 2013; Geach et al., 2014). In this section, we compute
the masses for both these conversion factors (see Table 6.3).
In Table 6.3, we show that the total mass of the H 2 varies between 3.26 × 108 M for
(αCO = 0.8 M · (K km s−1 pc−2 )−1 ), to 1.88 × 109 M for a Galactic conversion factor
(αCO = 4.6 M · (K km s−1 pc−2 )−1 ). The mass of the circumnuclear disk ranges between
5.35 × 107 M and 3.08 × 108 M . These values are lower than the upper limit estimated
from the observations of the warm H 2 gas (. 1.0 × 109 , Chapter 5), but they derive from
more sensitive observations.
Table 6.3: Properties of the 12 CO (2–1) detected in emission
Parameter
S CO (2−1)
L CO (2−1)
M (H 2 )

S CO (2−1)
L CO (2−1)
M (H 2 )

(total)
(αCO = 0.8 M · (K km s−1 pc−2 )−1 )
(αCO = 4.6 M · (K km s−1 pc−2 )−1 )
(circumnuclear disk)
(αCO = 0.8 M · (K km s−1 pc−2 )−1 )
(αCO = 4.6 M · (K km s−1 pc−2 )−1 )

Value
174 ± 17.4 Jy km s−1
7.37 × 107 K km s−1 pc2
3.26 × 108 M
1.88 × 109 M
29.5 ± 2.95 Jy km s−1
1.21 × 107 K km s−1 pc2
5.35 × 107 M
3.08 × 108 M

Notes. We estimate the total H 2 mass assuming three different conversion factors between the
luminosity of the CO line and the mass of the molecular gas. The lower values of the mass are
obtained adopting the typical value for the optically thick gas in ULIRG and AGN (αCO = 0.8 M ·
(K km s−1 pc−2 )−1 ) and the upper limit are given for a Galactic conversion factor (αCO = 4.6 M ·
(K km s−1 pc−2 )−1 ).
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Discussion
The 12 CO (2–1) and the H 2 in PKS B1718–649

In this section, we compare the SINFONI observations of the warm H 2 (Chapter 5), with
the ALMA observations of the 12 CO (2–1). Figure 6.6 (left panel) shows the 12 CO (2–1)
emission of the circumnuclear disk overlaid with the H 2 1-0 S(1) emission detected in the
innermost 8 kpc of PKS B1718–649. The two lines trace the H 2 in its cold (T∼ 10 − 100
K) and warm (T. 103 K) phase. The spatial resolution of the SINFONI observations
(0.5500 ) is lower than the ALMA observations. The figure shows that, overall, the warm
H 2 and the 12 CO (2–1) gas are distributed in the same regions, a circumnuclear disk
with radius of 700 pc oriented east-west and an external disk oriented north-south. The
SINFONI observations detected H 2 gas distributed in two orthogonal disks. The ALMA
observations trace 12 CO (2–1) gas connecting the two disks, which appear to be part of
the same structure.
In the outer disk (r & 1 kpc), the H 2 is detected where the 12 CO (2–1) is brightest.
Fig. 6.6 (right panel) shows that this occurs also along the circumnuclear disk except
than in the innermost 75 pc. There, the H 2 emission is brightest while the 12 CO (2–1)
emission is dimmest. In particular, the ratio between the column density of the H 2 traced
by the 12 CO (2–1) and by the H 2 1-0 S(1) in the innermost 75 pc is lower of a factor
ten with respect to the ratio along the circumnuclear disk. Since the 12 CO (2–1) and the
H 2 1-0 S(1) are both tracers of the molecular hydrogen, this suggests that in the centre
the conditions of the gas are different than at outer radii, since in the centre the 12 CO
(2–1) seems to be optically thinner than the warm H 2 gas. In the presence of a strong
UV-radiative field the 12 CO (2–1) gas may be photo-dissociated before the H 2 gas and
consequently it traces less gas than the warm H 2 1-0 S(1) line (e.g. Lamarche et al.
2017). In the centre of PKS B1718–649, it is likely that the radiative field of the AGN,
which also shows an excess of radiation in the X-rays and γ-rays (Siemiginowska et al.,
2016; Migliori et al., 2016), is currently photo-dissociating the molecular hydrogen,
i.e. the nuclear activity is changing the conditions of the surrounding cold gas. This
hypothesis can be further constrained by observations of the 12 CO (3-2) and HCO+
(4-3) at comparable sensitivity and resolution of the 12 CO (2–1) observations. Tracing
the variations of the line ratios throughout the circumnuclear disk, we could measure
the presence of gradients of pressure and determine where the molecules are heated by
photo-dissociation and where by X-ray dissociation.
Figure 6.7 shows the position-velocity diagram extracted along the major axis of the
circumnuclear disk and integrated over a width of 0.500 in the direction perpendicular to
the major axis. In Chapter 5, we estimated a model of the rotation curve of the inner
disk (shown in magenta in the figure) considering the contribution of the central SMBH
and of the stellar mass distribution (M? = 4 × 1011 M , effective radius re = 9.7 kpc). The
rotation curve matches the smooth velocity gradient of the gas, hence, overall, the warm
H 2 and the 12 CO (2–1) gas regularly rotate in the circumnuclear disk. Nevertheless, there
are indications of molecular gas that is deviating from the rotation.
We detect 12 CO (2–1) in absorption at red-shifted velocities with respect to the
systemic velocity (∆v = +365 ± 20 km s−1 , see Sect. 6.3.3), against the compact (r ∼ 2
pc, ∼ 6 milli-arcsec) radio source. At the same red-shifted velocities, we also detect in
emission warm H 2 gas. This is the only H 2 component with velocities deviating from the
regular rotation. If this gas was located outside of the circumnuclear disk, there would
be no other reason than a highly unlikely coincidence for it to be located exactly in
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Fig. 6.6: Left panel: Total intensity image of the distribution of the 12 CO (2–1) in
PKS B1718–649 overlaid with the distribution of the H 2 detected by SINFONI, in blue
contours (Chapter 5). The resolution of the 12 CO (2–1) data is 0.2800 , the resolution of
the H 2 data is 0.5500 . Right panel: Total intensity map of the circumnuclear disk of CO
of PKS B1718–649 overlaid with the warm H 2 emission. The radio continuum is shown
in brown contours.

front of the radio AGN. Given that the CO absorption and this H 2 component have same
red-shifted velocities and are both on the same line of sight of the radio AGN, they are
likely located in the same region. The warm H 2 component lies in the centre of the disk
and is detected only in one resolution element (0.500 , Chapter 5). This sets the upper limit
on the distance of the in-falling H 2 and 12 CO (2–1) from the SMBH, dinfall . 75 ± 30 pc
of PKS B1718–649.

6.4.2

Molecular clouds fuelling the newly born radio source

Figure 6.8 shows the spectrum of the 12 CO (2–1) extracted against the central compact
(rradio ∼ 2 pc) radio source (Sect. 6.3.3) overlaid with the spectrum of the H i (Chapter 4)
and of the warm H 2 gas (Chapter 5) extracted along the same line of sight. The spectra
are in optical depth. The spectrum of the H 2 1-0 S(1) gas is normalized to the peak of
the 12 CO (2–1) emission line. The shaded colours of the figure highlight the parts of
the lines tracing gas that is not regularly rotating within the circumnuclear disk. The
two H i absorption lines cannot both rotate with the disk because they trace gas that is
in a line of sight of only 2 pc and has opposite velocities with respect to the systemic
velocity (vpeak,blue = −74 km s−1 and vpeak,red = +26 km s−1 , respectively). The warm H 2
gas has a component of the line with red-shifted velocities with respect to the systemic
velocity (vpeak,H2 = +4600 km s−1 ) and it extends at the same velocities of the 12 CO
(2–1) absorption line outside of the range of the rotational velocities of the circumnuclear
disk (see Sect. 6.4.1). The spectra show a first order similarity, despite the differences
in velocity and spatial resolution (i.e. 6.7 km s−1 and ∼ 1100 for the H i, 75 km s−1 and
∼ 0.5500 for the H 2 and 24 km s−1 and ∼ 0.2800 for the 12 CO (2–1)).
Figure 6.8 shows that several absorbing clouds are found in various tracers (H i, H 2
and 12 CO (2–1)) at different velocities with respect to the systemic along the same (very
narrow) line of sight of the radio continuum. This suggests that in the nuclear region of
PKS B1718–649 there is a large reservoir of clouds of cold atomic and molecular gas
with anomalous velocities that likely play a role in fuelling the nuclear activity.
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Fig. 6.7: Integrated position-velocity diagram taken along the major axis of the
circumnuclear disk PKS B1718–649 (PA = 72◦ ), integrated over 0.500 in the direction
perpendicular to the major axis. Black and white contours show the 12 CO (2–1) emission
and absorption, respectively. Cyan contours show the H 2 emission. Contour levels
are −5, −3, −2σ and 3, 6, 12, 18, 24σ, respectively. The dashed magenta line gives the
predicted rotation curve.

In Sect. 6.3.4, we provide a range of the mass of the molecular clouds traced by
absorption, 335 M . MH2 . 4.69 × 105 M . Given that the in-fall velocity is vinfall =
+365 ± 20 km s−1 and assuming that all the absorbed 12 CO (2–1) gas is at the maximum
distance of in-fall, dinfall ∼ 75 pc (see Sect. 6.4.1), the time-scale of accretion is taccretion ∼
5 × 105 years. The accretion rate onto the SMBH is 1.6 × 10−3 M yr−1 . ṀH2 . 2.2 M
yr−1 . This range is broad because we considered two very conservative approximations
for the extent of the in-falling cloud. Given the kinematics of the absorbed 12 CO (2–1),
it is unlikely that the cloud has radius of 2 pc, as well as that the innermost 75 pc of the
source are uniformly filled by 12 CO (2–1).

6.4.3

Accretion of molecular gas in radio AGN

In the previous sections, we defined the main properties of the in-falling clouds of
molecular hydrogen that we have detected in the innermost 75 pc of PKS B1718–649.
Here, we relate these properties to the accretion mechanism that may have triggered the
radio source and may still fuel it. In low-efficiency radio AGN, the energetic output of the
AGN provides an estimate of the accretion rate required to sustain the nuclear activity.
The luminosity at 1.4 GHz allows us to measure the mechanical energy released by the
radio jets, while the luminosity of the the [O III] line provides information on the radiative
energy of the AGN (e.g. Allen et al. 2006; Balmaverde et al. 2008; Best & Heckman
2012). In PKS B1718–649, given S [O III] = 5.0 × 10−14 erg s−1 cm−2 and S 1.4 GHz = 3.98
Jy, the expected accretion rate is Ṁ ∼ 10−2 M yr−1 (see Chapter 4 for further details).
This value is in the range of accretion rate we estimate from the in-falling 12 CO (2–1) gas,
1.6 × 10−3 M yr−1 . ṀH2 . 2.2 M yr−1 . In Chapter 4 and Chapter 5, we showed that
the of accretion the unsettled H i and H 2 components could not sustain the nuclear activity
by itself. The 12 CO (2–1) gas detected in absorption suggests that in the innermost 75 pc
there is sufficient in-falling molecular gas to fuel the nuclear activity.
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Fig. 6.8: Spectra of the H i (red), H 2 (blue) and 12 CO (2–1) (black) gas extracted against
the compact radio continuum emission of PKS B1718–649. Two separate lines are
detected in the H i gas with opposite velocities wih respect to the systemic. The 12 CO
(2–1) detected in absorption peaks at red-shifted velocities (∆v ∼ 343 km s−1 ) with respect
to the systemic (black dashed line). The H 2 gas is detected in emission at the systemic
velocity and at the velocities of the red-shifted absorbed CO line. The spectrum of the H 2
gas has been normalized to the maximum of the spectrum of the CO line (see Sect. 6.3.3
for further details). The shaded regions of the lines are tracing gas that is not regularly
rotating.

Numerical simulations suggest that in jet-mode radio AGN chaotic accretion of
clouds of cold gas may sustain the radio activity (Nayakshin & Zubovas, 2012; Gaspari
et al., 2013; King & Nixon, 2015; Gaspari et al., 2015, 2016). In this scenario, small
clouds of multi-phase gas form in a turbulent medium. Since the turbulence and
cooling of these clouds causes them to loose angular momentum, they may fall into
the SMBH from many different directions. This breaks the spherical symmetry assumed
so far in models of low-efficiency accretion, and can boost the efficiency of accretion
in radio AGN.
Chaotic cold accretion could be the triggering and fuelling mechanism of PKS
B1718–649. This model provides an explanation for the accretion rate of PKS
B1718–649, and well describes the properties of its circumnuclear disk, in-falling clouds
and radio emission that we observe. The numerical simulations of chaotic cold accretion
(Gaspari et al., 2013, 2015, 2016) predict that structures falling into radio AGN should
appear as H i or CO absorption features. Moreover, for an early-type galaxy of similar
mass to PKS B1718–649 the models predict the formation of a circumnuclear disk of
about 500 pc of diameter within which turbulent clouds may generate and fall towards
the nucleus at speeds & 150 km s−1 , triggering and fuelling a radio AGN.
In PKS B1718–649, the clouds are in-falling with velocities . 365 ± 20 km s−1 .
This velocity is comparable to the in-fall velocity of 12 CO (2–1) clouds accreting in the
brightest cluster galaxy in Abell 2597 (Tremblay et al., 2016). In other AGN where
molecular clouds could also fuel the radio source (e.g. 4C +31.50 García-Burillo et al.
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2007; 3C 293, Labiano et al. 2013), instead, the values measured for the in-fall velocity
of the accreting material are much lower.
PKS B1718–649 could be an optically elusive AGN (Schawinski et al., 2015), i.e. the
AGN is weak (classified as LINER) in the optical band because it is living an intermediate
phase of nuclear activity, where accretion has already triggered the mechanism of
radiation of radio and X-ray emission, but did not have enough time to sufficiently ionize
the circumnuclear ISM to be bright in the optical. Indeed, PKS B1718–649 is optically
a LINER AGN and has an thermal X-ray excess, nevertheless the information on the
ionized gas surrounding the AGN is limited (e.g. Filippenko 1985). Spectral information
in the optical and UV-band of the central kilo-parsec of PKS B1718–649, that could be
provided by the latest generation spectrometers, such as, for example, X-Shooter, would
be crucial to obtain a complete picture of all phases of the gas in the circumnuclear disk.

6.5

Conclusions and future developments

In this chapter, we presented new ALMA 230 GHz observations of 12 CO (2–1) gas in the
15 kpc around the young radio source PKS B1718–649. These observations follow the
H i (Chapter 4) and warm H 2 (Chapter 5) observations that revealed cold gas in the centre
of the galaxy that may contribute fuelling the radio AGN. The ALMA observations allow
us to trace at high resolution (0.2800 ) the distribution of the carbon monoxide, study its
kinematics in relation to the recent triggering of the radio nuclear activity, and detect
in-falling molecular clouds that may accrete onto the SMBH.
The ALMA observations of the 12 CO (2–1) line reveal that multiple clouds are
distributed in a complex warped disk. Between 7.5 kpc and 2.5 kpc from the central
radio AGN, the disk traced by the molecular gas is edge-on (i ∼ 60◦ − 80◦ ) oriented as
the dust lane in the north-south direction (PA ∼ 180◦ ). At inner radii, the disk changes its
orientation (PA ∼ 150◦ ), molecular clouds are found in proximity of dust (Fig. 6.2) and
of warm H 2 gas (see Fig. 6.6 (left panel)). In the very central regions, the disk changes
abruptly its orientation and the molecular clouds form an edge on circumnuclear disk
oriented approximately east-west (PA ∼ 72◦ ) of r ∼ 700 pc.
The carbon monoxide is a tracer of the cold phase of the molecular hydrogen.
Depending on the conversion factor assumed (αCO = 0.3 − 4.6 M · (K km s−1 pc−2 )−1 ),
the total mass of cold molecular hydrogen is M (H 2 ) = 1.8 × 108 –3.26 × 109 M (see
Table 6.3), while the circumnuclear disk has total mass of cold molecular hydrogen
between 5.35 × 107 M and 3.08 × 108 M .
The circumnuclear disk of molecular gas of PKS B1718–649 may form the fuel
reservoir for the radio activity. It follows the rotation predicted from the mass of the
central SMBH and the distribution of the stellar body (see Fig. 6.7). The velocity
dispersion of the gas is higher in the centre of the disk (r < 150 pc, 0.4500 ) than at outer
radii (Fig. 6.5 top panel). This suggests that close to the radio source the gas may have
more turbulent kinematics. The circumnuclear disk is also traced by the H 2 1-0 S(1) line
emission (Chapter 5).
The ratio between the column density of the H 2 gas traced by the 12 CO (2–1) line
and by the H 2 1-0 S(1) line decreases of a factor ten in the innermost 75 pc of the
circumnuclear disk with respect to its outer regions. This suggests that in the centre
the physical conditions of the molecular gas are different because of the presence of the
radiative field of the radio AGN that is photo-dissociating the colder component of the
molecular gas.
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Against the 230 GHz emission of the radio AGN, we detect 12 CO (2–1) gas in
absorption (see Sect. 6.3.3). The absorption line has a width (FWHM= 54 km s−1 ) which
is much larger than the typical velocity dispersion of molecular clouds. Hence, either
the absorption is tracing multiple clouds, or a single cloud with turbulent kinematics,
or a combination of both. The absorption line is detected at red-shifted velocities with
respect to the systemic (∆v = +365 ± 20 km s−1 ), which sets the upper limit on the in-fall
velocity and its kinematics deviate from the rotation of the circumnuclear disk. At the
same red-shifted velocities we also detect in emission a component of warm H 2 (see
Fig. 6.7). This allows us to constrain the distance from the SMBH of the red-shifted
12 CO (2–1) to 75 pc. Likely these clouds are accreting onto the SMBH. This is the first
time that accretion of cold molecular gas is detected in such a young radio source.
In Section 6.4.2 we suggest that the in-falling molecular clouds may trace chaotic
cold accretion (Gaspari et al., 2013, 2015, 2016) onto the SMBH. Nevertheless, a more
quantitative study of the kinematics of the circumnuclear disk of 12 CO (2–1) gas is
needed to make a better comparison with theoretical models of accretion. The ALMA
observations of only the 12 CO (2–1) transition do not allow us to constrain the physical
conditions of the circumnuclear disk, i.e. temperature, pressure and heating mechanism.
This would a crucial step forward in the study of accretion of cold gas in low-efficiency
radio AGN, as well as how the radio nuclear activity changes the conditions of the
surrounding molecular gas.
We intend to continue the study of the molecular gas in PKS B1718–649 and its
contribution to fuel the newly born radio AGN with follow-up ALMA observations of the
12 CO (3-2) and HCO+ (4-3). These observations have been proposed in ALMA cycle 5
and will allow us to determine the physical conditions of the circumnuclear disk as well
as of the in-falling clouds. We plan to determine where along the disk the molecules are
heated by photo-dissociation and where by X-ray dissociation, and to measure if there
are gradients in pressure between the clouds of the circumnuclear disk. This will allow
us to relate the properties of the molecular gas to the radio and X-ray properties of the
AGN and, possibly, to set constraints on the processes of accretion onto the SMBH of
young radio sources (Gaspari et al., 2016).
Similar ALMA observations have allowed similar analyses in a handful of AGN (e.g.
4C +31.05, García-Burillo et al. 2007; NGC 1068, García-Burillo et al. 2014; Viti et al.
2014; 3C 293, Labiano et al. 2013; NGC 1433, Combes et al. 2013,; NGC 1566, Combes
et al. 2014; NGC 1097, Martín et al. 2015). Nevertheless, in these sources it is very
difficult to separate the gas that is rotating close to the AGN to the one that may be
accreting onto the SMBH, because, for example, the in-fall velocity of the clouds is lower
than the rotational velocity of the gas. Hence, PKS B1718–649 is the ideal candidate
to study the kinematics and physical conditions of the accreting gas, compare them to
the ones of the surrounding ISM, and understand which model of accretion may more
accurately describe the triggering and fuelling of young jet-mode radio sources.
A detailed study of the kinematics of the gas will also allow us to separate the
molecular clouds that are regularly rotating in the disk from the ones that have perturbed
kinematics. Identifying these clouds in the circumnuclear disk will allow us to understand
if and how the in-falling clouds detected in absorption are connected to the turbulent gas
seen in emission (see Sect. 6.4.2).
A model of the kinematics may allow us also to estimate a more accurate rotation
curve than the one shown in Fig. 6.7. This may allow us to provide a dynamical estimate
of the mass of the SMBH (Davis et al., 2013b) to compare to the measurements made
from the [O IV] absorption line and from the luminosity of the bulge (Willett et al., 2010),
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as well as to measure the gravitational torque within the circumnuclear disk. The same
model may allow us to measure the gravitational torques undergoing within the disk.
Along with cooling of the gas these are the main drivers of chaotic cold accretion.

CONCLUSIONS AND FUTURE OUTLOOK

In this thesis, we made an inventory of the occurrence of H i gas traced by absorption in
nearby radio galaxies (Chapters 1, 2, 3). We studied the distribution and kinematics of
the neutral hydrogen to investigate how the cold gas and the radio plasma interact. We
found that some properties of the H i lines (e.g. width, shape and optical depth) change
according to the properties of the radio AGN and the host galaxy. We also conducted a
multi-wavelength study of a young radio AGN (PKS B1718–649) to understand which
physical conditions of the atomic and molecular gas may trigger the radio nuclear activity
(Chapters 4, 5, 6). These observations reveal that in the innermost 75 pc multiple clouds
of molecular hydrogen and H i are likely fuelling the radio activity.

Results, chapter by chapter
In this section we shortly summarize the main results obtained in each chapter.
Chapter 1: The H i absorption “Zoo”
• We observed 101 galaxies with radio power, log P1.4 GHz (W Hz−1 ) > 24 detecting
33 H i absorption lines associated with the sources. The complexity of the H i
absorption lines, i.e. width and asymmetry, increases with the radio power of the
sources.
• The H i lines can be divided in three groups based on their kinematical properties.
The narrowest lines with FWHM < 100 km s−1 are most likely produced by HI
rotating in large scale disks or HI clouds. Relatively broad lines (100 km s−1 <
FWHM < 200 km s−1 ) may be produced by similar morphological structures with
more complex kinematics. Broad lines with FWHM > 200 km s−1 , however, may
be produced not by simple rotation, but by the most unsettled gas structures, e.g.
gas-rich mergers and outflows.
• 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
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to occur in compact AGN, as young radio jets are clearing their way through the
ambient medium.
Chapter 2: The last survey of the ‘old’ WSRT
• We expanded the sample of Chapter 1, observing 147 sources with radio flux
densities in the interval 30 mJy beam−1 < S 1.4 GHz < 50 mJy beam−1 , resulting
in a total of 248 galaxies. 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.
• AGN with radio-power log P1.4 GHz (W Hz−1 ) < 24 only show narrow H i absorption
lines (FWHM < 200 km s−1 ). Broad (FWHM > 200 km s−1 ) and asymmetric lines,
which can trace a significant component of H i unsettled by the radio activity, are
found only in powerful radio AGN (log P1.4 GHz (W Hz−1 ) > 24 ).
• Additionally bright mid-infrared (MIR) sources also show H i broad lines,
indicating H i with unsettled kinematics. Sources with extended radio continuum,
i.e. the radio jets are likely expanding outside the host galaxy, and dust-poor
sources show most of the times narrow and deep H i absorption lines. The H i
profiles for these sources are mostly centred at the systemic velocity, suggesting
that in these galaxies most of the H i is settled in a rotating disk.
• Stacking the spectra of 170 where the H i absorption lines were not detected
directly does not reveal a detection of H i absorption down to low optical depths
of τ ∼ 0.0015. Stacking 70 early-type galaxies of the ATLAS3D sample (i.e.
galaxies similar to the sample of our survey but with low radio power, log P1.4 GHz
(W Hz−1 ) < 22), where H i gas is not detected in the centre, suggests that the
circumnuclear regions of early type galaxies may have low column density H i gas
(NH I ∼ 2.1 × 1017 (T spin /c f ) cm−2 ). This limit has a corresponding optical depth
below the detection limit of the absorption staking experiment.
• The H i gas has higher optical depths when is directly detected (τ ∼ 0.1) than the
limit reached by the stacking experiment (τ ∼ 0.0015), suggesting a bi-modality
in the occurrence of H i gas in early-type galaxies. Of these galaxies, 27% ± 5.5%
have H i gas detectable in absorption with short targeted observations (4 − 6 hours).
The other galaxies, if they are not completely depleted of it, have H i at very low
column densities or higher spin temperatures.
Chapter 3: Modelling H i absorption lines
• MoD_AbS is an open source program we developed to understand if and how H i
detected in absorption in radio AGN is distributed in a rotating disk.
• MoD_AbS simulates a disk in circular rotation around the continuum emission of
a galaxy, determining which regions of the disk absorb the continuum emission
and computes the integrated absorption line. Using a Markov Chain Monte Carlo
algorithm, MoD_AbS finds the combination of parameters of the disk generating the
absorption line that best fits the observed one.
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• We used MoD_AbS to generate the integrated absorption line detected in a few radio
sources of which we only have information about the extent of the background
continuum emission. If the continuum source is not very compact (i.e. < 5pc) or
symmetric, MoD_AbS can recover the inclination and position angle of the H i disk
that best fits the observed absorption line.
Chapter 4: What triggers a radio AGN?
• We observed the young (tradio ∼ 102 years, Tingay et al. 1997; Giroletti &
Polatidis 2009; Tingay et al. 2002) radio source PKS B1718–649 with the Australia
Telescope Compact Array to study the H i gas previously detected in emission and
in absorption (Veron-Cetty et al., 1995).
• The study of the kinematics of the large scale H i disk detected in emission does not
reveal significant deviations from regular rotation out to ∼ 30 kpc from the radio
source. This allows us to exclude a major interaction event or secular motions as
responsible for the recent triggering of the radio AGN.
• In absorption, we detect two H i lines peaking at opposite velocities with respect
to the systemic. This indicates that the lines trace distinct small clouds of gas not
regularly rotating within the disk. Although these particular clouds may not have
been directly involved in the triggering of the AGN, they likely belong to a larger
population present within the galaxy, which may contribute to fuel it.
Chapter 5: The warm molecular hydrogen of PKS B1718–649
• We observed the innermost 800 × 800 of PKS B1718–649 in at 2.12µm using the
Integral Field Unit SINFONI. These observations detect emission from the warm
molecular hydrogen (H 2 ) assembled into two orthogonal disks.
• The outer (r > 650 pc) disk of H 2 is oriented in the north-south direction, and it
is aligned with the stellar body of the galaxy. Its kinematics connects smoothly to
that of the large-scale H i disk. At radii r < 650 pc, the H 2 is assembled in an inner
circumnuclear disk, aligned in the east-west direction and polar with respect to the
stars. The kinematics of the two disks is characterised by rotation.
• Close to the radio source, 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.
The properties of the circumnuclear gas and of the radio AGN suggest that this
gaseous component had unsettled kinematics previous to triggering of the nuclear
activity. The red-shifted velocities suggest the H 2 may be moving towards the
radio source and contribute to fuel its activity.
Chapter 6: Cold molecular clouds are fuelling PKS B1718–649
• We observed the 230 GHz 12 CO (2–1) line in the innermost 15 kpc of PKS
B1718–649 with ALMA. These observations allowed us to trace at high resolution
(0.2800 , ∼ 82 pc) the distribution of the molecular gas and study its kinematics in
relation to the recent triggering of the radio nuclear activity.
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• The observations show the 12 CO (2–1) assembled in multiple clouds that are
distributed in a complex warped disk. Between 7.5 kpc and 2.5 kpc from the
central radio AGN, the disk is oriented edge-on (i∼ 60◦ − 80◦ ) in line with as the
dust lane present in the galaxy, in the north-south direction. In inner radii, the
disk changes its orientation; in the innermost 700 pc the molecular gas forms a
circumnuclear ring, oriented east-west, that possibly forms the fuel reservoir of
the radio activity.
• Against the compact radio emission, we detect 12 CO (2–1) in absorption with
red-shifted velocities with respect to the systemic vin−fall = 365 ± 20 km s−1 . The
absorption line is broad compared to the typical velocity dispersion of molecular
clouds, and traces one or more clouds falling towards the radio AGN. Since the
absorption is detected at the same red-shifted velocities of the warm H 2 , the clouds
are likely located in the innermost 75 pc of the galaxy and are accreting onto the
SMBH.

Main topics, main results
In the Introduction of this thesis, we defined six main open questions that we addressed
throughout the different chapters. In this section, we combine the results of this thesis to
answer these questions.
What is the content of H i in nearby radio AGN? what are the conditions of the H i in the
central region of AGN?
In the H i absorption survey presented in Chapters 1 and 2 we detect neutral hydrogen
in 27% ± 5.5% of the sources. In early-type nearby galaxies, the typical host of radio
AGN, the detection rate of H i is ∼ 40% (e.g. ATLAS3D , Serra et al. 2012). Not in all of
these sources H i gas is detected in the centre, where the radio AGN would be, hence the
detection rate of H i in absorption is comparable to the one in emission in the same kind
of galaxies.
The stacking experiments we performed on the sample of our survey (see Chapter 2
and Geréb et al. 2014), suggest that there may be a dichotomy in the properties of the
H i in the central regions of early-type galaxies. Where it is detected directly, the H i gas
has high optical depth while in the non-detections it has very low optical depths. Since
low column density H i gas (NH I ∼ 2.1 × 1017 (T spin /c f ) cm−2 ) is detected in a stacking
experiment of the ATLAS3D early-type sources, the dichotomy may be explained by a
different temperature of the H i in the detections and non-detections. Moreover, we note
that orientation effects between the gas and the background radio continuum cannot be
excluded.
Do the content and properties of H i change according to redshift, power of the radio
activity and characteristics of the host galaxy?
In the survey presented in Chapter 1 and 2, we detect H i absorption in sources of all
radio powers and all redshifts. This suggests that the presence of H i does not depend
on these two quantities. However, the redshift interval (0.02 < z < 0.25) is very small
compared to the redshifts over which we see a cosmological evolution of the gas content
in galaxies.
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The width, shape and offset of the H i absorption lines with respect to the systemic
velocity changes according to the radio power of the sources. Only radio AGN with
log P1.4 GHz (W Hz−1 ) > 24 show broad (FWHM & 200 km s−1 ), asymmetric lines
peaking at ±100 km s−1 with respect to the systemic. These lines likely trace H i that
has unsettled kinematics, possibly because of the interaction with the radio source. In
sources where the radio jets have sub-kpc scales, i.e. compact sources, the H i is detected
more often and it shows these traces of unsettled kinematics. Sources where the radio
jets extend outside the host galaxy, i.e. extended sources, show only narrow lines, typical
of a rotating disk of H i. This suggests that the expansion of the radio jets, if powerful
enough (log P1.4 GHz (W Hz−1 ) > 24 ) plays an active role in disturbing the kinematics of
the surrounding ISM.
Among powerful radio AGN (log P1.4 GHz (W Hz−1 ) > 24 ), sources showing
absorption lines tracing H i with unsettled kinematics are also MIR-bright, indicating
sources rich in dust heated either by the nuclear activity or by star formation (see
Chapter 2 for further details). This further suggests that the nuclear activity may influence
the conditions of the circumnuclear gas. Dust-poor sources have low detection rate of H i
(13% ± 5.8%) and the absorption lines are narrow.
What features of the H i absorption lines indicate that gas may be interacting with the
radio plasma?
In Chapters 1 and 2 we identify three features of the H i absorption lines that can
indicate that the gas is interacting with the radio plasma. If a line is broader than
the rotational velocity of the host galaxy (typically with FWHM > 200 km s−1 ), it is
asymmetric and has its centroid shifted with respect to the systemic velocity of the
galaxy. Such features of the lines likely trace gas with unsettled kinematics. In the
H i absorption lines we detect, the asymmetry of the line is often due to the presence of
a shallow blue-shifted wing. In other radio sources studied in more detail (e.g. Morganti
et al. 2005b; Kanekar & Chengalur 2008; Morganti et al. 2013a; Mahony et al. 2013;
Allison et al. 2015), this feature has been connected to the presence of an outflow of H i
driven by the radio jets expanding through the circumnuclear regions. If the H i traced
by absorption has kinematics not following regular rotation, the shift of the centroid of
the line to the systemic is related to the radial motions of the gas. Since the absorbed gas
is always in front of the radio source, red-shifted velocities indicate gas moving towards
the radio source, while blue-shifted velocities trace gas moving away from it.
In our H i absorption survey we detected more blue-shifted lines than red-shifted
ones. However, cases of red-shifted H i absorption tracing gas falling towards the radio
source are known (e.g. NGC 315, Morganti et al. 2009). In this thesis we also detect a
12 CO (2–1) absorption line in PKS B1718–649 peaking at +365 ± 20 km s−1 with respect
to the systemic velocity, which traces molecular clouds falling into the SMBH.
Can we identify H i outflows of gas and relate their presence to the properties of the radio
AGN?
In our H i survey, we identify H i absorption lines that can trace outflows of gas only
in sources with radio power, log P1.4 GHz (W Hz−1 ) > 24 (Chapters 1 and 2). Among
these sources a lower limit on the detection rate of H i outflows is 5% (Chapter 1). If
outflows are a characteristic phenomenon of all radio AGN, the relatively low detection
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rate would suggest that the depletion time-scale of H i outflows is short compared to the
lifetime of radio AGN.
We developed a program (MoD_AbS) that can reproduce the integrated H i line
generated by a rotating disk. If we can set enough constraints on its inclination and
position angle and on the extent of the radio continuum, MoD_AbS can be used to
understand if all or only a part of the absorption line is tracing rotating gas, and
therefore can allow us to identify gas with kinematics deviating from rotation, that may
be in-falling or out-flowing from the radio AGN (Chapter 3).
What triggered the young radio AGN PKS B1718–649?
In PKS B1718–649 the radio source was triggered much later (∼ 109 years) than the
last major merger or interaction of the galaxy, that from the dynamical time of the H i
disk detected in emission.
In PKS B1718–649 we do not detect neutral hydrogen in emission that deviates from
the kinematics of the large scale disk, we exclude that large clouds of gas (MHI < 4 ×
107 M ) may fall towards the AGN.
The two absorption lines detected at opposite velocities with respect to the systemic
velocity of PKS B1718–649 suggest the presence of a population of clouds in the
innermost regions of the radio source. These clouds are small, otherwise they would
have been detected in emission, have low optical depth (τpeak ∼ 0.002 − 0.004), and their
kinematics deviate from the regular rotation of the large scale disk. This suggests they
may be involved in triggering and fuelling the newly born radio AGN.
Do we see signature of the cold gas contributing to the fuel the AGN and which
component contributes the most?
The observations of the H 2 1-0 S(1) line with SINFONI (Chapter 5), and of the 12 CO
(2–1) with ALMA (Chapter 6), show that the circumnuclear regions are rich in molecular
gas that is distributed in a rotating structure, likely forming the fuel reservoir of the radio
activity. In the centre of the galaxy (r < 75 pc), we detect H i H 2 1-0 S(1) and 12 CO
(2–1) with deviating kinematics tracing a population of clouds of neutral and molecular
hydrogen contributing to fuel the radio activity. In particular, the carbon monoxide
detected in absorption has red-shifted velocities with respect to the systemic velocity
(vpeak ∼ 365 ± 20 km s−1 ), similar to the H 2 component. It is likely that the multiple
clouds traced by these components are falling into the SMBH.
The mass of the hydrogen clouds as well as the one of the warm H 2 , with red-shifted
velocities with respect to the systemic, cannot alone sustain the radio activity of PKS
B1718–649. We estimate an upper limit on the masses of the cold molecular clouds
traced by the 12 CO (2–1) absorption that suggests accretion of these clouds onto the
SMBH may sustain the jet mode activity of PKS B1718–649. This agrees with what
is observed in other young radio AGN, where the molecular gas is the dominant gas
phase in their central regions (e.g. IC 5063, Morganti et al. 2015; Dasyra et al. 2016;
NGC 1433, Combes et al. 2013; NGC 1466, Combes et al. 2014; 3C 293, Labiano et al.
2013; NGC 1068, (García-Burillo et al., 2014; Viti et al., 2014; García-Burillo et al.,
2016); NGC 1097, Martín et al. 2015).
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Which accretion mechanism triggered and is feeding PKS B1718–649?
The radio, optical and X-ray properties of PKS B1718–649 suggest it is a jet mode
radio AGN (Tingay et al., 1997, 2002; Filippenko, 1985; Siemiginowska et al., 2016). Its
accretion mechanism is radiatively inefficient and most energy is expelled by the compact
radio jets. Among various models of radiatively inefficient accretion, different numerical
simulations suggest that in jet mode radio AGN chaotic accretion of clouds of cold gas
may sustain the radio activity (Nayakshin & Zubovas, 2012; Gaspari et al., 2013; King &
Nixon, 2015; Gaspari et al., 2015, 2016). This model of accretion could be the triggering
and fuelling mechanism of PKS B1718–649. It provides an explanation for the accretion
rate of PKS B1718–649, and well describes the properties of its circumnuclear ring,
in-falling clouds, and the radio emission that we observe. Moreover, the numerical
simulations on chaotic cold accretion predict that structures falling onto radio AGN
should appear as H i or CO absorption features, and they predict the formation of a
circumnuclear disk of about 500 pc of diameter within which turbulent clouds may
generate, and fall towards the nucleus, triggering and fuelling the radio activity.

Future outlook
The H i absorption surveys of the SKA precursors and pathfinders
Neutral hydrogen is the most abundant element in the Universe. Detailed knowledge
about its content, distribution and physical conditions in galaxies is crucial to understand
how galaxies evolve, change their star formation history and trigger different modes
of nuclear activity. In this thesis, we showed 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). The detection rate of H i does not seem
to depend on the radio power of the sources. This suggests that H i absorption studies can
be expanded to all kinds of galaxies with radio continuum emission detected at 1.4 GHz.
The study of H i in absorption is one of the science goals of 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 Chapter 2, we presented the dedicated H i surveys of the 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, and two surveys
with the ASKAP, i.e. the Wide-field ASKAP L-band Legacy All-sky Blind surveY
(WALLABY) and the First Large Absorption Survey in H i (FLASH). One of the goals of
these surveys is to blindly look for associated H i absorption among all sources detected
in the radio continuum at 1.4 GHz. As shown in Fig. 10 of Chapter 2, these surveys
are complementary. Only by combining the results of all surveys it will be possible
to obtain a complete picture of the H i content in galaxies between redshift z = 0 and
z ∼ 1. Based on the results of our and other previous H i surveys (Chapters 1, 2 and
e.g. 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; Chandola
& Saikia 2017; Glowacki et al. 2017; Curran et al. 2017), we are confident that the
upcoming surveys will detect H i absorption in radio galaxies of powers in the interval
22 <log P1.4 GHz (W Hz−1 )< 27. The detection of H i in sources of lower radio power,
mainly at low redshifts, should not be excluded.
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SHARP and WALLABY will look for H i at low redshifts (z < 0.26), and it will be
sensitive to the broader range of radio powers (22 <log P1.4 GHz (W Hz−1 )< 27), FLASH
will look for H i absorption out to redshift of z ∼ 1, even though it will mainly detect H i
in the most powerful radio sources (24.5 <log P1.4 GHz (W Hz−1 )< 27). MALS will bridge
the gap between the local and the nearby Universe since it will be sensitive to detect H i
absorption in sources with radio power in the interval 24 <log P1.4 GHz (W Hz−1 )< 27 at
redshifts between z = 0.25 and z = 0.57.
In this thesis, we also developed a set of tools for the upcoming dedicated H i
absorption surveys. To analyse the observations presented in Chapters 1 and 2, we
developed a strategy of data reduction and flagging of radio frequency interference that
will be part of the data reduction pipelines of the SHARP survey. The program we
developed to infer the distribution of H i from the integrated absorption line and a few
assumptions on the radio continuum and the host galaxy (MoD_AbS, Chapter 3) is also
another useful tool for the upcoming surveys. Since it will not be possible to follow
up every source where H i is detected in absorption with high resolution observations,
MoD_AbS will allow us to relate the properties of the H i lines to the radio nuclear activity
and the properties of the host galaxy in a sample of hundreds of sources, even though
information on the host galaxy and the radio continuum emission is limited.

Studying the molecular gas in AGN and feedback effects at all
redshifts
The study of the young radio source PKS B1718–649, as well as many other
multi-wavelength studies of AGN of different kinds (e.g. IC 5063, Morganti et al. 2015;
Dasyra et al. 2016; NGC 1433, Combes et al. 2013; NGC 1466, Combes et al. 2014;
3C 293, Labiano et al. 2013; NGC 1068, (García-Burillo et al., 2014; Viti et al., 2014;
García-Burillo et al., 2016); NGC 1097, Martín et al. 2015) have shown that molecular
gas is a key ingredient for the fuelling of the nuclear activity, and that sometimes radio
AGN 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. Near infra-red Integral Field Unit
spectrometers and millimetre and sub-millimetre telescopes are the ideal instruments to
study at high resolution the molecular gas in the circumnuclear regions of AGN and
investigate how their physical conditions are influenced by the nuclear activity.
One of the fundamental questions of galaxy evolution studies is how galaxies form
at high redshifts and evolve to be the galaxies that we observe in the nearby Universe.
The most important characteristics of this evolution is that the Specific Star Formation
Rate of galaxies at z = 0 is much lower than the one of galaxies at z > 2. Different
numerical simulations of galaxy evolution (e.g. Di Matteo et al. 2005; Springel et al.
2005a; Springel 2005; Springel et al. 2005b; Schaye et al. 2014; Schaller et al. 2015)
suggest that negative feedback effects from AGN at high redshifts may be able to displace
great amounts of gas outside of the galaxies and therefore quench their star formation. In
galaxies at high redshift, it is very difficult to investigate at high resolution the physical
conditions of the ISM that is influenced by the nuclear activity. Nevertheless, different
effects of feedback from AGN have been detected in a few high redshift galaxies, i.e. fast
outflows of gas expelled out of the galaxy for several kilo-parsecs, possibly because of
the radiative winds or the radio jets of the AGN (e.g. Alexander et al. 2010; Bradshaw
et al. 2013; Maiolino et al. 2012; Cicone et al. 2013; Maiolino et al. 2017). To obtain
a complete understanding of feedback from AGN and its role in galaxy evolution, it is
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crucial to connect the knowledge we have on their physical conditions and influence on
the ISM in nearby galaxies to high redshift galaxies.
In this scenario, ALMA and the NOrthern Extended Millimeter Array (NOEMA) are
crucial instruments since its spectral coverage allows us to study the physical conditions
of molecular gas in galaxies out to redshift z ∼ 6, as well as image at high spectral and
spatial resolution the same molecular gas in galaxies of the local Universe. This will
allow us to expand, in the near future, the study of the molecular gas in AGN from the
observations of a few objects to high resolution observation of many types of AGN at
different redshifts, thus connecting the effects of nuclear activity on galaxies throughout
the evolution of the Universe.

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.

SAMENVATTING: KOUD GAS IN HET CENTRUM VAN
RADIO-LUIDE STERRENSTELSELS

Actieve kernen van sterrenstelsels, of Active Galactic Nuclei (AGN), behoren tot de
meest energetische bronnen in het heelal. Ze worden gevoed door de accretie van
materie door het superzwaar zwart gat (SMBH) in het midden van het sterrenstelsel.
In tot ∼ 30% van de AGN (Best et al., 2005) straalt het SMBH energie uit in de vorm
van relativistische jets van radioplasma. Deze AGN worden ook wel radioluide AGN
genoemd. Andere AGN zijn radiostil; deze stralen het grootste deel van hun energie
uit in de vorm van straling. Eén van de meest bestudeerde nabijgelegen radio AGN
is Centaurus A, afgebeeld in Figuur 6.11. De radio emissie wordt in oranje en blauw
weergegeven. Hierin kunnen drie verschillende componenten worden onderscheiden: de
kern in het centrum van het sterrenstelsel, de jets die uit de galactische schijf stromen
en de lobben die zich uitstrekken tot in de halo van het sterrenstelsel. Vanwege hun
energetische output wordt gedacht dat AGN een cruciale rol spelen in de evolutie van
sterrenstelsels en hun omgeving. Dit gebeurt door een proces dat ‘AGN feedback’
wordt genoemd. In kosmologische simulaties is deze feedback een belangrijke factor
die zorgt voor gas depletie van het sterrenstelsel, dat afkoeling van het ISM voorkomt en
uiteindelijk de formatie van sterren in de kiem smoort (b.v. Springel et al. 2005b; Schaye
et al. 2014; Schaller et al. 2015; Harrison 2017).
De vorming van sterren in gesimuleerde sterrenstelsels kan vergeleken worden
met een bestaand sterrenstelsel, evenals de co-evolutie van het SMBH en de centrale
verdikking van het sterrenstelsel (Croton et al., 2006; Booth & Schaye, 2009;
Faucher-Giguère & Quataert, 2012; DeBuhr et al., 2012; King & Nixon, 2015). Bewijs
voor het bestaan van feedback in AGN is gedetecteerd (b.v. McNamara & Nulsen 2007;
Birzan et al. 2004; Harrison 2017) door het geïoniseerde, moleculaire en atomaire gas
te bestuderen. Enkele van de gedetecteerde feedbackprocessen zijn: gaten in het hete
gas van clusters (b.v. Boehringer et al. 1993; Fabian et al. 2006; Birzan et al. 2012),
sterke stralingswinden (b.v. Pounds et al. 2003; Tombesi et al. 2010; Rupke & Veilleux
2011) en snelle gas uitstromen gedreven door radio jets (b.v. Holt et al. 2008; Morganti
et al. 2005b; Tadhunter et al. 2014). Op Figuur 6.11 is het bijvoorbeeld mogelijk
om de interactie waar te nemen tussen de radio lobben en de röntgen straling van het
intergalactische medium. Een van de voornaamste onopgeloste vraagstukken over AGN
feedback is het kwantificeren van het effect op de evolutie van het sterrenstelsel, i.e.
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de efficiëntie van de feedback. Alhoewel de jets van AGN genoeg mechanische kracht
lijken te hebben om het ISM van het gast sterrenstelsel te beïnvloeden (b.v. McNamara &
Nulsen 2012), is de waargenomen massa van een gas uitstroom uit het gas sterrenstelsel
gedreven door AGN activiteit over het algemeen te klein om de ster vorming in het
sterrenstelsel significant te reduceren. Als gevolg hiervan is het moeilijk om de hoge
feedback efficiëntie die simulaties vereisen, waarbij al het gas met hoge snelheid uit het
sterrenstelsel gestoten wordt en ster formatie uitdooft, te rijmen met de lage feedback
efficiëntie die in werkelijkheid gevonden wordt. Daarnaast is het onduidelijk welke
mechanismen deze uitstromen genereren voor de verschillende condities van het ISM.
Stralingswinden van de AGN kunnen een belangrijke oorzaak zijn (b.v. Veilleux et al.
2005; Fabian 2012). In radioluide AGN kunnen de uitstromen ook geassocieerd zijn met
de expansie van de radio jets (b.v. Morganti et al. 2005b; Kanekar & Chengalur 2008;
Tadhunter et al. 2014).
Bij het bestuderen van de interactie tussen de energie die vrijkomt uit de AGN en
het interstellair medium, i.e. de effecten van AGN feedback, bieden radioluide AGN
verschillende voordelen ten opzichte van radiostille AGN. Om te beginnen bevatten
radioluide bronnen vaak alle potentiële drijvingsmechanismen van gas uitstromen, zoals
AGN stralingswinden en radio jets. Daarnaast is het bij radio AGN mogelijk om de
leeftijd van de radio nucleaire activiteit te bepalen. Dit maakt het mogelijk om de
effecten van feedback op het gaststerrenstelsel te bestuderen in verschillende stadia van
de activiteit.

Koud gas in radio AGN
Rondom veel radio AGN is een circum nucleaire schijf, of torus, van gas te zien. Het
grootste deel van het gas in de circumnucleaire regio’s van AGN is koud (T . 103 K), in
de moleculaire en atomaire fase. Een deel van dit gas vormt waarschijnlijk de brandstof
voor de nucleaire activiteit van het SMBH, terwijl de energie die vrijkomt uit de AGN de
verdeling, kinematica en fysische condities van het gas kan veranderen, i.e. veroorzaakt
de effecten van AGN feedback. Bewijs hiervoor kan bijvoorbeeld gevonden worden in de
uitstromen die worden gedetecteerd in de neutrale, moleculaire en geïoniseerde toestand
van het gas, waarbij de belangijkste component koud is (b.v. Morganti et al. 2005b;
Feruglio et al. 2010; Cicone et al. 2013). Zo is atomair waterstof (H i) in bijna 40%
van de vroegtype sterrenstelsels gedetecteerd (Serra et al., 2012) en is de aanwezigheid
hiervan (ten minste in sommige gevallen) aangetoond tot in de circum nucleaire regio’s
van deze sterrenstelsels (b.v. Conway & Blanco 1995; Gallimore et al. 1999; Emonts
et al. 2010). Derhalve kunnen waarnemingen van het atomaire waterstof in de centrale
regio’s van radio AGN wellicht het karakteriseren van de kinematica en de fysische
eigenschappen (b.v. kolomdichtheid, temperatuur) van dit H i mogelijk maken. Tevens
kan zo worden begrepen hoe het H i beïnvloed wordt door de uit de AGN vrijkomende
energie en antwoord gegeven worden op de vraag of en hoe het H i gas bijdraagt aan het
voeden van het SMBH.
In radio AGN kan atomaire waterstof worden gedetecteerd in absorptie tegen de 1.4
GHz continuum emissie van de actieve kern (b.v. Dickey 1982; Heckman et al. 1983;
van der Hulst et al. 1983). Een voordeel van H i absorptie is dat de detectie hiervan
afhangt van de sterkte van het achtergrond continuum, en niet van emissie van het gas
zelf.
De H i absorptielijnen geassocieerd met gas in radio AGN hebben vele verschillende
vormen, breedtes, sterktes en ligging ten opzichte van de systemische snelheid. Gas met
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Fig. 6.11: Multi-golflengte beeld van het radio AGN Centaurus A. De 870-micron
submillimeter data, afkomstig van LABOCA op APEX, wordt weergegeven in oranje. De
rontgen data van de Chandra X-ray Observatory wordt weergegeven in blauw. Zichtbaar
licht data van de Wide Field Imager (WFI) op de MPG/ESO 2.2 m telescoop in La
Silla, Chili tonen de sterren en de karakteristieke stofgordel van het sterrenstelsel, bij
benadering in de ‘werkelijke kleur’. Bron: ESO press release: https://www.eso.org/
public/images/eso0903a/.

de systeem snelheid heeft geen bewegingen langs de gezichtslijn. Dit gas is doorgaans
geassocieerd met een roterende schijf van neutraal waterstof. In Centaurus A wordt
bijvoorbeeld H i absorptie gedetecteerd bij de systeem snelheid van het sterrenstelsel
(vsys = 547 km s−1 , b.v. van der Hulst et al. 1983; Struve et al. 2010, zie Fig. 6.12). Door
de informatie uit H i absorptie en emissie te combineren, is het mogelijk om te bevestigen
dat de bulk van de absorptielijn (rechtsonder in Figuur 6.12) wijst op gas dat roteert in
een schijf (Struve et al., 2010). Aangezien het geabsorbeerde gas zich altijd vóór het
radio continuüm bevindt, duidt een roodverschuiving van de snelheid van het gas ten
opzichte van de systeem snelheid erop dat het gas zich naar de radiobron toe beweegt. In
sommige gevallen is de roodverschuiving van de lijn zo groot dat dit niet verklaard kan
worden door projectie effecten en wijst de H i lijn op gas dat in de AGN valt en zo diens
radio activiteit voedt. Zulke lijnen zijn gedetecteerd in vroegtype sterrenstelsels met radio
AGN (van Gorkom et al., 1989). Als er daarentegen een blauwverschuiving ten opzichte
van de systeem snelheid van het sterrenstelsel wordt gedetecteerd, beweegt het gas zich
van de radio bron af. Zulke absorptielijnen zijn geassocieerd met uitstromen van H i
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Fig. 6.12: H i absorptie gedetecteerd in verschillende gebieden van Centaurus A. In het
bovenste kader verbeelden de witte contouren de H i absorptie. Contouren in zwart
duiden op H i emissie. Absorptie bij de systeem snelheid van het sterrenstelsel toont
een regelmatig roterende schijf van H i gas [Image credit Struve et al. 2010].

gas veroorzaakt door de radio activiteit. In een klein aantal radio AGN (b.v. NGC 1266,
Alatalo et al. 2011; IC 5063, Morganti et al. 1998; 3C 293, Morganti et al. 2003; Mahony
et al. 2013) is H i gedetecteerd met erg lage optische diepte (τpeak . 0.5) en bij blauw
verschoven snelheden die de rotatie snelheid van het sterrenstelsel overschrijden. Hoge
resolutie waarnemingen, waarmee de absorptie ruimtelijk opgelost is ten opzichte van de
radio jets, laten zien dat H i absorptie in deze bronnen een uitstroom van gas is, die wordt
gedreven door de expansie van de jets.
H i absorptie studies bereiken lagere kolomdichtheid bij hogere roodverschuivingen
dan H i emissie studies. Om deze reden zijn er de afgelopen jaren meerdere H i absorptie
studies van radio sterrenstelsels gedaan,b.v. 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.
Deze studies onderzoeken het gas in de circum nucleaire regio’s van AGN en hebben
interactie geïdentificeerd tussen het gas en de radio nucleaire activiteit, bijvoorbeeld
binnenvallende wolken en uitstromen van H i gas. Echter, deze onderzoeken blijven
beperkt tot een klein aantal objecten. Een H i absorptie survey zal het mogelijk maken om
de interactie tussen H i gas en de radio activiteit voor een grote steekproef te bestuderen
en zo statistisch sterkere uitspraken te kunnen doen over de verdeling en kinematica van
het H i in de centrale regio’s van AGN en de interactie van het koude gas met de radio
activiteit.
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Eén van de voornaamste resultaten van de eerder genoemde H i absorptie studies is
dat compacte radio AGN (i.e. waarschijnlijk jonge radio AGN) bijzonder rijk aan H i
zijn vergeleken met meer uitgespreide radiobronnen. Geréb et al. (2014) beschrijven
stacking experimenten met H i absorptie waaruit blijkt dat in compacte AGN de H i
absorptie lijn doorgaans breder is; mogelijk omdat het gas naast rotatie ook turbulente
kinematica heeft. Gegeven het feit dat de radio emissie in compacte bronnen zich geheel
binnen het gaststerrenstelsel bevindt is het mogelijk dat het H i turbulent is vanwege de
wisselwerking met de radiobron.
In de eerste hoofdstukken (Hoofdstukken 1, 2, 3) van dit proefschrift wordt de studie
van H i absorptie in radio AGN uitgebreid tot een statistisch verantwoorde steekproef van
sterrenstelsels. Deze steekproef omvat H i absorptie studies van 248 bronnen met radio
fluxen boven S 1.4 GHz 30 mJy, uitgevoerd met de Westerbork Synthese Radioteleskoop
(WSRT). Met dit onderzoek werd de hoeveelheid H i gas in nabijgelegen radio AGN
bepaald, evenals de verdeling en kinematika. Door analyse van de eigenschappen van
de H i absorptielijnen werd gas dat interactie heeft met de radio bron gevonden. De
grootte van de steekproef maakt het mogelijk om te begrijpen hoe het H i gas zich
verhoudt tot de andere componenten van het ISM, zoals het warme stof, en hoe het H i gas
interacteert met de nucleaire radio emissie. De resultaten van dit onderzoek vormen ook
het startpunt voor de geplande blinde H i absorptie studies van de Square Kilometre Array
(SKA) precursors en pathfinders (de Search for H i with Apertif (SHARP), de MeerKAT
Absorption Line Survey (MALS) met de Zuid-Afrikaanse SKA precursor MeerKAT, de
First Large Absorption Survey in H i (FLASH) with ASKAP). Deze surveys hebben tot
doel de H i absorptie in kaart te brengen voor veel zwakkere bronnen en van bronnen op
grotere afstand (z ∼ 1). Tevens moeten de studies nieuw licht werpen op de wisselwerking
tussen het H i en de radio nucleaire activiteit.
In de afgelopen jaren (2013-2017) is de Westerbork Synthese Radioteleskoop
uitgerust met nieuwe phased array feed ontvangers, Apertif (Oosterloo et al., 2010b).
Om deze reden is, tijdens het ombouwen, het aantal werkende schotels teruggebracht
van 14 naar 6. Dit vormde een sterke beperking voor de inzetbaarheid van de telescoop
voor H i emissie studies, maar maakte het mogelijk om tot aan het moment dat de
telescoop gesloten werd voor de laatste upgrade nog zoveel mogelijk radio bronnen te
observeren. Dit maakt de H i absorptie studie zoals gepresenteerd in dit proefschrift het
laatste grote project die uitgevoerd is met de oude WSRT. De voornaamste beperking
van H i absorptie studies is dat alleen het gas langs de gezichtslijn naar de bron van
het achtergrond continuüm gedetecteerd wordt. Dit beperkt de mogelijkheid van het
verkrijgen van een compleet beeld van de interactie tussen de radio activiteit en het
omliggende ISM. Bovendien is in het binnenste van radio AGN moleculair gas in grotere
hoeveelheden aanwezig dan H i (b.v. Combes et al. 2013; García-Burillo et al. 2014). Om
tot een compleet begrip van de verschillende fysische mechanismen die een rol spelen
bij de interactie tussen het ISM en de radio activiteit te komen, is het cruciaal om ook de
verdeling en kinematica van het moleculaire gas in de centrale regio’s van actieve kernen
te bestuderen.
De laatste jaren hebben millimeter- en sub-millimetertelescopen, zoals de Atacama
Large Millimeter and submillimeter Array (ALMA) en de Northern Extended Millimeter
Array (PdBI-NOEMA), met hoge ruimtelijke en spectrale resolutie het moleculaire gas
in de centrale regio’s van radio AGN gedetecteerd, waardoor de wisselwerking tussen
het moleculaire gas van het ISM en de nucleaire activiteit bestudeerd kon worden. Zo
is bij radio AGN vaak een circum nucleaire schijf of torus van moleculair gas te zien,
die mogelijk de brandstof is van de nucleaire activiteit. Bij sommige van deze bronnen
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suggereert de kinematica van het moleculaire gas dat het mogelijk in de radio bron valt
en zo wellicht het AGN van brandstof voorziet (b.v. NGC 1433, Combes et al. 2013;
NGC 1466, Combes et al. 2014; 3C293, (Labiano et al., 2013)). Bij andere AGN
daarentegen is een uitstroom van moleculair gas zichtbaar, die is geassocieerd met ofwel
de expansie van de radio jets ofwel de stralingswinden van het AGN (b.v. NGC 1266,
Alatalo et al. 2011; NGC 1068, García-Burillo et al. 2014, 2016; IC 5063, Morganti
et al. 2015; Dasyra et al. 2016). Daarom zijn waarnemingen van het moleculaire gas
cruciaal om te begrijpen hoe radio AGN gevoed worden en hoe feedback van de AGN
het ISM en de evolutie van het gaststerrenstelsel kan veranderen.
In het tweede deel van dit proefschrift wordt aangetoond dat alleen multi-golflengte
observaties van het neutrale en moleculaire gas, met hoog ruimtelijk en spectraal
oplossend vermogen, een compleet beeld kunnen geven van de interactie tussen de
radio activiteit en het omringende ISM. In hoofdstuk IV, V en VI worden H i, H 2 1-0
S(1) (2.12 µm) en de koolstofmonoxide (12 CO (2–1) bij 230 GHz) observaties van
de circumnucleaire regio’s van een jong, nabijgelegen radio AGN (PKS B1718–649,
DL ∼ 62 Mpc) gepresenteerd. De moleculaire waterstof werd waargenomen via de H 2
1-0 S(1) lijn met de Integral Field Unit SINFONI, en het 12 CO (2–1) met ALMA. Alleen
de gecombineerde data van alle waarnemingen onthult dat in de binnenste 75 pc van PKS
B1718–649 meerdere wolken van neutraal en moleculair gas in de richting van de radio
bron bewegen, en waarschijnlijk de recent opgetreden radio activiteit voeden.

Opbouw van dit proefschrift
Hoofdstuk 1 behandelt de eigenschappen van 32 H i absorptielijnen die gedetecteerd
werden bij het observeren van 101 radio AGN’s met power log P1.4 GHz (W Hz−1 ) >
24
in het roodverschuivinsinterval 0.02 < z < 0.25 en met spectroscopisch
geïdentificeerde optische tegenhanger in de Sloan Digital Sky Survey (SDSS). Deze
studie introduceert een nieuwe aanpak voor het karakteriseren van de eigenschappen
van de absorptieprofielen en relateert hun breedte, vorm en verschuiving ten opzichte
van de systeem snelheid aan de eigenschappen van de radio AGN, zoals radiosterkte
en evolutionair stadium van de radiobron. De H i absorptielijnen in compacte bronnen,
waar de radio jets ingebed zijn in het gaststerrenstelsel, hebben vaak de karakteristieken
van onbestendig gas, i.e. blauwverschoven zwakke vleugels en brede en asymmetrische
profielen. Deze eigenschappen suggereren dat in compacte AGN sterke interacties tussen
het AGN en het circum nucleaire gas vaker plaatsvinden, waarschijnlijk omdat jonge
radio jets hun weg vinden door het omringende interstellaire medium.
Voortbouwend op deze studie behandelt Hoofdstuk 2 de uitbreiding van dit
soort onderzoek naar de lagere radiofluxen (i.e. naar lagere radio vermogen, tot aan
log P1.4 GHz (W Hz−1 )∼ 22.5). Deze survey was de laatste van de WSRT, voor de
overgang naar de ‘new phases array feed receivers’ (Apertif, Oosterloo et al. 2010b).
De totale steekproef (inclusief de objecten beschreven in Hoofdstuk 1) van 248 objecten
beslaat een breed spectrum van radiosterktes. Deze vertegenwoordigen de overgrote
meerderheid van de populatie radio AGN’s. De detectie fractie van H i absorptie is
27% ± 5.5% en varieert niet met roodverschuivingen (0.02 < z < 0.25) en radio vermogen
(22.5 < log P1.4 GHz (W Hz−1 )< 26.2). Naarmate het radio vermogen toeneemt neemt
de kans op het aantreffen van H i gas met een kinematiek die afwijkt van reguliere
rotatie toe. In de grote meerderheid van deze gevallen is het H i profiel asymmetrisch
met een significante blauwverschuivingscomponent. Dit wordt met name gezien bij
bronnen met log P1.4 GHz (W Hz−1 ) > 24 waar de radio emissie klein is, mogelijk omdat

Samenvatting

189

deze radio bronnen jong zijn. Hetzelfde wordt gevonden bij bronnen die helder zijn
in het mid-infrarood, i.e. bronnen die rijk zijn aan warm stof. In deze bronnen wordt
het uitstromen van H i waarschijnlijk verklaard door het effect van de interactie met
de radio jet. Omgekeerd wordt in stof-arme sterrenstelsels en in bronnen bij alle radio
vermogens alleen H i aangetroffen in de vorm van een roterende schijf. Bronnen waar H i
gas niet gedetecteerd is werden gebruikt voor ‘stacking’ experimenten om de resultaten
van de metingen uit hoofdstuk I te vergelijken met observaties van H i emissie in normale
vroegtype sterrenstelsels.
Hoofdstuk 3 presenteert het programma MoD_AbS, dat is ontwikkeld om de verdeling
van het in absorptie gedetecteerde H i af te leiden. Dit hoofdstuk laat de toepassingen zien
van MoD_AbS op een sub-set van compacte bronnen waar in het onderzoek beschreven in
Hoofdstuk 3 H i gedetecteerd is, en of dit gerelateerd kan worden aan eigenschappen van
het gaststerrenstelsel.
In Hoofdstuk 4 worden de H i uitstoot en absorptie waarnemingen van PKS
B1718–649 beschreven. De H i gedetecteerd in absorptie geeft een indicatie dat een
populatie van kleine wolken koud gas een kinematica heeft die afwijkt van de reguliere
rotatie van de H i schijf en mogelijk de nieuw ontstane radio AGN deels voedt.
Hoofdstuk 5 presenteert de H 2 1-0 S(1) (2.12µm) waarnemingen van de binnenste
8 kpc van PKS B1718–649. Het warme nucleaire gas bevindt zich hier voornamelijk
in een circum nucleaire schijf met straal ∼ 700 pc. r < 75 pc werd H 2 gedetecteerd
met kinematica die afweek van de reguliere rotatie van de binnenste schijf, met
roodverschoven snelheden ten opzichte van de systeem snelheid. Dit suggereert dat het
H 2 mogelijk richting de radio bron beweegt en bijdraagt aan het voeden van de nucleaire
activiteit.
Tenslotte beschrijft Hoofdstuk 6 de 12 CO (2–1) ALMA waarnemingen in de
binnenste 15 kpc van PKS B1718–649. Het gedetecteerde 12 CO (2–1) heeft een
vergelijkbare structuur als het warme moleculaire gas. Het 12 CO (2–1) is verdeeld
in klonterige en draadvormige structuren die in grote lijnen genomen roteren zoals de
andere componenten van het sterrenstelsel. In de centrale 700 pc is de koolstofmonoxide
verdeeld als een circum nucleaire ring, die mogelijk het brandstofreservoir voor de radio
activiteit vormt. Ook werd 12 CO (2–1) in absorptie gedetecteerd bij roodverschoven
snelheden ten opzichte van de systeem snelheid (vpeak ∼ 365 ± 20 km s−1 ). Dit vormt
bewijs voor accretie van koude moleculaire wolken op het SMBH. Dit is de eerste keer
dat een actief accretieproces is gedetecteerd in een jonge radiobron.
Concluderend kan gezegd worden dat in het eerste deel van dit proefschrift wordt
aangetoond dat H i absorptie studies succesvol onderzoek van de inhoud en kinematica
van het H i in early-type sterrenstelsels met een een radio flux dichtheid tot (S 1.4 GHz ∼ 30
mJy) mogelijk maken. De detectie fractie van H i lijkt niet afhankelijk van de radio
sterkte van de bronnen, wat suggereert dat H i absorptie studies uitgebreid kunnen
worden naar allerlei soorten sterrenstelsels. Dit is een zeer veelbelovend resultaat voor
het toekomstige H i absorptie onderzoek dat gepland is met de SKA precursors en
pathfinders; Apertif Oosterloo et al. 2010b, MeerKAT Jonas 2009 and ASKAP Johnston
et al. 2008, evenals met SKA Phase 1 (Morganti et al., 2006b). Het tweede deel van
dit proefschrift bevat hoge resolutie observaties van het neutrale en moleculaire gas
van een zeer jonge radio AGN (PKS B1718–649). Hiermee wordt aangetoond dat de
circumnucleaire regio’s van deze AGN rijk zijn in moleculair gas. In het centrum volgt
H i H 2 1-0 S(1) and 12 CO (2–1) met een afwijkende kinematiek een populatie van wolken
van neutraal en moleculair waterstof die waarschijnlijk bijdragen aan de voeding van

190

Samenvatting

radio activiteit. Dit stelt nieuwe beperkingen aan de rol van koud gas bij het in gang
zetten en voeden van laag efficiënte radio AGN’s.
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