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Populaire (Paris, 1888) by Camille Flammarion, coloured by Heikenwaelder
Hugo (Vienna, 1998)
Printed by: Gildeprint
ISBN: 978-94-034-0636-7
ISBN: 978-94-034-0635-0 (electronic version)

Contents
1 Introduction
1.1 AGN in galaxy evolution: a fundamental piece of the puzzle
1.1.1 AGN classification: radiative-mode vs. jet-mode . .
1.1.2 AGN feeding and feedback: the role of gas . . . . . .
1.2 Radio galaxies . . . . . . . . . . . . . . . . . . . . . . . . .
1.2.1 Compact and young radio galaxies . . . . . . . . . .
1.3 The complex nature of AGN-driven outflows . . . . . . . . .
1.3.1 Outflows in different gas phases . . . . . . . . . . . .
1.4 This Ph.D. Thesis . . . . . . . . . . . . . . . . . . . . . . .
1.4.1 Thesis outline . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3
4
6
10
15
17
20
20
25
26
29

2 The jet-ISM interaction in the outer filament of Centaurus A
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Data reduction and analysis . . . . . . . . . . . . . . . . . .
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4 Discussion and conclusions . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39
41
44
45
51
54

3 The
3.1
3.2
3.3

59
61
62
64

outer filament of Centaurus
Introduction . . . . . . . . . . .
Data reduction and analysis . .
Results . . . . . . . . . . . . . .

A as seen by
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

MUSE
. . . . . . .
. . . . . . .
. . . . . . .

vi

Contents
3.4 Discussion and conclusions . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4 Embedded star formation in the extended narrow line
region of Centaurus A: extreme mixing observed by MUSE
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Data Reduction and Analysis . . . . . . . . . . . . . . . . .
4.3 The gas ionization: a unique structure . . . . . . . . . . . .
4.3.1 The line ratios . . . . . . . . . . . . . . . . . . . . .
4.3.2 Dust and continuum sources . . . . . . . . . . . . .
4.3.3 The continuum sources energetics . . . . . . . . . . .
4.4 Photoionization models . . . . . . . . . . . . . . . . . . . .
4.5 Discussion and Conclusions . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

66
70

75
77
79
81
81
83
85
87
90
93

5 The warm molecular hydrogen of PKS B1718-649: feeding
a newly born radio AGN
97
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.2 Observations and data reduction . . . . . . . . . . . . . . . 102
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.3.1 Distribution and kinematics of the molecular hydrogen105
5.3.2 The H 2 1-0 S(1) line in the innermost 75 pc . . . . . 109
5.3.3 The temperature and mass of the H 2 . . . . . . . . . 110
5.4 Relating the kinematics of the gas to the radio nuclear activity113
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6 Probing multi-phase outflows and AGN feedback in compact radio galaxies: the case of PKS B1934-63
123
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
6.1.1 PKS B1934-63 . . . . . . . . . . . . . . . . . . . . . 127
6.2 Observations and Data Reduction . . . . . . . . . . . . . . 128
6.3 Data Analysis and Results . . . . . . . . . . . . . . . . . . . 130
6.3.1 Redshift and stellar population modeling . . . . . . 130
6.3.2 The emission lines model . . . . . . . . . . . . . . . 131
6.3.3 The density diagnostic diagram . . . . . . . . . . . . 135
6.3.4 The radius of the narrow and broad gas components 138
6.4 Gas kinematics in the inner regions . . . . . . . . . . . . . . 140

Contents
6.5 Warm ionized gas and parameters of the outflow
6.6 Gas excitation . . . . . . . . . . . . . . . . . . .
6.7 The H2 warm molecular and the neutral gas . . .
6.8 Conclusions . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . .
Appendix 6.A Stellar population and line fitting . . .

vii
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

143
145
151
157
160
164

7 The relation between atomic and ionized gas in a sample of
248 nearby radio galaxies
179
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
7.1.1 The sample . . . . . . . . . . . . . . . . . . . . . . . 183
7.2 Data Analysis and Results . . . . . . . . . . . . . . . . . . . 185
7.2.1 Stellar population and emission lines modeling . . . 185
7.2.2 The properties of the ionized gas . . . . . . . . . . . 187
7.2.3 Comparing the H I and ionized gas kinematics . . . . 195
7.3 The kinematics of the ionizes gas . . . . . . . . . . . . . . . 198
7.4 Discussion and conclusions . . . . . . . . . . . . . . . . . . . 201
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
Appendix 7.A Stellar population fitting and ionized gas properties208
8 Conclusions and future prospects
8.1 Conclusions chapter by chapter . . . . . . . . . . . . . . . .
8.2 General conclusions . . . . . . . . . . . . . . . . . . . . . . .
8.3 Future prospects . . . . . . . . . . . . . . . . . . . . . . . .

219
220
226
229

Samenvatting

231

Sommario

241

Acknowledgments

251

“There is a pleasure in the pathless woods,
There is a rapture on the lonely shore,
There is society, where none intrudes,
By the deep sea, and music in its roar:
I love not man the less, but Nature more,
From these our interviews, in which I steal
From all I may be, or have been before,
To mingle with the Universe, and feel
What I can never express, yet cannot all conceal.”
George Gordon Byron

“Vi è un piacere nei boschi inesplorati
e un’estasi nelle spiagge deserte,
vi è una compagnia che nessuno può turbare
presso il mare profondo,
e una musica nel suo ruggito;
non amo meno l’uomo ma di più la natura
dopo questi colloqui dove fuggo
da quel che sono o prima sono stato
per confondermi con l’Universo e lı̀ sentire
ciò che mai posso esprimere
né del tutto celare.”
George Gordon Byron
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1.1

Chapter 1. Introduction

AGN in galaxy evolution:
piece of the puzzle

a fundamental

We know that the galaxy population in the local Universe is divided into
galaxies that are actively forming stars (i.e. late-type galaxies, LTG) and
more massive galaxies with little on-going star formation (i.e. early-type
galaxies, ETG). According to our current understanding, a galaxy that is
actively forming stars evolves by increasing its mass via cold gas accretion
from the cosmic web and via mergers with other galaxies. When this galaxy
approaches a critical mass its growth stops, the star formation is quenched
and the galaxy ages without forming new stars (see e.g. Lilly et al. 2013).
What quenches massive galaxies is still a matter of debate and one of the
most likely processes is the feedback given by the energy released by the
central supermassive black hole (SMBH).
Massive galaxies are known to host a SMBH at their center and when
material accretes onto it, part of the gravitational energy of this process
can be converted in radiation. This can much exceed the energy emitted
by the surrounding stars in the host galaxy and when this happens, the
SMBH is considered active: an active galactic nucleus (AGN).
AGN are among the most powerful sources of energy in the Universe
and their emission covers the entire electromagnetic spectrum, from the
radio band up to γ-rays. The first studies of these objects date back to the
work of Seyfert (1943) and Baade & Minkowski (1954).
A SMBH is believed to go through multiple phases of activity during
the life of the host galaxy (Marconi et al. 2004; Best et al. 2005; Schawinski
et al. 2015), but the conditions which trigger this activity, and how often
these phases occur, are not yet fully understood. The nuclear activity
and its cycles have become particularly relevant because, in recent years,
an increasing number of observations stressed the existence of an intimate
relation between AGN and their host galaxies.
A correlation between the properties of SMBH and their host galaxy
bulges has been found (Kormendy & Ho 2013). More strikingly, the
evolution of galaxies, traced via their star formation history, and of SMBH,
traced via the AGN activity, are remarkably similar across cosmic times
(Shankar et al. 2009). For these reasons, besides being interesting objects
in their own right, AGN have gained increasing attention and relevance in
galaxy evolution studies.
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Observations have confirmed that the energy released by an active
nucleus is effective in heating and/or expelling gas from the interstellar
medium (ISM) of the host galaxy (Silk & Rees 1998; Fabian 2012). This
effect is known as AGN feedback and, nowadays, is routinely included in
cosmological simulations aimed at reproducing the observed properties of
the current population of galaxies. In particular, AGN feedback is invoked
to prevent gas accretion onto massive ETG and quench their star formation
(Benson et al. 2003a; Bower et al. 2006a; Bongiorno et al. 2016). Moreover,
it can explain the observed scaling relations between the central black hole
mass and its host galaxy properties (Silk & Rees 1998; Fabian 1999; King
2003; Granato et al. 2004; Di Matteo et al. 2005).
Active nuclei can manifest themselves in different ways at different
frequencies. In the optical band, AGN have been identified, and separated
from star forming galaxies, by studying the ionization state of the ISM
via flux ratios between pairs of emission lines. The work by Baldwin,
Phillips and Terlevich introduced this approach for the first time, giving
the name to the so-called BPT diagrams (Baldwin et al. 1981). In optical
AGN, the excitation of the optically emitting gas is determined by the
ultraviolet (UV) radiation from the SMBH, although ionization connected
to fast shocks can also be present. The ionized gas is particularly relevant
to the work presented in this thesis, and in Chapter 4 and Chapter 6 I use
BPT diagrams, together with models, to study the physics of gas under the
influence of the energy released by the AGN. Active nuclei are also able to
launch powerful two-sided jets of relativistic particles. These jets are mostly
bright in the radio band, they can extend to galaxy scales and beyond and
are a distinctive feature of the so-called radio AGN. Radio AGN inject a
significant amount of mechanical energy into the ISM of the host galaxy
via jets. The expansion of these jets can accelerate gas at high velocities,
producing massive gas outflows.
Studies at different wavelengths favored the appearance and the proliferation of different AGN classes (see Padovani et al. 2017, for a review). Many
efforts have been undertaken to contain the diversity of object types and to
bring together the results from the different studies. Historically, the most
significant step in this direction has been the ‘unified AGN scheme’ which
grouped different classes of AGN based on their orientation (e.g. Antonucci
1993; Urry & Padovani 1995; Netzer 2015). This scheme distinguishes
between the so-called Type 1 and Type 2 AGN, these are intrinsically the
same objects that appear different due to their orientation with respect to
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the line of sight (see Fig. 1.1). More recently, the unification scheme has
been integrated in a broader scheme connecting the differences between
the observational properties of AGN to the way material accretes onto the
SMBH.
In this thesis I study the ISM of galaxies hosting a radio AGN in relation
to both the SMBH feeding an the AGN feedback. In what follows I am going
to describe the properties of the two main classes of AGN defined based
on their accretion mode (Sec. 1.1.1) and the physical processes involved in
the AGN feeding and feedback (Sec. 1.1.2). Then, in Sec. 1.2, I will focus
on radio AGN and on the relevance that the radio jets have in disturbing
the surrounding ISM on galactic scales. Finally, in Sec. 1.3 I will discuss
gas outflows, one of the main observational evidence of the AGN feedback.
These outflows are observed in different gas phases and I will give particular
attention to the outflows driven by the expansion of radio jets.

1.1.1

AGN classification: radiative-mode vs. jet-mode

More than others, the study of Best & Heckman (2012) has been
fundamental in showing that low-redshift AGN can be grouped in two
main categories (see Heckman & Best 2014, for a comprehensive review on
this topic). One class includes the so-called ‘radiative-mode’ AGN, objects
that emit most of their energy in the form of radiation produced by the
accretion of gas onto the SMBH. On the other hand, there are AGN which
produce little radiation and whose main energy output channel is two-sided
particle jets. These are called ‘jet-mode’ AGN. As described by Heckman
& Best (2014), the predominant form of energy produced by black holes
switches from radiation to jet energy at the highest stellar galaxy masses
(> 1011.5 M ), corresponding to a black hole mass > 109 M .
In Fig. 1.1 the main physical components of these two classes of objects
are outlined. The accretion rate of a SMBH is usually expressed in terms of
the Eddington accretion rate, using the ratio between the AGN bolometric
luminosity (LBol ) and the Eddington luminosity (LEdd ) of the SMBH 1 .
The two AGN modes are intimately related to the way the SMBH accretes
material. In what follows I describe the main components of radiative-mode
and jet-mode AGN.
1

The Eddington luminosity is the luminosity beyond which the radiation pressure
overcomes the gravitational force of the black hole. LEdd = 3.3 × 104 MBH , where both
the luminosity and the black hole mass are expressed in solar units
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Figure 1.1 – Schematic view (not on scale) of the central regions of radiative-mode and
jet-mode AGN, from Heckman & Best (2014). Radiative-mode AGN (left panel) are
characterized by an accretion disk, releasing energy via radiation, a dusty obscuring
structure called ‘torus’, and by broad-line and narrow-line emission regions. Some
radiative-mode AGN can also produce powerful radio jets. On the other hand, jet-mode
AGN (right panel) have an advection-dominated inner accretion flow and a possible
truncated accretion disk at larger radii. Most of the output energy is channeled in radio
jets and the less significant radiative emission weakly ionizes gas clouds in the narrow-line
region.
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Radiative-mode AGN
In radiative-mode AGN the central SMBH is accreting material at a
high rate (LBol /LEdd & 1%) via an accretion disk. Radiative-mode
AGN are usually hosted by moderately massive galaxies (i.e. stellar
mass 1010 -few 1011 M ) with a young central stellar population and
SMBH masses in the range 106.5 -108 M . It is important to note that
some radiative-mode AGN, associated with high mass SMBH, are able
to drive powerful two-sided jets (see Sec. 1.2 for further details) and
are radio AGN.
The accretion disk emits a significant amount of radiation in the
optical and UV bands and is likely surrounded by a corona of
hot electrons, which up-scatter photons up to X-ray energies. The
accretion disk and the corona illuminate and heat gas clouds which
are located at different distances from the SMBH.
In the plane of the accretion disk, at larger scales, we find dusty
material, the so-called torus, which absorbs and collimates the light
from the central AGN in the polar direction. The light absorbed by
the torus is re-emitted at infrared (IR) wavelengths.
The gas clouds in the very inner regions (sub-pc/pc scales), which
are close to the SMBH, form the so-called broad line region (BLR).
The gas of these high-density clouds is observed via the emission
of permitted hydrogen emission lines, like Hα and Hβ, which are
broad (width of several thousands km s−1 ) due to the proximity of
the SMBH. In Type 2 AGN the orientation of the AGN is such that
the torus can obscure the emission from the BLR and the accretion
disk. On the other hand, in Type 1 objects the line of sight does
not intersect the obscuring material of the torus and it is possible to
detect the radiation emitted by the accretion disk and the emission
lines of the BLR.
A population of clouds which emits narrow emission lines with a
typical width of several hundred km s−1 is located at larger distances
from the SMBH. This is the so called narrow line region (NLR) of the
AGN which usually extends up to a few kpc, even though, in some
cases, more extended NLR (ENLR) have been observed.
These clouds emit permitted hydrogen lines and, due to the low gas
densities, forbidden lines associated with other elements like oxygen,
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nitrogen or sulfur (e.g. the [O III ]λλ4958,5007Å, [N II ]λλ6548,84Å
and the [S II ]λλ6717,6731Å doublets). For some objects, the NLR has
a conical shape due to the fact that the ionizing photons of the AGN
are collimated by the torus. However, some light has also been found
beyond these ‘ionization cones’ and NLR often have more irregular
morphology (see Storchi Bergmann 2015, for a discussion).
The clouds of the BLR and the NLR seems to be intimately linked
to the innermost structures of the AGN. In fact, the kinematics of
the ionized gas of the NLR has been found to include rotation in the
plane of the galaxy and inflow motions (see Storchi Bergmann 2015).
In addition, the study of Storchi-Bergmann et al. (2017) showed that
the inner part of the BLR seems to coincide with the outer part of
the accretion disk.
Jet-mode AGN
Jet-mode AGN accrete material on the SMBH at a low rate (LBol /LEdd
. 1%) and the accretion process is radiatively inefficient compared
to radiative-mode AGN. They are usually hosted by the most massive
elliptical galaxies (i.e. stellar mass 1011 -1012 M ), generally having a
purely old stellar population.
In jet-mode AGN, the accretion disk is either absent or truncated in
the inner parts, and the accretion happens via a so-called advectiondominated or radiatively-inefficient accretion flow which is able to
launch jets. These jets have initially relativistic velocities, but are
slowed down once they start interacting with the surrounding material
and the gaseous halo of the host galaxy. Jets can extend to galactic
scales or even reach very large scales (∼Mpc), well beyond the host
galaxy. They usually inflate lobes of plasma and their non-thermal
emission is mainly detected in the radio band (see Sec. 1.2 for further
details). The relatively small amount of radiative energy of the AGN
can only weakly ionize the sparse population of gas clouds residing in
the NLR.
As is evident from the above, observations of AGN at different
wavelengths probe different AGN components (i.e. accretion disk, torus, gas
clouds, jets) and their physics. This is nicely illustrated by Centaurus A,
the closest radio AGN in the southern sky. Centaurus A has been studied
for decades in all possible wavebands and fully shows the beauty and, at
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the same time, the complexity of AGN. As shown in Fig. 1.2, it has largeand small-scale radio jets/lobes and a bright optical AGN which illuminates
filaments of gas up to large distances from the galaxy center. The ionized
gas filaments shown in the upper left panel of Fig. 1.2 are investigated in
detail in Chapter 2, Chapter 3 and Chapter 4 of this thesis.

1.1.2

AGN feeding and feedback: the role of gas

Gas is a fundamental tracer to probe the AGN feeding and feedback. It is
the fuel for the AGN activity and, at the same time, is also the component
which is most affected by the energy released by the AGN. Gas can be found
in the form of molecular (i.e. H2 usually detected by the cold molecular CO
gas associated with this H2 ), atomic (i.e. H I ) and ionized gas.
The results presented by Riffel et al. (2006, 2008, 2009, 2010); Riffel
& Storchi-Bergmann (2011); Storchi-Bergmann et al. (2009, 2010) suggest
that, while the ionized gas is ideal to probe AGN-driven outflows, the warm
molecular gas is more related to the feeding of the AGN. On the other hand,
outflow studies seems to indicate that a significant amount of mass in the
outflow resides in the cold phase (see e.g. Tadhunter et al. 2014; Cicone
et al. 2014; Fiore et al. 2017). The kinematics of the different gas phases is
often very complex to disentangle, with e.g. rotating disks, infalling clouds
and outflowing gas which can coexist in a single object (see e.g. StorchiBergmann et al. 2010; Garcı́a-Burillo et al. 2014).
In the following I describe the main processes which have been related
to the AGN feeding and (negative and positive) feedback.
Feeding
Gas accretion onto the SMBH is challenging to probe, mainly because
it happens on very small scales. In our current understanding, a series
of processes carry material towards the central regions (Shlosman
et al. 1990; Wada 2004), while the actual SMBH growth is regulated
by processes on scales smaller then about 1 kpc (e.g. Hopkins &
Quataert 2010).
Radiative-mode AGN essentially trace the population of galaxies
where most of the black hole growth is happening (Kauffmann et al.
2003a). There are indications that their host galaxies are distinct
from normal galaxies (i.e. not showing signs of AGN activity) mainly
due to an abundant central (kpc-scale) supply of cold and dense gas

1.1. AGN in galaxy evolution: a fundamental piece of the puzzle
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1 kpc

2 kpc
1 kpc

60 kpc

Figure 1.2 – Left panels. The so-called inner (lower panel) and outer filament (upper
panel) of Centaurus A which consist of multiple clouds/filaments of ionized gas within
the extended NLR of the AGN, respectively about 8.5 kpc and 15 kpc away form
the galaxy center. Credit: ESO. Central panel. Optical/radio composite image of
Centaurus A where it is possible to see the large scale radio-emitting lobes (shown as
orange) extended on scales of about 250 Kpc. Credit: Capella Observatory (optical),
with radio data from I. Feain, T. Cornwell, and R. Ekers (CSIRO/ATNF), R. Morganti
(ASTRON), and N. Junkes (MPIfR). Right panel. Observations in six different wavebands
(upper part) and a composite X-ray, optical, submillimeter, radio image of the central
regions of Centaurus A (lower part). The small scale radio-jets, which extend on
scales of about 5 kpc, are evident in the radio. A cold gas disk is traced by the
atomic H I gas. The emission in the X-rays comes from the nuclear source and its
jet and from diffuse hot gas. A dust band over the central part of the galaxy is
evident from the optical and the mid-infrared image. Credit: X-ray (NASA/CXC/M.
Karovska et al.); Radio 21-cm image (NRAO/VLA/J.Van Gorkom/Schminovich et
al.), Radio continuum image (NRAO/VLA/J. Condon et al.); Optical (Digitized
Sky Survey U.K. Schmidt Image/STScI); Ultraviolet (NASA/JPL/Caltech/SSC); MidInfrared (NASA/JPL/Caltech/J.Keene(SSC/Caltech)). Image by Ángel R. LópezSánchez
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(Heckman & Best 2014). Galaxy mergers (e.g. Barnes & Hernquist
1996; Hopkins et al. 2008; Ramos Almeida et al. 2011; Couto et al.
2016) and secular processes (e.g. Kormendy & Kennicutt 2004;
Combes 2004, 2011) have been suggested to be the main mechanisms
to funnel gas towards the central regions (∼1 kpc). The study of e.g.
Storchi-Bergmann et al. (2003, 2007) reported streaming motions of
ionized gas toward the AGN, suggesting this as a possible channel
through which matter is transferred from galactic scales to the nuclear
region to feed the SMBH.
In radiative-mode AGN, H I atomic gas is usually spread out in largescale disks, often showing a dip/hole in the center of the galaxy. The
H I seems to be unrelated to the feeding of the SMBH and does not
show remarkable differences with respect to normal galaxies (e.g.
Fabello et al. 2011; Ho et al. 2008). Nevertheless, recent studies
started to find circum-nuclear structures of gas and dust in the
innermost regions of radiative-mode AGN which are thought to be
linked to the AGN feeding. Hicks et al. (2013) found circum-nuclear
disks (CND) of H2 molecular gas with a size of ∼200 pc. These nuclear
structures also host relatively young stellar populations that imply gas
inflows from the surrounding ISM in order to be sustained. Dumas
et al. (2007) observed analog structures in the ionized gas phase and
it is likely that these are the ionized gas counterpart of the molecular
gas CND reported by Hicks et al. (2013). In addition, dust has been
used as a proxy to study the cold gas in the center of radiative-mode
AGN. The studies of Simões Lopes et al. (2007), González Delgado
et al. (2008) and Lauer et al. (2005) found that, compared to normal
galaxies, active galaxies show circum-nuclear dust structures on scales
up to 1 kpc. In addition, Garcı́a-Burillo et al. (2016) showed that
CND are connected, physically and dynamically, with the AGN torus
and Müller Sánchez et al. (2009) found molecular gas streams going
from the CND into the AGN nucleus. Whether the central SMBH
is fed directly from this supply of nuclear gas or indirectly through
smaller scale processes is still unclear.
While radiative-mode AGN are usually hosted by isolated field
galaxies (Miller et al. 2003; Kauffmann et al. 2004; Von Der Linden
et al. 2007), jet-mode AGN tend to be found in massive ellipticals
and in the central galaxies of groups or clusters (Best 2004; Reviglio
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& Helfand 2006; Sabater et al. 2013).
mechanism for the fueling of the AGN.
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Hot gas, in the halo of the host galaxies or whitin the intra cluster
medium (ICM), has been argued to be the fueling source of jet-mode
AGN (e.g. Hardcastle et al. 2007). Direct accretion of hot gas was
initially suggested by Bondi (1952), but does not provide the required
jet powers for the most luminous radio AGN (e.g. Cao & Rawlings
2004; McNamara et al. 2011). It seems more plausible that the hot
gas cools down prior to accretion.
Numerical simulations have shown that cooling can occur in the gas
of the hot halo and that, through this, clouds and filaments of cold
gas can enter a quasi free-fall regime (see e.g. Gaspari et al. 2013).
This induces chaotic collisions which make the clouds lose angular
momentum, triggering a series of small-scale, randomly oriented,
accretion events which are able to stimulate the AGN activity. Fabian
(2012) showed that the cooled gas is mainly in the form of clouds and
filaments of cold molecular gas, extending up to tens of kpc in cluster
environments. An alternative gas source, in less massive elliptical
galaxies hosting jet-mode AGN, can be material from stellar mass
loss (Hillel & Soker 2013).
Processes related to the AGN feeding have been studied using the
warm molecular H2 and the ionized gas in Chapter 5 and Chapter 6
of this thesis.
Negative Feedback
The energy output of an AGN is able to affect the ionization and
kinematics of the gas at both small and large scales (see the review
by Fabian 2012). Depending on the main AGN energy output channel
(i.e. radiation or jets), feedback comes in two flavors, radiative and
mechanical. Radiative feedback is typical of radiative-mode AGN and
is driven by radiation winds rising form the accretion disk around the
SMBH. Mechanical feedback is typical of jet-mode AGN and is driven
by the expansion of the radio jets which inject kinetic energy into
the surrounding ISM. In the global picture, radiative and mechanical
AGN feedback operate on different scales and affect different gas
phases.
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There is ample evidence that radiative-mode AGN are driving gas
outflows (see e.g. Alexander et al. 2010; Cicone et al. 2014; Rupke
et al. 2017). Observations have shown that AGN-driven winds act
mainly at galaxy-scales (kpc/sub-kpc) on the cold phase of the ISM,
while their relevance on larger scales is still controversial (Zakamska
et al. 2004; Greene et al. 2011; Liu et al. 2013a,b). Radiative-mode
AGN form the majority of the AGN population (Best et al. 2005)
and are hosted by galaxies that are currently evolving by increasing
their mass (see Sec. 1.1.1). Radiative feedback is thought to be the
most common way to quench star formation in these galaxies, stop
their evolution and create ‘red and dead’ elliptical galaxies. Direct
observational evidence for this is still lacking, even though suggestive
correlations between radiative feedback and star formation have been
found (e.g. Farrah et al. 2012; Wylezalek & Zakamska 2016; Baron
et al. 2017).
On the other hand, AGN mechanical feedback is clearly seen in action
on larger scales (10-1000 kpc) excavating cavities in the hot gas halo
of galaxy clusters/groups and of giant elliptical galaxies. Jet-mode
AGN are preferentially hosted by massive galaxies with old stars and
the mechanical feedback is thought to prevent further gas accretion,
keeping the host galaxy ‘red and dead’ (McNamara & Nulsen 2012).
However, radio jets can also operate on smaller, galactic scales and,
in the same way as AGN winds, have been discovered to drive gas
outflows (see e.g. Nesvadba et al. 2006, 2007, 2008; Ho 2008). More
details on the effect of AGN mechanical feedback at different scales
are reported in Sec. 1.2.

Positive Feedback
The ability of the AGN feedback to compress and stimulate the
cooling of gas has been connected to the triggering of the star
formation activity (e.g. van Breugel et al. 1985; Rejkuba et al. 2002;
Privon et al. 2008; Zinn et al. 2013; Maiolino et al. 2017). Since
the first observational evidence of positive feedback, many theoretical
studies have been conducted to test the environment in which this
process can happen, its efficiency and its importance in a cosmological
context (De Young 1989; Rees 1989; Gaibler et al. 2012; Ishibashi &
Fabian 2012; Silk 2013; Bieri et al. 2015; Wagner et al. 2016; Fragile
et al. 2017). Observational evidence of positive feedback is sparse
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in the literature, mainly due to the fact that good spatial resolution
is needed to detected this process. With the advent of integral field
(IFU) spectroscopy the number of reported cases of positive feedback
is increasing.
Positive feedback has shown its relevance especially in radio galaxies
at low redshifts where it is also known as ‘jet-induced star formation’.
Among the most famous sources showing jet-induced star formation
are Minkowski’s Object (Brodie et al. 1985; van Breugel et al. 1985;
Croft et al. 2006; Lacy et al. 2017), Centaurus A (e.g. Mould et al.
2000; Oosterloo & Morganti 2005; Crockett et al. 2012) and the
companion of the quasar HE0450-2958 (Elbaz et al. 2009). In these
AGN, enhanced star formation has been observed at the edges of the
expanding radio plasma jets/lobes at large distances from the optical
galaxy. The case of Centaurus A is treated in detail in Chapter 2,
Chapter 3 and Chapter 4 of this thesis.
At higher redshift, positive feedback has been used to explain the
so-called ‘alignment effect’ between the optical and radio emission
in high-luminosity radio AGN (Chambers & Miley 1990; Best et al.
1996; Dey et al. 1997; Lacy et al. 1999; Clements et al. 2009; Zinn
et al. 2013; Gullberg et al. 2016). In addition, it has been shown that
star formation can be triggered via the compression of gas clouds
in galactic disks (Cresci et al. 2015a,b), and even within outflowing
material (Maiolino et al. 2017).
However, the star formation rates and efficiencies derived from the few
known cases can differ significantly and, to date, it is still not possible
to draw robust conclusions on the efficiency of positive feedback and
its role in the context of galaxy evolution. More details on this topic
can be found in Chapter 4 of this thesis.

1.2

Radio galaxies

In the radio band, AGN are identified by means of their non-thermal
synchrotron emission due to the relativistic motion of charged particles
under the influence of magnetic fields. Radio AGN generally consist of a
radio core, located at the center of the host galaxy, which is connected to
extended and diffuse lobes inflated by synchrotron-emitting jets (see Miley
1980, for a review). Radio AGN represent a key sub-class of the entire AGN
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population (15-20%, see Kellermann et al. 1989). They are preferentially
hosted by very massive elliptical galaxies and have a pivotal role in tracing
their evolution (see Tadhunter 2016a, and references therein). Most of
our knowledge about radio AGN concerns objects with high radio powers
(P1.4GHz > 1024 W Hz−1 ). However, there is an entire population of radio
AGN with lower radio powers whose detailed radio and optical morphologies
still have to be explored.
As already mentioned in Sec. 1.1.1, not only jet-mode AGN but also
radiative-mode AGN are able to launch jets, which during their expansion
deposit mechanical energy in the ISM of the host galaxy. The radio AGN
population is mostly composed of jet-mode AGN. However, the radiativemode radio AGN population becomes dominant at high radio powers
(P1.4GHz & 1026 W Hz−1 ).
In this thesis I investigate radio AGN observed at high inclination angles
(i.e. Type 2 AGN) which are classically referred to as Radio Galaxies.
Two main classes of radio galaxies have been defined by Fanaroff & Riley
(1974) based on the morphology of the radio emission. Radio galaxies with
collimated jets, showing high surface brigthness compact regions within
their lobes, called hot spots, have been named FRII or ’edge brightened’,
because the brightest radio features are distant from the core of the radio
source. They are mostly associated with radiative-mode AGN (accreting
at high rates) and tend to show strong emission lines from ionized gas
in their optical spectra. On the other hand, there are radio sources
with turbulent and bright jets which have less defined radio lobes (often
resembling plumes) and no hot-spots. These sources, called FRI or ’edge
darkened’, are connected to mechanical-mode AGN (accreting material at
low rates) and show weaker emission lines in the optical band. In general,
highly collimated jets have little interaction with the surrounding medium
while turbulent jets, entraining material along their path, are thought to
be more efficient in disturbing the surrounding gas (e.g. Mukherjee et al.
2016; Massaglia et al. 2016).
Based on the relative strength of the ionized gas emission lines in BPT
diagrams, radio galaxies have been divided into high-excitation and lowexcitation sources (see Best & Heckman 2012, and references therein) which,
respectively, overlap quite well with the FRII and FRI classes.
The mechanical feedback of the radio jets can operate on different scales
and on different gas phases, mainly depending on the power and collimation
of the radio jets, and on the characteristics of the surrounding medium.
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As already mentioned describing AGN negative feedback in Sec. 1.1.2,
the best examples of AGN mechanical feedback are observed in galaxy
clusters. Here, radio jets, connected to the massive elliptical galaxy sitting
at the center of the cluster, can extend to large scales (of the order of
Mpc) and excavate cavities within the hot gas of the ICM. These jets
prevent the cooling of the hot ICM gas and, thus, the host galaxy from
forming new stars. This kind of AGN feedback, also know as ’maintenance
mode’ feedback, maintains the host galaxy ‘red and dead’ and it is essential
to explain the shape of the high luminosity end of the galaxy luminosity
function (e.g. Benson et al. 2003b; McNamara & Nulsen 2007).
In line with this, in the past, models have investigated the effect of AGN
mechanical feedback mainly in the context of galaxy groups and clusters
(Bower et al. 2006b; Croton et al. 2006; Sijacki et al. 2007). On the other
hand, AGN feedback on galactic scales has been often implemented in the
form of radiative feedback from winds (Di Matteo et al. 2005; Springel et al.
2005; Hopkins et al. 2006; Debuhr et al. 2010; Choi et al. 2014) while the
relevance of jets has remained largely unexplored.
Recently, Cielo et al. (2017) compared the effect of AGN feedback by
radiation and by collimated jets on a clumpy galactic disk. Their results
show that, while the radiation mainly heats and rarifies the gas, radio
jets drive the more powerful outflows (especially when their inclination is
such that they intercept material of the disk), and have a stronger mass
and momentum coupling with the dense gas. Moreover, Weinberger et al.
(2017) implemented both the radiative and the mechanical AGN feedback
modes in the context of the Illustris cosmological simulation (Vogelsberger
et al. 2014). Interestingly, they find that a large fraction of the kinetic
energy, injected by the AGN via the radio jets, is transmitted to the ISM
via shocks. This provides a distributed heating channel that affects the
ISM of the host galaxy and can efficiently quench the star formation on
galactic scales.

1.2.1

Compact and young radio galaxies

An ideal class of radio galaxies which can be used to study the importance of
the mechanical feedback on galactic scales are the so-called ‘compact radio
galaxies’. These are radio galaxies that show intrinsically small-scale radio
jets (in the order of kpc and below) which are still embedded in the host
galaxy. Compact and young radio galaxies are AGN whose activity has
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been recently triggered and whose radio jets/lobes are expanding within
the dense, cold ISM of their host galaxies. These sources are thought
to represent the first evolutionary stages of the classical extended radio
galaxies (i.e. FRI and FRII).
Results coming from different sets of simulations confirmed the crucial
role the radio plasma has in disturbing the ISM in compact radio galaxies.
The simulations of small-scale jets by e.g. Saxton et al. (2005), Sutherland
& Bicknell (2007) and Wagner & Bicknell (2011) have shown that an
overpressured jet can inflate a cocoon which drives a quasi-spherical energy
bubble into the ISM. These simulations have also found that the injected
energy is more effective in disturbing the surrounding gas when the jet
encounters inhomogeneities in the ISM. Furthermore, Wagner & Bicknell
(2011) and Wagner et al. (2012) stressed the importance of proper ISM
modeling by simulating compact radio galaxies with powerful relativistic
jets interacting with a two-phase ISM consisting of hot gas in which dense
clouds of warm gas are embedded. They found that the size of the cold gas
clouds is one of the main parameters determining the effect the jet has on
the overall ISM. Smaller clouds are easier to disperse (i.e. negative feedback)
while bigger clouds are more subject to induced collapse (i.e. positive
feedback).
Compact and young radio galaxies are characterized by convex radio
spectra due to synchrotron self absorption at low frequencies (Fanti 2009).
They are divided in three different sub-classes, namely compact steep
spectrum (CSS), GHz-peaked spectrum (GPS) and high frequency peaked
(HFP) sources. The main difference between the three classes is the
different peak frequency of the radio spectrum which is related to a different
source size (Snellen et al. 2000). Compact source have small sizes, do not
go beyond 10-20 kpc, and have estimated radio ages lower than few 105
yr (Murgia et al. 1999). The age of the radio source is usually estimated
by modeling the spectrum of the radio continuum (radiative age, see e.g.
Murgia et al. 1999) or by monitoring the small-scale jets expansion over time
with high resolution very long baseline interferometry (VLBI) observations
(kinematical age, see e.g. Giroletti & Polatidis 2009).
Most of the current evidence indicates that compact peaked-spectrum
radio sources are intrinsically young (‘youth scenario’, Giroletti & Polatidis
2009; Murgia et al. 1999; Murgia 2003), even though in some cases their
small size can be explained with a very dense ISM which prevents their
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growth (‘frustration scenario’, Orienti & Dallacasa 2008; Tingay et al. 2015;
Callingham et al. 2015).
For the great majority of AGN with intrinsically compact radio
morphologies (i.e. compact radio cores with no diffuse emission) known
nowadays it is not possible to derive the age of the radio source due to the
lack of multi-frequency radio observations and/or detailed VLBI studies.
These newly born radio AGN, which are expanding within a dense ISM,
are ideal tracers of the AGN feeding and feedback activity. In fact, they
hosts small scale/circum-nuclear disks of H I (Pihlström et al. 2003) and
molecular gas (CO and H2 , Garcı́a-Burillo et al. 2007; Labiano et al. 2013;
Geréb et al. 2015; Maccagni et al. 2017) which seem to be connected to the
triggering of the AGN activity. Moreover, the effect of the AGN feedback,
mainly related to the expansion of the radio jets, is also prominent in these
class of sources. Ionized gas outflows are commonly detected in compact,
young radio sources, and have more extreme kinematical features compared
to those observed in extended radio sources (Holt et al. 2008). Also the
atomic (H I ) and molecular (warm H2 and cold CO) gas often shows signs
of outflows (e.g. Dasyra & Combes 2012; Geréb et al. 2015; Struve &
Conway 2012; Gupta et al. 2006; Chandola et al. 2011). In addition, some
of the most famous examples of multi-phase AGN-driven outflows are found
among compact radio galaxies (see e.g. the study of Tadhunter et al. 2014;
Dasyra & Combes 2012).
Compact radio galaxies also offer the ideal conditions (i.e. the AGN is
strongly interacting with the ISM in which it is still embedded) to probe the
occurrence and relevance of shocks associated with AGN-driven outflows.
Shocks might be crucial for both the gas ionization and kinematics (see e.g.
Dopita & Sutherland 1995; Reynaldi & Feinstein 2013; Sutherland et al.
1993; Couto et al. 2017) and, as indicated by the simulation of Weinberger
et al. (2017), for the energy transfer from the AGN to the ISM. Indications
of the presence of shocks have often been reported for compact radio sources
and they are usually connected to the expansion of the radio source within
the ambient ISM (de Vries et al. 1997; Holt et al. 2008; Morganti et al.
2013; Tadhunter et al. 2014).
The effect of AGN negative feedback in compact radio galaxies is
investigated in Chapter 6 and Chapter 7 of this thesis.
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The complex nature of AGN-driven outflows

Outflows are almost ubiquitous in luminous AGN, they are detected in
different gas phases (ionized, atomic and molecular gas) and at different
scales, going from the very central regions of the host galaxies (less then 1
pc) up to super-galactic scales (tens of kpc).
There are indications that the radio properties of AGN, and especially
their radio power, are intimately connected to the kinematics of the ISM on
kpc scales. By studying a large sample of optically selected AGN, Mullaney
et al. (2013) found that compact radio galaxies (i.e. extended to kpc scales
or less) play a major, if not the dominant, role in strongly disturbing the
ionized ISM. In addition, Geréb et al. (2015) and Maccagni et al. (2017)
showed evidence that H I gas with disturbed kinematics is preferentially
found in compact radio galaxies.
The actual impact outflows have on the star formation rates of their
host galaxies is still a matter of debate (Woo et al. 2017; Wylezalek &
Zakamska 2016). There have been cases where a spatial anti-correlation
between outflowing gas and star formation has been reported (Cano-Dı́az
et al. 2012; Cresci et al. 2015a; Carniani et al. 2016), showing that outflows
are able to quench the star formation along their path. However, it seems
that outflows have no effect on the star formation happening outside their
zone of influence. In addition, the ratio between the gas that is actually
expelled and the gas that falls back onto the host galaxy is still uncertain
(Arribas et al. 2014).

1.3.1

Outflows in different gas phases

In what follows I describe outflows in the molecular, atomic and ionized gas
phases together with their features, the observational techniques and the
main results presented in the literature. Each gas phase is associated with a
specific observational technique and carries a different piece of information
on the outflow driving mechanism, and on the effect this mechanism has on
the host galaxy. To date, many observations of outflows have been carried
out in different bands, but it is still unclear how and whether the different
phases of the outflowing gas are related to each other.
In particular, the discovery of atomic and molecular gas outflows
in the last decades has been a surprise considering that AGN feedback
was expected to heat up gas within the ISM. A scenario which gained
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more credit in recent years predicts that molecules forms in-situ and, in
particular, in the post-shock regions of the outflows. This scenario is
supported by observations (e.g Morganti et al. 2015; Simionescu et al. 2018)
and by recent simulations (Richings & Faucher-Giguere 2017). This topic
is further explored, in the context of compact radio galaxies, in Chapter 6
of this thesis.
A gas outflow and its impact on the host galaxy are usually characterized via three main quantities: the mass outflow rate Ṁ [M yr −1 ], the
outflow power Ė [erg s−1 ] and the outflow efficiency Ė/LBol . The latter
is the energy that is used to drive the outflow with respect to the AGN
bolometric luminosity which is indicative of the AGN accretion power.
• Ionized gas outflows

Due to the abundance of observational facilities in the optical band
and the recent advent of the integral field (IFU) spectroscopy, one of
the most common ways to trace outflows has been via their ionized
gas phase. Ionized gas outflows are commonly detected via the the
[O III ]λ5007Å emission line in optical spectra of nearby AGN, or in
the near-IR spectra of AGN at higher redshifts. The [O III ] emission
is usually a strong spectral feature which originates from ionized gas
clouds in the NLR of the AGN. Outflows are identified via broadened
(usually line widths >500 km s−1 ) and asymmetric [O III ] profiles.
Broad [O III ] lines (∼1000 km s−1 ) are almost ubiquitous in objects
with sufficiently high AGN luminosities (Brusa et al. 2015; Bischetti
et al. 2017; Westmoquette et al. 2012; Rodrı́guez Zaurı́n et al. 2013).
It is often difficult to estimate the physical size of these outflows, even
though, in most of the cases, they seem limited to the inner 1 kpc of
the host galaxy (see e.g. Husemann et al. 2016). The density of the
ionized gas is another quantity subject to large uncertainties, mainly
due to the limitation of the classical line-ratio diagnostics (Holt et al.
2011; Rose et al. 2017). Despite the clear observational evidence of
these outflows, it is, therefore, usually difficult to give constraints on
their mass and efficiency (see Tadhunter 2016b, for a discussion).
Radio galaxies seem to drive the most powerful and extended outflows
of ionized gas. Mullaney et al. (2013) showed that, for an optically
selected sample of AGN, ionized gas with extreme kinematics ([O III ]
line width >1000 km s−1 ) is detected only for sources with radio
powers P1.4GHz > 1023 W Hz−1 . In addition, Holt et al. (2008) found
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that young and compact radio sources are able to drive outflows that
are more extreme, in terms of their kinematics, with respect to the
outflows of extended radio sources. Concerning the extent of the
outflows, the studies by e.g. Husemann et al. (2016) and Harrison
et al. (2014) showed that ionized gas outflows that are extended
on large scales (>1 kpc) are preferentially found in sources showing
radio jets. Recently, Nesvadba et al. (2017) reported very extended
(>5 kpc) ionized gas outflows that are clearly spatially coincident
with expanding jets of the radio sources.
• Atomic gas outflows
In the local Universe, atomic gas outflows are detected via two main
tracers, namely the sodium (NaI D) and the neutral hydrogen (H I )
spectral lines. The NaI D is an optical absorption line, detected
against the stellar continuum of the host galaxy, which traces the
dusty warm atomic gas phase. Once the stellar continuum of the
galaxy has been subtracted, outflows are identified by the residual
broad and/or blueshifted features of the NaI D line. NaI D outflows
usually extend up to a few kpc and, in some cases, they have a conical
morphology (see the work by Rupke et al. 2005; Rupke & Veilleux
2013; Rupke et al. 2017; Cazzoli et al. 2016; Lehnert et al. 2011).
Lehnert et al. (2011) detected NaI D outflows in a sample of extended
radio galaxies showing that 1-10% of the jet mechanical energy is
needed to power the gas outflows, which have a typical mass outflow
rate of about 10 M yr−1 . Similar estimates have been found tracing
the atomic gas via the 21 cm H I line.
In radio galaxies, atomic gas outflows can be studied via the
absorption of the H I against the source radio continuum. Spatially
resolved studies have shown that these outflows are often co-spatial
with radio lobes/jets (extending to scales ≥10 kpc) and, in some
cases, their velocity matches with the outflowing ionized gas (see
Morganti et al. 2005b,a; Mahony et al. 2016). H I absorption studies
have also shown the presence of outfowing gas in the nuclear regions
(typically below 1 kpc) of powerful radio sources with a compact radio
morphology (Geréb et al. 2014, 2015).
Teng et al. (2013) found H I outflows reaching extreme velocities
(1000 km s−1 ) and mass outflow rates (1000 M yr−1 ) in the case of
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radio galaxies classified as ultraluminous infrared galaxies (ULIRG).
This is a class of more extreme AGN, where the host galaxy underwent
a merging event which is thought to have stimulated both starburst
and AGN activity.
• Molecular gas outflows
Molecular gas outflows are usually detected on sub-kpc/kpc scales via
the broadening and asymmetry of the H2 and CO emission lines.
The H2 emission lines, detectable in the rest-frame near-IR band, have
been used to trace the warm molecular outflowing gas (e.g. Tadhunter
et al. 2014; Emonts et al. 2017). This gas phase is usually difficult
to observe and has been suggested to be a transitional phase formed
while AGN-heated gas cools down in the form of cold molecular gas
(Tadhunter et al. 2014).
Cold molecular gas outflows are traced using mainly the CO emission
line (e.g. Feruglio et al. 2010; Aalto et al. 2012; Garcı́a-Burillo et al.
2014; Cicone et al. 2014; Feruglio et al. 2015, 2017) and the OH
absorption line (e.g. Sturm et al. 2011; Veilleux et al. 2013), especially
since the advent of the Atacama Large Millimeter Array (ALMA)
which allowed us to extend outflow studies to the mm/sub-mm
regime. Most of the current studies on molecular gas outflows focus
on ULIRG and this might explain also the high mass outflow rates
(10-100 M yr−1 ) and efficiencies (1-5%) that are usually found (e.g.
Cicone et al. 2014; Emonts et al. 2017).
Even though the statistics is more limited, in the case of radio
galaxies, cold molecular gas outflows have been associated with
expanding radio jets (Matsushita et al. 2007; Krause et al. 2007;
Dasyra & Combes 2012; Morganti et al. 2015; Oosterloo et al. 2017).
There are only a few examples of AGN (e.g. IC 5063, Mrk 231,
PKS 1345+12, 3C 305), mainly related to compact radio galaxies, where
the synergy between observations in the different bands fully revealed the
multi-phase nature of an outflow (Tadhunter et al. 2014; Feruglio et al.
2015; Morganti et al. 2005a; Dasyra & Combes 2012). As it is shown in
Fig. 1.3 for the case of IC 5063, in these AGN the different gas phases
have similar kinematics indicating that they are tracing a single physical
structure.
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Figure 1.3 – The multi-phase outflow in the radio galaxy IC 5063 from the work of
Tadhunter et al. (2014). Left panel. Grey-scale representation of the near-IR long-slit
spectrum of IC 5063, covering a wavelength range centered on the H2 1-0S(1) emission line
of the warm molecular gas. For comparison, a scaled version of the 1.4 GHz radio map of
the source is presented to the right. It is possible to notice the disturbed kinematics of the
H2 gas that is spatially associated with the jets of the radio galaxy. Right panel. Emission
and absorption lines from different gas phases in arbitrary fluxes. Warm molecular (H2
1-0S(1), black solid line) and ionized (Brγ, red dotted line) gas velocity profiles for the
western radio lobe of IC 5063 (i.e. upper radio lobe of the radio source in the left panel)
are compared with the spatially-integrated atomic gas absorption (H I, blue solid line)
and cold molecular gas (CO(2-1), green solid line) velocity profiles. It is possible to see
that there is a good overlap between the velocities spanned by the different gas phases.
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Our understanding is more limited in the case of extended samples
of objects, mainly due to the lack of multi-wavelength observations with
comparable spatial scales. In Chapter 7 of this thesis we expand the
discussion of this topic by carrying out an investigation on the ionized
and atomic gas in a sample of radio galaxies.
Fiore et al. (2017) collected information from the literature (for subkpc/kpc scales outflows), trying to uniform the measurement of the mass
outflow rate and outflow efficiency for the main samples/cases of outflows
known in the different gas phases. They find indications that molecular
outflows carry a significant amount of mass and show higher outflow
efficiencies (with an average efficiency of 2.5%) compared to ionized gas
outflows (0.16-0.3%). However, due to selection biases, their result is not
conclusive and needs a better knowledge of the physical properties of multiphase outflows to be confirmed.

1.4

This Ph.D. Thesis

In this Ph.D. thesis, I address some of the open questions related to the
interaction between the energy released by the AGN and the host galaxy
ISM. This is done by studying, with different observational techniques, the
ionized and warm molecular gas in radio galaxies. In particular, I use
nearby radio galaxies to study the effect of the radio plasma on the ISM on
galactic scales.
Spatially resolved observations allow us to investigate, and appreciate,
the complexity of the AGN-ISM interaction. The closest radio galaxies are
unique laboratories where it is possible to test the physics of the coupling of
jet mechanical energy to the surrounding medium and distinguish it from
the effects of the radiation from the central AGN. Furthermore, as discussed
in Sec. 1.1.2, they are ideal to disentangle possible positive effects of the
AGN feedback e.g. the jet-induced star formation.
As described in Sec. 1.1.2, the ISM of active galaxies is a challenging
environment to study. This is due to the fact that gas is connected to both
the AGN feeding and feedback. From one side, it is still unclear which
are the processes and the gas phases involved in the SMBH feeding. IFU
observations of cold gas in the central regions of AGN have the potential
to shed light on this.
From the other side, AGN feedback can be traced by the presence
of gas outflows. However, quantifying the impact outflows have on the
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host galaxies requires deriving reliable estimates for the outflow mass rate
and the outflow efficiency. An accurate measurements of the gas density
is crucial for this purpose and to understand whether the AGN feedback
efficiencies predicted by cosmological simulations are realistic.
How and whether the different gas phases are related is still a matter
of debate and multi-wavelength information is available only for a handful
of objects. Observations spanning a broad spectral range can give access
to multiple spectral lines and allow us to explore the possibility of an
evolutionary scenario for the different gas phases, as suggested by some
observations and numerical simulations. In addition, they can constrain
the occurrence and the effect of shocks which are thought to be a key
process at play in outflows.
However, the results obtained with detailed studies of single objects
need to be confirmed by statistical studies. It is still unclear weather some
gas phases preferentially trace AGN feeding or AGN feedback, or whether
they are equally involved in both. Using some of the available surveys in
the literature it is now possible to start to investigate this topic.
These are the main topics that are addressed, in more detail, in the
various chapters of this thesis.

1.4.1

Thesis outline

In the first chapters, I study the so-called outer filament of Centaurs A
to probe warm ionized gas under the influence of a radio jet. The outer
filament is a complex of ioinzed gas clouds located in the extended NLR of
Centaurus A, about 15 kpc away from the center of the galaxy. Centaurus A
has been at the center of innumerable studies in the last decades and,
due to its proximity, offers one of the clearest examples of an interaction
between a radio jet and multi-phase gas clouds. I take advantage of new
IFU observations to study the warm ionized gas and its relation with the
atomic gas.
• In Chapter 2 and Chapter 3 I study the signatures of the jetISM interaction in the outer filament, expanding on previous results
obtained from the H I . I use integral field VIMOS observations of
a limited region of the warm ionized gas and, then, expand the
investigation by observing a larger portion of the outer filament with
MUSE. These observations allow me to study the ionization state
and the kienematics of the gas across the entire outer filament and
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relate these to the nearby cloud of H I for which signs of a jet-ISM
interaction have been previously reported.
• In Chapter 4 I take advantage of the spatial resolution of the
MUSE data to study a specific region of the outer filament where
star formation is occurring. I quantify the star formation efficiency
and I use line-ratio diagnostics to study the complex effect the star
formation, together with the AGN ionizing radiation, has on the
ionization of the surrounding gas.
My study continues by probing the AGN feeding and feedback mechanisms in young radio galaxies. I use two prototypical young radio galaxies,
PKS B1718-649 and PKS B1934-63, to study the conditions of the warm
molecular and warm ionized gas, the relation between these two gas phases
and the efficiency of the AGN feedback mechanism.
• In Chapter 5 I present SINFONI near-infrared IFU observations
of the warm molecular gas (H2 ) in the inner 2.5 kpc region of
PKS B1718-649, a newly born radio AGN. I study the distribution
and the kinematics of the molecular gas in relation to the atomic
gas phase, with particular attention to the feeding mechanism of the
SMBH.
• In Chapter 6 I use X-shooter slit spectroscopic observations to study
the multi-phase ISM in the the young radio galaxy PKS B1934-63,
where an ionized gas outflow has been previously reported to be
present. The good velocity resolution and spectral coverage of the
data allows me to probe the kinematics of the warm ionized and warm
molecular gas in more detail, and investigate the presence of shocks
driven by the AGN feedback. In addition, I use a new technique to
determine the gas density and give a more robust estimate of the
mass outflow rate and outflow efficiency for the warm ionized gas.
By integrating my results with information from the literature, I also
outline a possible evolutionary sequence for young radio galaxies and
test the scenario in which cold gas is formed within outflows.
Finally, I extend my investigation to the ISM of a sample of radio
galaxies to have a broader view on the occurrence of different gas phases
and their relation with AGN-driven outflows and/or with the feeding of the
AGN.
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• In Chapter 7, I consider a sample of about 250 radio galaxies,
spanning a significant range of radio powers, and I study the
kinematics of the warm ionized gas by analyzing SDSS spectroscopic
data. Thanks to previous observations tracing the H I gas, I can
study the relation between the ionized and atomic gas phases and
their kinematics. In addition, I relate the occurrence of ionized gas to
the H I content and to the radio and IR properties of these galaxies.
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J. H. 2004, AJ, 128, 1002
Zinn, P.-C., Middelberg, E., Norris, R. P., & Dettmar, R.-J. 2013, ApJ,
774, 66

“One forges one’s style
on the terrible anvil of daily deadlines.”
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Chapter 2. The jet-ISM interaction in the outer filament of Centaurus A

Abstract
The interaction between the radio plasma ejected by the active nucleus
of a galaxy and the surrounding medium is a key process that can have a
strong impact on the interstellar medium of the galaxy and hence on galaxy
evolution. The closest laboratory where we can observe and investigate this
phenomenon is the radio galaxy Centaurus A. About 15 kpc northeast of
this galaxy, a particularly complex region is found: the so-called outer
filament where it has been proposed that jet-cloud interactions occur. We
investigate the signatures of jet-ISM interaction by a detailed study of the
kinematics of the ionized gas, expanding on previous results obtained from
the H I . We observed two regions of the outer filament with VLT/Visible
MultiObject Spectrograph (VIMOS) in Integral Field Unit (IFU) observing
mode. Emission from Hβ and [O III ]λλ4959,5007Å is detected in both
pointings. We found two distinct kinematical components of ionized gas
that closely match the kinematics of the nearby H I cloud. One component
follows the regular kinematics of the rotating gas, while the second shows
similar velocities to those of the nearby H I component thought to be
disturbed by an interaction with the radio jet. We suggest that the ionized
and atomic gas are part of the same dynamical gas structure stemming
from the merger that shaped Centaurus A. It is regularly rotating around
Centaurus A, as proposed by other authors. The gas (ionized and H I )
with anomalous velocities traces the interaction of the large-scale radio jet
with the interstellar medium, suggesting that the jet is still active although
poorly collimated. However, we can exclude that a strong shock is driving
the ionization of the gas. It is likely that a combination of jet entrainment
and photoionization by the UV continuum from the central engine is needed
to explain both the ionization and the kinematics of the gas in the outer
filament.
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Introduction

The ejection of radio plasma jets is one of the main manifestations of
nuclear activity in early-type galaxies. The jets are known to influence
the conditions of the surrounding interstellar medium (ISM). Signatures of
this are seen at both large (Nesvadba 2009; Ehlert et al. 2011; McNamara
& Nulsen 2012) and small (Rosario et al. 2010a,b; Morganti et al. 2013)
scales in accordance with simulations (Mellema et al. 2002; Fragile et al.
2004; Wagner & Bicknell 2011). Recent studies of the interaction between
a jet and its surrounding ISM have brought a number of surprises. One is
that through such interactions cold gas (atomic and molecular) can be
accelerated to high velocities, producing massive gas outflows (Feruglio
et al. 2010; Dasyra & Combes 2012; Morganti et al. 2013; Cicone et al.
2014; Tadhunter et al. 2014). Compression of gas by the jet can also have
implications for jet-induced star formation (van Breugel & Dey 1993; Dey
et al. 1997; Graham 1998; Mould et al. 2000; Oosterloo & Morganti 2005).
So far, only the most spectacular examples of these phenomena have
been studied in detail, while, an interaction between a jet and the ISM
is a relatively common phenomenon, also in low-power radio sources
(e.g., NGC 1266, Alatalo et al. 2011; NGC 1433, Combes et al. 2013).
Thus, understanding the occurrence, characteristics, and effects of such
interactions is relevant to the broader question of the role of an active
galactic nucleus (AGN) in galaxy evolution.
Among the objects where signatures of jet-ISM interaction have been
found is also the nearest AGN, Centaurus A (Cen A), which is the target of
the present study. This object combines all the ingredients that help trace
such an interaction; in addition to the large and complex radio structure,
possibly the result of multiple events, it also has a rich ISM. Cen A is the
closest low-luminosity (FR I) radio galaxy (d = 3.8 Mpc; Harris et al. 2010).
Its host galaxy (NGC 5128) is the dominant member of a poor group, and
it appears to be in the late stages of a merger with a small late-type galaxy.
A system of faint optical shells (Malin et al. 1983), a stellar stream (Peng
et al. 2002), and H I shell-like structures at large radii (Schiminovich et al.
1994) have been found and are believed to be linked to this merger event.
The radio source shows a set of lobes possibly connected with different
phases of restarted AGN activity (Haynes et al. 1983; Morganti et al. 1999).
The so-called outer radio lobes are believed to be the result of a previous
episode of nuclear activity, but they are possibly still supplied with fresh
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electrons via a poorly collimated jet-like structure, at least in the case
of the northern lobe (the large-scale jet, Morganti et al. 1999; Hardcastle
et al. 2009), while the inner radio lobes are the result of a recent outburst
(Croston et al. 2009). The layout of the inner and outer lobes and the
structure connecting the two is shown in Fig. 2.1.
Filaments of highly ionized gas are found between the inner radio lobe
and the base of the outer lobe (Blanco et al. 1975; Graham & Price 1981;
Neff et al. 2003). They appear quite well aligned along the direction of the
inner jet. The best-studied ones are the two filamentary structures called
the inner and outer filaments, which are at distances of 8.5 kpc and 15
kpc, respectively, from the nucleus. Both filaments have been identified
as regions where an interaction between the radio jet and gas clouds is
occurring.
Particularly complex is the situation in the outer filament (see Fig. 2.1),
and this has motivated the present study. In projection, this filament is
located close to the axis of the jet-like structure connecting inner and outer
radio lobes, while very near the outer filament, a large H I cloud is also
found. This cloud is part of a larger rotating H I structure that appears to
form a polar ring surrounding Cen A (Schiminovich et al. 1994). Evidence
for anomalous velocities in the southern tip of the H I cloud has been
reported by Oosterloo & Morganti (2005). Considering that this part of the
H I cloud is closest to the jet axis, this finding was interpreted as this being
the location where an interaction between the radio jet and the neutral gas
takes place. The interaction can cause some gas to be dragged along the jet
and displace it suggesting also a connection between the neutral gas and the
ionized gas. Importantly, regions of recent star formation (Graham 1998;
Fassett & Graham 2000; Mould et al. 2000; Rejkuba et al. 2002), as well
as young stars (as young as 15 Myr), have also been found in between the
ionized and the neutral gas. The young stars are found to be distributed
in a north-south direction along the eastern edge of the H I cloud and may
be the result of jet-induced star formation. Kraft et al. (2009) detected Xray emission along the radio jet connecting the inner and outer lobes. The
authors claim that cold gas is shock heated by a direct interaction with the
jet, confirming that indeed the radio jet in this region could be an active
channel through which energy is transferred from the center of the galaxy
to the outer regions.
It is clear from the above that the outer filament and its surroundings
show a variety of complex features, all suggesting it is a region where the

2.1. Introduction

43

outer filament

young stars

inner filament

Figure 2.1 – Optical image of Cen A (kindly provided by D. Malin) showing the diffuse
emission and the location of the so-called inner and the outer filaments. The white
contours denote the radio continuum emission of the inner lobes (bottom-right of the
figure) and the large-scale jet connecting the northern inner Lobe to the base of the
outer lobe (top-left of the figure). The black contours refer to the northeast outer H I
cloud. The location where young stars have been found is marked with a dashed line.
Zoom in: Optical image of the outer filament region (kindly provided by M. Rejkuba).
The hatched area indicates where anomalous velocities are detected within the H I cloud.
The region covered by our observations is drawn with two red squares.
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effects of a jet-cloud interaction are visible. The aim of the observations
presented here is to further study such an interaction and trace the
characteristics and physical state of the gas involved in this process. We
focus on the study of the ionized gas which has been shown earlier to have
a complex kinematics (Morganti et al. 1991).

2.2

Data reduction and analysis

We observed two fields in the outer filament using the Visible MultiObject
Spectrograph (VIMOS, Le Fèvre et al. 2003) at the Very Large Telescope
(VLT). In the following we refer to the northern field as Field 1 and
the southern one as Field 2 (see Fig. 2.2). The observations were done
in Integral Field Unit (IFU) mode using the high-resolution blue grism
covering the spectral range of about 4000-6200 Å. The spectral resolution
is ∼2.3 Å corresponding to a velocity resolution ranging from 115 to 172
km s−1 . Observations were carried out on March 10, 2006 with an exposure
time of 3×550 sec for each of the two fields. Each field covers about 2700 ×2700
and 1pixel = 0.67arcsec × 0.67arcsec. The spatial resolution is limited by
the seeing which is ∼ 1.4 arcsec. For flux calibration purposes, we used
standard star calibration exposures taken during the same night. The data
reduction is carried out using P3D, a data reduction tool optimized for IFU
data (Sandin et al. 2010). The reduction mainly involves five relevant steps:
1) the creation of a trace mask in order to locate the spectra on the CCD;
2) the extraction of a flat-field mask, to take into account the sensitivity
variations of the detector; 3) the creation of a dispersion mask to perform
the wavelength calibration; 4) spectra extraction; and 5) the creation of
an overall sensitivity function to flux calibrate the scientific exposures.
The average wavelength calibration accuracy is 0.1 Å corresponding to
∼5 km s−1 . The flux calibration accuracy is ∼10%.
Ionized gas emission is clearly detected in the final datacube, and its
spatial distribution appears consistent with Morganti et al. (1991). Hβ
and [O III ]λλ4959,5007Å emission is detected in both fields. The bright
[O III ]λ5007Å line is used to display the distribution and the kinematics of
the ionized gas. The fainter Hβ emission is found to be consistent with the
[O III ]λ5007Å both in spatial and velocity distribution.
In Field 2, at many positions two distinct velocity components are
observed. To parametrize this, two simple models are employed for the line
fitting: a single gaussian and a double gaussian model. For all gaussians, we
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fix the full-width-at-half-maximum (FWHM) to the instrumental spectral
resolution. Both models are fit to each spectrum and a χ2 statistic test is
used to determine the best model. For the regions of blending, it has been
verified that our double gaussian model with fixed FWHM is always better
than a single gaussian model with the line width as a free parameter. We
conclude that the intrinsic line width of the components is less then the
instrumental spectral resolution.
The [O III ]λ5007/Hβ line ratios are extracted across both fields. Due
to the fainter Hβ emission and the low S/N we are not able to show line
ratio maps on a pixel to pixel basis. The velocity and flux maps are
extracted using spectra for which the [O III ]λ5007Å emission is detected
with a S/N≥5.

2.3

Results

The distribution of the ionized gas detected in our observations is consistent
with what found in the narrow band images presented in Morganti et
al. (1991), although we sample only a small part of the filament. The
Fig. 2.2 shows the distribution of the total [O III ]λ5007Å emission across
the observed fields. The ionized gas is distributed in clumpy structures
across both our fields. Looking at the overall gas distribution in Fig. 2.2,
three main structures can be identified. Two of them are in Field 2,
extending northeast-southwest and east-west respectively, while another
one is in Field 1, extending north-south. These structures are elongated,
with an extent of at least 2000 in length corresponding to ∼0.37 kpc. The
velocity range covered by the ionized gas (200-450 km s−1 ) is found to be
consistent with what found from long slit data by Morganti et al. (1991).
However, the main finding of our observations is that we detect and isolate
two kinematical components of the ionized gas. The components are, in
part, spatially superimposed.
The low-velocity component spreads across both observed fields and
has a mean heliocentric velocity of vhel ∼250 km s−1 . The Figures 2.3 and
2.4 show the [O III ]λ5007Å line flux and the velocity of the low-velocity
component across both fields. The high-velocity component has a mean
heliocentric velocity of vhel ∼400 km s−1 and is only detected in Field 2.
The Fig. 2.5 shows the corresponding [O III ]λ5007Å line flux and velocity
map.
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Figure 2.2 – Total [O III]λ5007Å line flux map. Stronger ionized gas emission is visible
in Field 2 while fainter emission is present in Field 1. Looking at the spatial distribution
of the ionized gas, we locate three main filamentary structures that are outlined using red
ellipses. Blue circles mark emission related to stars or associations of stars (see Rejkuba
et al. 2002).

An interesting question is how the velocity structure we observe for the
ionized gas relates to that of the nearby H I cloud. The overall kinematics
of the H I cloud is characterized by a smooth velocity gradient of about
30 km s−1 kpc−1 , with velocity decreasing when going east. This gradient
corresponds to the rotation of the cloud around the galaxy (Schiminovich
et al. 1994). In addition, Oosterloo & Morganti (2005) found the gas in
the southern tip of the cloud to show a sudden velocity reversal. It should
be noted that the H I cloud is located at about 2.3 kpc distance from
the ionized gas. However, the kinematical features detected in the ionized
gas appear to show a striking similarity with these H I velocities which is
illustrated in Fig. 2.6. This plot has been obtained by extrapolating the
velocity pattern of the regular rotating H I from Oosterloo & Morganti
(2005) (shown in the upper panel) and superposing it on our ionized gas
velocity measurements (lower panel).
The first thing to notice is that the velocities of the low-velocity
component, which is seen in both fields, falls on top of the extrapolation
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Figure 2.3 – Total [O III]λ5007Å line flux (left panel) and velocity (right panel)
map for the first ionized gas component in the Field 1. Intensity contours are
overplotted in green on the velocity map. Contour levels are 0.17, 0.51, 0.71, 0.88
×10−16 erg s−1 cm−2 arcsec−2 .

of the overall velocity gradient of the regularly rotating H I (shown in the
upper panel of Fig. 2.6). It, therefore, appears that this component is an
extension of the H I cloud. The second striking feature is, however, that the
velocities of the high-velocity component are very similar to the velocities
of the ’anomalous’ gas at the southern tip of the H I cloud. It appears,
therefore, that this anomalous H I has an ionized counterpart.
We have also used the results of the line fits of the ionized gas to
investigate whether differences in ionization are present across the two
fields. Average values of the extracted line ratios are reported in Table 2.1
for each of the three ionized gas structures. Within the area covered by our
VIMOS observations there is no evidence of any strong spatial variations
of the [O III ]λ5007/Hβ ratio. Due to the weakness of the Hβ line the
signal to noise is not sufficient to decompose this line in the northeastsouthwest structure. Therefore in this filament the [O III ]λ5007/Hβ ratio,
given in Table 2.1, corresponds to total integrated emission for both
velocity components. Our [O III ]λ5007/Hβ ratios are consistent with those
measured by Morganti et al. (1991). We also searched for emission from
[O III ]λ4363Å and [He II ]λ4686Å lines, but neither was detected. The 3σ
upper limits relative to [O III ]λ5007Å and Hβ are given in Table 2.1 .
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Figure 2.4 – Total [O III]λ5007Å line flux (left panel) and velocity (right panel) map for
the first ionized gas component in the Field 2. Intensity contours are overplotted in green
on the velocity map. Contour levels are 0.4, 0.8, 1.6, 2.4, 3.1 ×10−16 erg s−1 cm−2 arcsec−2 .

Figure 2.5 – Total [O III]λ5007Å line flux (left panel) and velocity (right panel) map for
the second ionized gas component that only extends across Field 2. Intensity contours
are overplotted in blue on the velocity map. Contour levels are 0.4, 0.8, 1.6, 2.4, 3.1
×10−16 erg s−1 cm−2 arcsec−2 .
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Oosterloo et al. 2005

Figure 2.6 – Position-velocity plot of the nearby H I cloud (upper panel) and of the
ionized gas (lower panel). In the ionized gas position-velocity plot, the points related
to the low and the high velocity components are drawn with blue and red crosses
respectively. The shadowed stripe marks the large-scale velocity gradient of the H I
cloud. In order to calculate the angular distance, the zero point along the horizontal axis
is assumed to be located at RA=13h 26m 15s and DEC=−42◦ 490 0000 in accordance with
the position-velocity plot shown in the upper panel.

5.8 (+0.45 -0.39)
5.8 (+0.67 -0.55)
5 (+1.22 -0.86)

[O III]
≤ 0.03
≤ 0.07
≤ 0.08

λ4363
λλ(4959+5007)

λ4363
λ5007

≤ 0.05
≤ 0.1
≤ 0.1

[O III]
≤ 0.4
≤ 0.65
≤ 0.51

[He II]λ4686
Hβ

Table 2.1 – Average values of the [O III]λ5007/Hβ ratio and the [O III]λ4363/λλ(4959+5007), [O III]λ4363/λ5007,
[He II]λ4686/Hβ ratio 3σ upper limit related to the ionized gas structures as outlined in Fig. 2.2.

NE-SW
E-W
N-S

[O III]λ5007
Hβ

50
Chapter 2. The jet-ISM interaction in the outer filament of Centaurus A

2.4. Discussion and conclusions

2.4

51

Discussion and conclusions

The main result from our observations is that we detect two kinematical
components in the ionized gas in the outer filament and that the velocities
of these two components match those of the nearby H I cloud. Both the
regularly rotating H I structure, as well as that part of the H I which
appears disturbed by the jet, have a counterpart in the ionized gas. This
strongly suggests that the ionized and neutral components are part of the
same gas structure. Schiminovich et al. (1994) suggested that the H I cloud
is a tidal feature originating from the merger, and is part of a ring-like
structure rotating about Cen A. We argue that the ionized gas found here
is also part of this structure but corresponds to that part of the tidal feature
that is strongly affected by the radio jet. The fact that the region where
young stars have been detected (Mould et al. 2000; Rejkuba et al. 2002) is in
between the ionized and neutral gas would suggest that the star formation
in this region has been induced by the jet.
Based on these findings, one can arrive at the following scenario. As part
of the polar ring, the H I cloud is rotating along an orbit with an estimated
inclination of 60-70 degrees and a position angle of the major axis of about
15 degrees (Schiminovich et al. 1994). The orientation of the rotational
plane of this polar ring is such that the eastern half is tilted toward us than
the main galaxy body, and the western half is behind the optical galaxy.
Relative to the systemic velocity of Cen A (vsys ∼540 km s−1 ), the H I
cloud is moving toward us and, given the geometry of the polar ring, is
located on that part of the ring that is tilted toward us. The northeast
inner radio jet is pointing toward us, with an inclination of 50-80 degrees
(Jones et al. 1996; Tingay et al. 1998) and this can be taken as an indicative
value for the inclination of the large-scale jet. It is, therefore, conceivable
that, in the recent past, a part of the H I cloud, due to its rotation about
the galaxy, has entered the zone of influence of the large-scale radio jet.
If this is indeed the case, the geometry is such that this structure has
rotated into the zone of influence of the jet form the back, moving towards
us. Compared to the regularly rotating H I tidal feature, both the disturbed
H I and the high-velocity ionized gas are redshifted (of ∼100 km s−1 ). The
effect of the jet interaction will be to change the motion of a fraction of
the H I as well as of the ionized gas. Part of this motion will be along
the jet, but if the interaction is mainly in the form of entrainment by a
turbulent cocoon surrounding the jet, an effect of the jet-cloud interaction
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will be a lateral motion with respect to the jet axis. Given the geometry
described above (i.e., the gas entering the zone of influence of the jet from
the back), one would indeed expect that such lateral motions are away from
the observer.
The uniformity of the [O III ]λ5007/Hβ line ratios suggest the existence
of a spatially extended ionization mechanism. A strong contribution to the
ionization by stars can be ruled out upon combining our results with those of
Morganti et al. (1991). Pure shock models also do not provide a satisfactory
explanation for the measured line ratios, although shock+precursor models
cannot be ruled out (e.g., Dopita & Sutherland 1995). The narrow velocity
width of the emission lines we observe is in line with this and lead us to
exclude that a strong shock drives gas ionization.
Models of an entraining jet have been applied to the filaments of Cen A
by Sutherland et al. (1993). We suggest that an entraining jet is likely to
explain the gas kinematics. The models of Sutherland et al. (1993) may
apply when there are bulk turbulent velocities ≥ 200 km s−1 . In our case
the degree of turbulence of the gas, deduced from the line width of the
emission lines, is observed to be smaller. Considering also the fairly diffuse
nature of the radio jet near the outer filament, a gentle jet-cloud interaction,
in the form of entrainment by a cocoon, is likely to be expected.
It should be noted that the ionized gas is quite well aligned with the
position angle of the inner radio jet. We can assume that this orientation
also defines the position angle of an UV radiation cone coming from
the nucleus. Morganti et al. (1991, 1992) have investigated the possible
photoionization of the outer filament by the radiation field of a nuclear
blazar-like source. They concluded that this mechanism may indeed be
responsible for the ionization of the gas. This is consistent with the
uniformity of the line ratios.
In summary, we find evidence for a single dynamical gas structure at
∼15 kpc distance from the center of Cen A as a result of the last merger.
This tidal cloud includes ionized (the outer filament) and neutral (the outer
northeast H I cloud) gas rotating about the galaxy. The fact that the
kinematics of the H I and the ionized gas match very well suggests that
it is likely that the radio jet is interacting with these clouds. This shows
us how the jet of a typical FR I galaxy can interact with the ISM even at
scales of tens of kpc, affecting the kinematic and physical conditions.
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MUSE data covering a significant amount of the ionized gas in the
area of the outer filament have been obtained recently. This will allow an
extension of the present study and a more complete investigation of the
physical and kinematical state of the ionized gas.

Acknowledgements
The research leading to these results has received funding from the European Research Council under the European Union’s Seventh Framework
Programme (FP/2007-2013) / ERC Advanced Grant RADIOLIFE-320745.
Based on observations made with ESO Telescopes at the La Silla Paranal
Observatory under programme 076.B-0059A

54

Chapter 2. The jet-ISM interaction in the outer filament of Centaurus A

References
Alatalo, K., Blitz, L., Young, L. M., et al. 2011, ApJ, 735, 88
Blanco, V. M., Graham, J. A., Lasker, B. M., & Osmer, P. S. 1975, ApJL,
198, L63
Cicone, C., Maiolino, R., Sturm, E., et al. 2014, A&A, 562, A21
Combes, F., Garcı́a-Burillo, S., Casasola, V., et al. 2013, A&A, 558, A124
Croston, J. H., Kraft, R. P., Hardcastle, M. J., et al. 2009, MNRAS, 395,
1999
Dasyra, K. M. & Combes, F. 2012, A&A, 541, L7
Dey, A., van Breugel, W., Vacca, W. D., & Antonucci, R. 1997, ApJ, 490,
698
Dopita, M. A. & Sutherland, R. S. 1995, ApJ, 455, 468
Ehlert, S., Allen, S. W., von der Linden, A., et al. 2011, MNRAS, 411, 1641
Fassett, C. I. & Graham, J. A. 2000, ApJ, 538, 594
Feruglio, C., Maiolino, R., Piconcelli, E., et al. 2010, A&A, 518, L155
Fragile, P. C., Murray, S. D., Anninos, P., & van Breugel, W. 2004, ApJ,
604, 74
Graham, J. A. 1998, ApJ, 502, 245
Graham, J. A. & Price, R. M. 1981, ApJ, 247, 813
Hardcastle, M. J., Cheung, C. C., Feain, I. J., & Stawarz, L. 2009, MNRAS,
393, 1041
Harris, G. L. H., Rejkuba, M., & Harris, W. E. 2010, PASA, 27, 457
Haynes, R. F., Cannon, R. D., & Ekers, R. D. 1983, Proceedings of the
Astronomical Society of Australia, 5, 241
Jones, D. L., Tingay, S. J., Murphy, D. W., et al. 1996, ApJL, 466, L63
Kraft, R. P., Forman, W. R., Hardcastle, M. J., et al. 2009, ApJ, 698, 2036
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Chapter 3. The outer filament of Centaurus A as seen by MUSE

Abstract
Radio-loud active galactic nuclei (AGN) are known to inject kinetic energy
into the surrounding interstellar medium of their host galaxy via plasma
jets. Understanding the impact that these flows can have on the host
galaxy helps to characterize a crucial phase in their evolution. Because of
its proximity, Centaurus A is an excellent laboratory in which the physics
of the coupling of jet mechanical energy to the surrounding medium may be
investigated. About 15 kpc northeast of this galaxy, a particularly complex
region is found: the so-called outer filament, where jet-cloud interactions
have been proposed to occur. We investigate signatures of a jet-interstellar
medium (ISM) interaction using optical integral-field observations of this
region, expanding on previous results that were obtained on a more limited
area. Using the Multi Unit Spectroscopic Explorer (MUSE) on the VLT
during the science verification period, we observed two regions that together
cover a significant fraction of the brighter emitting gas across the outer
filament. Emission from a number of lines, among which Hβ λ4861Å,
[O III ]λλ4959,5007Å, Hα λ6563Å, and [N II ]λλ6548,6584Å, is detected in
both regions. The ionized gas shows a complex morphology with compact
blobs, arc-like structures, and diffuse emission. Based on the kinematics,
we identified three main components of ionized gas. Interestingly, their
morphology is very different. The more collimated component is oriented
along the direction of the radio jet. The other two components exhibit a
diffuse morphology together with arc-like structures, which are also oriented
along the radio jet direction. Furthermore, the ionization level of the gas,
as traced by the [O III ]λ5007/Hβ ratio, is found to decrease from the more
collimated component to the more diffuse components. The morphology
and velocities of the more collimated component confirm the results of
our previous study, which was limited to a smaller area, implying that
both the outer filament and the nearby H I cloud are probably partially
shaped by the lateral expansion of the jet. The arc-like structures embedded
within the two remaining components are the clearest evidence of a smooth
jet-ISM interaction along the jet direction. We thus find signs of a jetISM interaction across all identified gas components. This suggests that,
although poorly collimated, the large-scale radio jet is still active and affects
the surrounding gas. This result indicates that the effect on the ISM of even
low-power radio jets should be considered when studying the influence AGN
can have on their host galaxy.

3.1. Introduction
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Introduction

Active galactic nuclei (AGN) can influence the evolution of their host galaxy
by injecting energy into the surrounding interstellar medium (ISM) (see
Heckman & Best 2014, for a review). The mechanical energy provided
by a radio-loud AGN is mainly in the form of twin jets launched into the
ISM, which can represent a key ingredient in the overall evolution of an
active galaxy. Indeed, the interaction between radio jets and ISM has been
found to be relevant at large and small scales both by observations (see
McNamara & Nulsen 2012; Morganti et al. 2013, and references therein)
and numerical simulations (e.g., Gaibler et al. 2012; Wagner et al. 2012).
How the interaction between the jet and the ISM proceeds, how it
depends on the kinetic power of the jet, for instance, and whether this
process is still strong in the more common low-power radio galaxies, are
some of the open questions. Several gas outflows are known that are
driven by low-power radio jets, including cases of massive neutral and
molecular outflows (e.g., Alatalo et al. 2011; Combes et al. 2013). This
indicates the possibility that even jets with low kinetic power can drive
outflows, suggesting that the jet-ISM interaction could be a relatively
common phenomenon associated with the active phase of a galaxy (see
also Harrison et al. 2014, for a discussion).
Detailed observations are a crucial starting point for understanding the
physics of jet-ISM interactions. Furthermore, they can place important
constraints on the main parameters of the models used to simulate these
interactions. Signatures of jet-ISM interactions have also been found in the
nearby AGN Centaurus A (Cen A, see Rejkuba et al. 2002; Oosterloo &
Morganti 2005; Hamer et al. 2014 and the results presented in Chapter 2).
This led us to choose this galaxy as a target for a detailed study of the
jet-ISM interaction phenomenon. Cen A is a relatively low-power radio
galaxy, (P2.7GHz = 1.8 × 1024 WHz−1 ; Morganti et al. 1999) as well as the
nearest observed AGN (d = 3.8 Mpc; Harris et al. 2010, for which 1 arcmin
=1 kpc), with a systemic velocity vsys ∼540 km s−1 . Filaments of highly
ionized gas have been found at different locations along the jet direction
(Blanco et al. 1975; Graham & Price 1981; Morganti et al. 1991). Past
studies mainly focused on the so-called inner and outer filaments situated
at a distance of about 8.5 kpc and 15 kpc from the galaxy nucleus. In both
cases, the radio plasma jet is thought to affect the characteristics of the
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gas. Indeed, these filaments are close to the inner radio lobe and to the
large-scale jet (see e.g. discussion in Morganti et al. 1999).
The outer filament region presents a particularly intriguing situation,
where a complex interplay between radio plasma and neutral and ionized
gas is ongoing. Interestingly, only a low surface brightness and poorly
collimated jet-like structure has been observed in this region (Morganti
et al. 1999). Whether this structure corresponds to a still active jet or to a
relic is still a matter of discussion (e.g., Saxton et al. 2001; Hardcastle et al.
2009). Indirect evidence of interaction - with associated star formation at this location has been found by a number of studies (Mould et al. 2000;
Rejkuba et al. 2002; Oosterloo & Morganti 2005). Oosterloo & Morganti
(2005) studied the kinematics of the H I cloud, located - in projection close to the outer filament and found that gas with anomalous velocities is
a possible interaction signature.
In Chapter 2 we carried out an integral-field spectroscopic study of the
ionized gas using the Visible MultiObject Spectrograph (VIMOS) on two
small regions of the outer filament. We found two kinematical components
whose velocities match those of the two components found in the nearby
H I cloud. These data support the idea that ionized and neutral gas are
likely part of a single dynamical structure that is partly affected by the
interaction with a poorly collimated, but active jet. If this is the case,
the kinematical signature of the jet-ISM interaction observed in Chapter 2
should be seen over a larger area of the outer filament. With the goal
of extending our study over a larger region, we have exploited the new
capabilities provided by the Multi Unit Spectroscopic Explorer (MUSE,
Bacon et al. 2010) integral field spectrograph that was recently installed
at the ESO/Very Large Telescope (VLT). In this chapter we show the
first results on the kinematics of the gas, while a detailed analysis of the
ionization and line ratios will be presented in a forthcoming paper.

3.2

Data reduction and analysis

We observed two fields in the outer filament of Cen A using MUSE at
the VLT. Observations were carried out on June 25, 2014 during the
science verification program with an exposure time of 3×16.6 min for each
field. Our two MUSE pointings cover the brighter region of the outer
filament, which partially overlaps the our previous VIMOS observations
(see Chapter 2). Compared to that study, we increased the observed area
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Figure 3.1 – Left panel. Total Hα line flux map. Blue circles mark the regions from
which the spectra shown in Fig. 3.3 are extracted (from top to bottom: diffuse component,
low-velocity component, arc-like clumps, linear component). Black-filled circles mark
the stellar light that is superimposed on the ionized gas emission. The location of the
position-velocity plot of Fig. 3.2 is indicated with a green line. Right panel. RGB image of
the Hα emission showing the linear (red), the diffuse (green) and the low-velocity (blue)
components. At the bottom we indicate the intensity weighted mean heliocentric velocity
of each component; note that Cen A vsys ∼540 km s−1 . The regions where the overlap
between the linear and the diffuse components is more evident are plotted in yellow.

from ∼0.5 to 2 arcmin2 and now cover a large part of the outer filament.
Furthermore, we extend the observed wavelength range beyond the 6200
Å VIMOS limit to 9300 Å with MUSE. This enables us to include the
important diagnostic lines from the red part of the optical spectrum.
The observations were made in Wide Field Mode with a field of view
(FoV) covering 1×1 arcmin2 and a pixel size of 0.2×0.2 arcsec2 . The spatial
resolution is limited by the seeing, which was ∼1 arcsec. The spectral range
is about 4700-9300Å and the spectral resolution is ∼ 2.3Å, corresponding
to a velocity resolution ranging from 75 km s−1 at the longest wavelengths
to 150 km s−1 at the shortest one. For flux calibration purposes we used the
standard calibration procedure. The data reduction was carried out using
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the ESO pipeline (Version 0.18.2) with default parameters (Weilbacher
et al. 2014). The sky subtraction process left residuals at the location
of bright sky lines, but these do not compromise the quality of the science
discussed here. Emission lines from ionized gas are clearly detected over
the whole wavelength range and across both fields and include Hβ λ4861Å,
[O III ]λλ4959,5007Å, Hα λ6563Å, [N II ]λλ6548,6584Å, [S II ]λλ6717,6731Å,
and [O I ]λλ6300,6363Å. All the lines show the same spatial and velocity
distribution.

3.3

Results

The integrated emission of Hα given in Fig. 3.1 (left panel) shows an
intriguing variety of gas structures spread over the entire observed region.
The gas distribution we observe across our FoV is consistent with the
previous optical studies of the outer filament (Morganti et al. 1991; Graham
1998; Rejkuba et al. 2001 and Chapter 2), but we obtain for the first
time detailed kinematical information over a large area of the filament.
The gas is distributed in structures that range from compact and bright
to faint, extended, and diffuse. Particularly interesting are the welldefined arc-like features in the diffuse emission. The MUSE data allow
us to distinguish three kinematical components, which are represented
in Fig. 3.1 (right panel). This figure shows an RGB image of the Hα
emission colour-coded based on the heliocentric velocity of the line emission.
Here we have separated the components by summing the line emission
in three heliocentric velocity ranges: −108-177 km s−1 (blue), 177-405
km s−1 (green), 405-745 km s−1 (red). All these structures are blueshifted
relative to the systemic velocity of Cen A. Two components (shown in green
and red) correspond - extending over a larger area - to those reported in
Chapter 2. However, our new data reveal a third, lower velocity component
(shown in blue). Because of the limited FoV, it was not detected in the
VIMOS study. Hints of this component were previously seen in the long-slit
study of Graham (1998). In the following we describe the main kinematical
and morphological features of these three components.
Linear component. Over the velocity range 405-745 km s−1 , at an
intensity-weighted mean heliocentric velocity of ∼ 450 km s−1 , we find a
well-defined linear, knotty filament. This component is shown in red in the
right panel of Fig. 3.1 and has a southwest-northeast orientation, similar
to that of the large-scale jet. The average value of the [O III ]/Hβ ratio is
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+0.09
∼ 6.4+0.3
−0.3 , while for [N II ]/Hα it is ∼ 0.56−0.07 . An interesting kinematical
feature can be seen in one specific location within this component. In
Fig. 3.2 we show the position-velocity diagram of this feature extracted
along the green line drawn in the left panel of Fig 3.1. Over a well-defined
spatial extent (of ∼70 pc), the heliocentric velocities of the gas are 300-350
km s−1 higher than those of the surrounding gas (at vhel ∼ 450 km s−1 ).
The position-velocity diagram shows that the gas gradually reaches higher
velocities, creating a continuous velocity structure that gives the impression
of a small bubble being accelerated. At this location, the brightness of the
filament is markedly lower than in the surrounding regions.
Diffuse component. This component is shown in green in the right panel
of Fig. 3.1 and has an intensity-weighted mean heliocentric velocity of ∼
260 km s−1 . Morphologically, this component appears to be very different
from the linear component described above. While some structure on small
scales is present, most of the emission comes from extended, diffuse gas
that gives the impression of gas filaments being blown to the northeast.
Reinforcing this idea, several arc-like clumps with a bow-shock shape can
be clearly identified in the southern field. They vary in size, but all have a
semicircular shape and the same orientation. This diffuse component has
a velocity similar, although not identical, to that of the quiescent neutral
gas of the nearby H I cloud, and we suggest that it originates from the
H I structure. For the diffuse component the average [O III ]/Hβ ratio is
+0.08
∼ 3+0.19
−0.17 while for the [N II ]/Hα it is ∼ 0.65−0.07 . Similar average values
are also found in the arc-like clumps: [O III ]/Hβ ∼ 4+0.25
−0.22 and [N II ]/Hα
+0.07
∼ 0.64−0.07 . The morphology and the velocities of the linear and the diffuse
components match - in the overlapping region - those of the high- and lowvelocity components observed in Chapter 2.
Low-velocity component. At an intensity-weighted mean heliocentric
velocity of ∼ 0 km s−1 , we identify a third component. It is shown in
blue in the right panel of Fig. 3.1 and has fainter emission than the other
two components. Morphologically, this component is very similar to the
diffuse component described above. It is composed of diffuse emission and,
in the lower field, shows a single arc-like structure whose morphology is
similar to the arc-like clumps found in the diffuse component. The average
value of the [O III ]/Hβ ratio is ∼ 1.6+0.72
−0.64 , while for the [N II ]/Hα ratio it
+0.14
is ∼ 0.81−0.11 .
The average line ratios reported above for the different components
are the average of many individual regions extracted for each component.

66

Chapter 3. The outer filament of Centaurus A as seen by MUSE

Figure 3.2 – Position-velocity plot of the [O III]λ5007Å emission taken along the line
indicated in Fig. 3.1 (left panel). The velocities are heliocentric.

In Fig. 3.3 we show a representative spectrum from one of these regions
for each component. We mark the regions from which these spectra are
extracted in the left panel of Fig 3.1. The average line ratios show that the
ionization state of the gas is different in the three different components.
We assume [N II ]/Hα ≈ 0.6 and [O III ]/Hβ ≈ 2.0 as typical dividing
values for H II region/AGN and AGN/low-ionization nuclear emission-line
region (LINER), respectively (see Kewley et al. 2006). From comparing the
extracted line ratios with these values, we confirm earlier results that ruled
out that the ionization of the gas is due to stellar light.

3.4

Discussion and conclusions

The MUSE observations reveal the velocity structure of the ionized gas over
a large region of the outer filament of Cen A at high spatial resolution. The
morphology and velocities of the ionized gas in the overlapping region agree
with the results of Chapter 2. However, the two components that match
the kinematics of the components in the nearby H I cloud are now found
to cover a much larger area of the filament. Thus, our data support the
results and interpretation from the VIMOS data that the gas is affected
by the interaction with the radio jet, and in particular, that this is the
case for a much larger area and, by implication, probably for the entire
outer filament. The MUSE data also show that the situation is even
more complex. Interestingly, the different kinematical components now
also appear to be connected with different morphologies (linear, arc-like,
and diffuse). Furthermore, we identified a new low-velocity component.
For the outer filament we propose that the diffuse and the low-velocity
components are directly affected by the passage of a slow-moving jet. A
smooth interaction of this kind would, indeed, explain the arc-like clumps
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embedded within them. They show a striking similarity with the structures
described by Bicknell (1991). These simulations show that arc-shaped
structures can form as a result of the encounter between a transonic stream
of non-thermal plasma and denser clouds of thermal gas. The orientation
of the large-scale jet and the arc-like structures agrees with the results
from such simulations. In addition, the nature of the large-scale jet of
Cen A is compatible with a low-Mach number jet as used in the simulation.
Consistent with our previous study, we find that the linear component is
characterized by velocities similar to the H I anomalous velocities, which
supports the scenario described in Chapter 2. This component represents
the part of the H I cloud that through its rotation about the galaxy
has entered the zone of influence of the large-scale radio jet. The gas
in this region is probably affected by the lateral expansion of the jet
cocoon. The well-defined elongation of the linear component along the same
direction as the jet is possibly the result of this lateral expansion. These
characteristics, and the compression that may result, could also explain the
interesting kinematical structure illustrated in Fig. 3.2. These structures
are reminiscent of a bursting over-pressured bubble. It is unclear whether
the newly found low-velocity component is a possible counterpart of this
linear component (i.e., also affected by a lateral expansion) but on the
other side of the jet and, as a consequence, characterized by low velocities.
The very different morphologies of these two components could be due to
intrinsic differences in the density or distribution of the gas within the two
regions.
Although the line ratios found for all components, when plotted in a
BPT diagram (Baldwin et al. 1981), are typical of AGN/LINER, we note
a trend to be present, with the linear component showing higher excitation
levels. This may reflect a change in the ionized gas density or in the number
of ionizing photons across the region we are observing. Apart from the lowvelocity component, for which the full-width-at-half-maximum (FWHM) of
the Hα line is ∼ 4.5 Å (corresponding to ∼ 205 km s−1 ), the narrow velocity
width of the Hα lines of the other components (FWHM ∼ 3 Å corresponding
to ∼ 137 km s−1 ) leads us to argue (as already discussed in Chapter 2) that
the jet does not drive a strong shock across the whole observed region. A
more detailed analysis of the kinematics and ionization will be presented in
a forthcoming paper.
It is worth noting that we find similarities with the results recently
obtained (also using MUSE) for the inner filament of Cen A (Hamer et al.
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Figure 3.3 – Spectra extracted from the regions indicated in Fig. 3.1 (left panel).
The spectra are given for the Hβ, [O III]λλ4959,5007Å (upper panel) and the Hα,
[N II]λλ6548,6584Å (lower panel) lines. Because it overlaps the diffuse component, the
spectrum extracted for the low-velocity component shows double-peaked emission lines.
The peak associated with the latter component is at lower wavelengths.

2014). Indeed, both the inner and the outer filaments contain a well-defined
linear knotty plus a more diffuse structure that show different kinematics
and line ratios. It is thus possible that similar mechanisms are responsible
for the kinematics and the ionization state of the ionized gas within both
the inner and the outer filament.
In summary, the general implications of our study are that the
kinematics of the gas supports the idea that the large-scale jet is still an
active structure, but is characterized, as expected from its morphology, by
relatively low (transonic) velocities. Despite being a low-power jet, the
effects of its lateral and head-on interaction with the surrounding ISM are
clearly visible, and this is the first time that we can trace the gas and its
kinematics at the location of a jet-cloud interaction on such small scales.
This shows that the jet-ISM interaction has to be considered when studying
the effect of the feedback on a galaxy that hosts a low-power radio source.
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1409.7700
Hardcastle, M., Cheung, C. C., Feain, I., & Stawarz, L. 2009, MNRAS,
393, 1041
Harris, G. L. H., Rejkuba, M., & Harris, W. E. 2010, PASA, 27, 457
Harrison, C., Alexander, D., Mullaney, J., & Swinbank, A. 2014, MNRAS,
441, 3306
Heckman, T. M. & Best, P. N. 2014, ARA&A, 52, 589
Kewley, L., Groves, B., Kauffmann, G., & Heckman, T. 2006, MNRAS,
372, 961
McNamara, B. R. & Nulsen, P. E. J. 2012, New Journal of Physics, 14,
055023
Morganti, R., Fogasy, J., Paragi, Z., Oosterloo, T., & Orienti, M. 2013,
Science, 341, 1082
Morganti, R., Killeen, N., Ekers, R., & Oosterloo, T. 1999, MNRAS, 307,
750
Morganti, R., Robinson, A., Fosbury, R. A. E., et al. 1991, MNRAS, 249,
91
Mould, J. R., Ridgewell, A., Gallagher, III, J. S., et al. 2000, ApJ, 536, 266
Oosterloo, T. A. & Morganti, R. 2005, A&A, 429, 469
Rejkuba, M., Minniti, D., Courbin, F., & Silva, D. R. 2002, ApJ, 564, 688
Rejkuba, M., Minniti, D., Silva, D. R., & Bedding, T. R. 2001, A&A, 379,
781
Santoro, F., Oonk, J. B. R., Morganti, R., & Oosterloo, T. 2014, ArXiv

References

71

e-prints, 1411.4639
Saxton, C. J., Sutherland, R. S., & Bicknell, G. V. 2001, ApJ, 563, 103
Wagner, A. Y., Bicknell, G. V., & Umemura, M. 2012, ApJ, 757, 136
Weilbacher, P. M., Streicher, O., Urrutia, T., et al. 2014, in Astronomical
Data Analysis Software and Systems XXIII, ed. N. Manset & P. Forshay,
Vol. 485, 451

“I libri sono pieni delle parole dei saggi, degli esempi degli antichi [. . . ]
Vivono, discorrono, parlano con noi,
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Chapter 4. Embedded star formation in the extended narrow line region of
Centaurus A: extreme mixing observed by MUSE

Abstract
We present a detailed study of the complex ionization structure in a small
(∼250 pc) extended narrow line region (ENLR) cloud near Centaurus A
using the Multi Unit Spectroscopic Explorer. This cloud is located in the
so-called outer filament of ionized gas (about 15 kpc from the nucleus) where
jet-induced star formation has been suggested to occur by different studies.
We find that, despite the small size, a mixture of ionization mechanisms is
operating, resulting in considerable complexity in the spatial ionization
structure. The area includes two H II regions where star formation is
occurring and another location where star formation must have ceased very
recently. Interestingly, the extreme Balmer decrement of one of the star
forming regions (Hα/Hβobs ∼6) indicates that it is still heavily embedded
in its natal cocoon of gas and dust. At all three locations a continuum
counterpart is found with spectra matching those of O/B stars local to
Centaurus A. The H II regions are embedded in a larger gas complex
which is photoionized by the radiation of the central active galactic nucleus
(AGN), but the O/B stars affect the spatial ionization pattern in the ENLR
cloud very locally. In particular, in the surroundings of the youngest star
forming region, we can isolate a tight mixing sequence in the diagnostic
diagram going from gas with ionization due to a pure stellar continuum to
gas only photoionized by the AGN. These results emphasize the complexity
and the mixture of processes occurring in star forming regions under the
influence of an AGN radiation. This is relevant for our understanding of
AGN-induced star formation suggested to occur in a number of objects,
including this region of Centaurus A. They also illustrate that these young
stars influence the gas over only a limited region.

4.1. Introduction
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Introduction

Active galactic nuclei (AGN) have the potential to influence the evolution
of their host galaxy by injecting energy into the surrounding interstellar
medium (ISM) (see Heckman & Best 2014, for a review). One of the ways in
which this may occur is via the impact of radio jets and lobes. Signatures of
the interaction between radio jets and the surrounding ISM have been found
at both small and large scales in galaxies hosting an AGN (see McNamara
& Nulsen 2012; Morganti et al. 2013, and references therein).
Because of the injection of energy, AGN are often considered responsible
for negative feedback (i.e. star formation quenching). However, the
possibility that these effects produce positive feedback (i.e. triggering the
star formation) has been suggested both by simulations (e.g., Mellema et al.
2002; Gaibler et al. 2012; Wagner et al. 2016, and references therein) and
by observations (van Breugel & Dey 1993; Dey et al. 1997; Graham 1998;
Mould et al. 2000; Oosterloo & Morganti 2005; Croft et al. 2006).
The jet-ISM interaction is a complex process that depends strongly
on the conditions of the medium (e.g. its structure and density) and
the characteristics of the radio plasma jet (e.g. its power, speed and
collimation), as also indicated by the simulations of Wagner & Bicknell
(2011). Our understanding of this process is still poor and has mainly been
limited by the spatial resolution of the observations and by the distance of
the objects. Detailed observations can, thus, shed light on the small-scale
physics of the jet-ISM interaction and help us understand this process in
its entirety.
Centaurus A (Cen A) is the nearest observed AGN 1 and has long been
suggested as the best example of a radio jet emitted by the central AGN
interacting with the ISM, and where this process may have induced star
formation in the outskirts of the galaxy. The region where this interaction
appears most clearly corresponds to filaments of highly ionized gas, between
about 9 and 20 kpc from the nucleus, roughly aligned along the jet direction
(Blanco et al. 1975; Graham & Price 1981; Morganti et al. 1991). These
filaments are known to contain massive stars, some of them young (. 4
Myr), and some of them exciting local H II regions (Graham 1998; Fassett
& Graham 2000; Mould et al. 2000; Rejkuba et al. 2002; Crockett et al.
2012). The alignment with the jet direction and the kinematics of the gas
suggest that star formation may be triggered by the interaction of the AGN
1

We assume a distance of 3.8 Mpc (Harris et al. 2010) for which 1 arcmin=1 kpc
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radio plasma with a cloud of cold gas left by a recent merger (Graham 1998;
Mould et al. 2000; Oosterloo & Morganti 2005; Crockett et al. 2012).
In particular, the so-called outer filament is a filament of ionized gas
showing a heterogeneous morphology 15 kpc away from the galaxy nucleus.
It is located within the extended narrow line regions (ENLR) of Cen A,
and close (in projection) to the jet radio plasma and a large H I cloud (see
Fig. 2.1 in Chapter 2). Evidence for anomalous velocities in the southern
tip of the H I cloud has been reported by Oosterloo & Morganti (2005), and
they interpreted it as the imprint of an interaction with the jet. In Chapter 2
and Chapter 3 we further reinforced the idea of a direct interaction between
the radio jet and the ISM by finding a match between the kinematics of
the ionized and the neutral gas, suggesting that they are part of the same
dynamical structure, likely shaped by the lateral and head-on interaction
with the jet.
OB stellar associations with very weak Hα emission have been found
to be distributed in a north-south direction along the eastern edge of the
H I cloud. In addition, a small number of luminous optically bright stars
associated with knots of ionized gas are embedded in the outer filament
indicating much younger H II regions where star formation is still ongoing
(see Fig. 2.1 in Chapter 2). This has been interpreted as evidence for
jet-induced star formation, likely propagating from west to east across the
region, possibly following the direction of penetration of the H I cloud inside
the area influenced by the jet (Mould et al. 2000).
Further study by Salomé et al. (2016) has suggested that, in other
locations the interaction with the jet is quenching the star formation
instead. Coincident with the H I cloud, they detected three unresolved
CO clouds that, probably due to the kinetic energy of the AGN jet, are not
gravitationally bound and thus do not form stars efficiently. The overall
star formation rate along the ionized gas filaments is estimated to be low
and has a negligible effect on galaxy scales (see Mould et al. 2000; Oosterloo
& Morganti 2005; Salomé et al. 2016).
The picture of star formation induced by jet-ISM interaction has
recently been questioned by Neff et al. (2015). They proposed a scenario
in which a broad wind would be able to ionize the gas of the H I cloud
and drive the star formation along the jet direction. They estimate that
this wind is sustained by the starburst in the center of the host galaxy and
enhanced by energy and matter driven outwards by the AGN.
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In Chapter 3 we presented new observations of the outer filament
obtained using the Multi Unit Spectroscopic Explorer (MUSE, Bacon et al.
2010) and discussed the morphology and kinematics of the ionized gas.
Here, we use the same data to investigate the ionization of the gas in an
ENLR cloud where an H II region was previously found and was possibly
associated with an arc-like structure reminiscent of shock-excited regions
(Graham 1998; Mould et al. 2000). That more than one mechanism is
responsible for the ionization of the gas was already suggested by these
studies. By using the capabilities of MUSE, our aim is to disentangle
the various structures present in this region, to characterize the ionization
state of the gas in more detail, and to investigate the presence of young
stellar sources and their influence on the surrounding gas. The good spatial
resolution and wavelength coverage of the instrument allow us to image the
ionization structure and map the contribution of the different sources of
ionization in this part of the outer filament.
A detailed study of the characteristics and ionization state of the entire
filament will be discussed in an upcoming paper (Santoro et al. in prep).

4.2

Data Reduction and Analysis

Details about the observations we discuss here can be found in Chapter 3.
The data have been re-calibrated using the updated ESO pipeline recipes
(version 1.2.1), in combination with the command line tool EsoRex
(Weilbacher et al. 2014), following standard calibration steps. The only
main difference is the way the sky emission was subtracted from the data.
Here, we select regions across the field of view (FoV) that are free from
continuum and/or line emission and create a mean sky spectrum which is
then subtracted from the final cube on a pixel-by-pixel basis.
The spatial resolution of the observations is limited by the seeing, which
has been estimated to be about ∼1 arcsec fitting the point sources across
the FoV with a 2D gaussian. The data analysis presented here is carried out
only in the region outlined in the left panel of Fig. 4.1. Before the fitting
of the spectral lines is performed, the data are spatially smoothed using
a Gaussian kernel with a sigma of 2.2 pixels, according to the estimated
seeing level. As shown in Chapter 3, the gas within this region is part of
a single kinematical component and, because of this, we found no need for
an extra gaussian component to model the line profiles. Only fits with a
S/N ≥ 5 are used in order to perform the analysis described in this chapter.

Chapter 4. Embedded star formation in the extended narrow line region of
Centaurus A: extreme mixing observed by MUSE

N

10-16erg s-1cm-2arcsec-2

80

E

Figure 4.1 – Left panel. Total Hα line flux map of the entire MUSE field of view,
see Fig. 3.1 in Chapter 3 for additional details. The white rectangle outline the region
investigated in the present chapter. Top-right panel. Total Hα line flux map of the region
we study. Regions A and B are outlined in white. Bottom-right panel. Color composite
image of the [O III]λ5007 (red) and Hβ (green) emission. The color bar stretching and
scale are the same for both images. Hα intensity contours are overplotted in green.
Contour levels are 2.98, 1.89, 0.75, 0.33 ×10−16 erg s−1 cm−2 arcsec−2 .

4.3. The gas ionization: a unique structure

81

We use the fit of the [O III ]λ5007Å line as a master fit to model the gas
distribution and kinematics: the estimated line center and width of the
[O III ]λ5007Å line are used to constrain the fit of the other emission lines
belonging to the same spectrum. We fit the [O III ]λ5007Å , the Hβ and the
[N II ]λ5755Å as single lines, the [O I ]λλ6300,63Å and the [S II ]λλ6717,31Å
as doublets, and the [N II ]λλ6548,84Å and Hα as a triplet. In the case of a
doublet/triplet we model the line emission with two/three gaussians whose
separation is fixed according to theoretical values.

4.3

The gas ionization: a unique structure

The region of the outer filament we study here is outlined in the left panel
of Fig. 4.1 and has a size of about 310×240 pc2 .
The Hα line flux map in the top-right panel of Fig. 4.1 shows the
presence of three structures across this region: an arc-like structure and two
bright knots of emission. Regions A and B in the top-right panel of Fig. 4.1
correspond to the Hα emission of the two knots, they are obtained fitting
the integrated Hα emission of each knot with a 2D Gaussian. The colorcomposite [O III ]λ5007 and Hβ line emission image (bottom-right panel,
Fig. 4.1) shows how these morphological structures are characterized by
different spectral features. The [O III ]λ5007 line emission is stronger than
the Hβ across the arc-like structure, in line with what is found across the
entire filament (Morganti et al. 1991, Santoro et al. in prep, and Chapter 2).
On the other hand, the Hβ emission is more prominent in region B
and dominates in region A suggesting that, locally, a different/additional
mechanism is playing a role in the ionization of the gas. In the following we
will use line ratios to investigate in more detail and to spatially characterize
the gas ionization across this region.

4.3.1

The line ratios

To discriminate between different sources of gas ionization, we use the
[O III ]λ5007/Hβ vs. [N II ]λ6584 /Hα diagnostic diagram originally introduced by Baldwin et al. (1981). In this diagram, the lines defined by
Kewley et al. (2001) and Kauffmann et al. (2003) delimit three different
regions where the mechanism ionizing the gas can be attributed to either
radiation from young stars, to AGN continuum or to a mixture of both. We
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Figure 4.2 – Left panel. [O III]λ5007/Hβ vs. [N II]λ6584/Hα diagnostic diagram. The
typical error on the line ratios is plotted in the upper right corner. The solid red and blue
lines are the lines by Kewley et al. (2001) and Kauffmann et al. (2003) respectively. These
lines define the H II, the composite and the AGN region outlined in the diagram. The
points in the diagram are color coded based on the different subset selected for each of the
regions. Right panel. Pixel map of the region color coded based on the subsets defined in
the diagnostic diagram. Hα intensity contours are overplotted in black. Contour levels
are 2.98, 1.89, 0.75, 0.33 ×10−16 erg s−1 cm−2 arcsec−2 . The arrow in bottom-right corner
indicates the direction of the radio jet.

will refer to these regions as the H II , the AGN and the composite region
of the diagnostic diagram respectively.
The diagnostic diagram obtained from the fits of the spectra (left panel
of Fig. 4.2) shows a significant degree of fine structure. Overall, the fact that
the points spread over the three different regions of the diagram suggests
that both the beamed ionizing continuum from the central AGN (acting
along the NE-SW direction, see Morganti et al. 1991) and photoionization
from newly born stars have to be taken into account to explain the gas
ionization across this region of the outer filament. It is worth mentioning
that the diagnostic diagram is not significantly affected by dust, as - by
design - the lines forming each ratio are close in wavelength.
To spatially characterize the gas ionization we isolate six subsets of
points (two for each region of the diagnostic diagram) with increasing values
of both line ratios as shown in the left panel of Fig. 4.2. The pixel map in the
right panel of Fig. 4.2 clearly shows a spatially structured ionization pattern
that arises from regions A and B and spreads out. The ionization pattern
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also shows how the relative contributions of the two ionization mechanisms
change over the region. The region with an H II -like or a mixed spectrum
is small and most of the region is ionized by AGN radiation coming from
the south west.
The fine structure in the ionization pattern is particularly evident
around region A where the most extreme H II -like line ratios are found.
Here the ionization pattern spreads almost radially: increasing the distance
from the center of region A the photoionization by star light gradually drops
and the radiation from the AGN continuum takes over the gas ionization.
We thus find that the ionization of the gas has a strong dependence on the
distance from the center of region A where, based on the line ratios, we
expect to find young stars. Below we model this in more detail.

4.3.2

Dust and continuum sources

The spectral range of MUSE allows us to trace the dust using the Balmer
decrement (Hα/Hβ). The line ratios show that star formation happened
recently around region B and is likely currently ongoing in region A. We,
thus, expect to find dust in correspondence to region A. In line with this, the
Hα/Hβobs line ratio map presented in Fig. 4.3 shows a significant increase
of the Balmer decrement in region A. The nebular color excess E(B − V )
of both regions A and B is reported in Table 4.1. The equation we use to
calculate the color excess is obtained following the approach of Momcheva
et al. (2013) and using the extinction curve from Cardelli et al. (1989).
The theoretical Balmer decrement is fixed at Hα/Hβ=2.86, corresponding
to a temperature T =104 K and an electron density ne =102 cm−3 for Case
B recombination (Osterbrock & Ferland 2006). The Balmer decrement in
region A is high and reaches values up to Hα/Hβobs ∼6, this indicates that
here the star formation is still embedded in its natal cocoon of gas and
dust, and hence likely more recent.
In the optical band, recent or ongoing star formation, if not heavily
obscured by dust, should be visible through broad band continuum
emission. Masking the gas emission lines, we integrate our datacube
over the wavelength range 4750-6650 Å and obtain the continuum image
presented in Fig. 4.4. We find that the knots of ionized gas in regions A
and B are associated with the continuum sources S1 and S2 (see Fig. 4.4)
resembling typical H II regions. Three additional continuum sources,
marked as S3, S4 and S5, are found. We extract integrated spectra for
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Figure 4.3 – Hα/Hβobs line ratio map. Regions A and B are outlined in white.
Hα intensity contours are overplotted in green. Contour levels are 2.98, 1.89, 0.75,
0.33 ×10−16 erg s−1 cm−2 arcsec−2 .

the five sources and we de-redden the spectrum of the S1 source because
the Balmer decrement map indicates that here the effect of the dust is
relevant. To de-redden the spectrum of S1, we use the extinction curve
from Cardelli et al. (1989) and a mean Balmer decrement Hα/Hβ obs =6.1
extracted across the S1 region outlined in Fig. 4.4.
As shown in the left panel of Fig. 4.5, the integrated spectra of the
continuum sources S1, S2 and S3 have a blue continuum. The shape of
their continuum matches with what is expected from a black body with
a temperature typical of an O/B star located at the distance of Cen A.
Contrary to what we find for S1 and S2, the continuum source S3 is not
associated with a knot of ionized gas.
Two additional continuum sources with no counterpart in terms of
ionized gas are found, they are marked as S4 and S5 in Fig. 4.4. Their
integrated spectra are shown in the right panel of Fig. 4.5. The S4 and
S5 spectra rise toward the red part of the covered spectral range and
show broad absorption features, typical of M stars. Given the apparent
brightness of these objects, they are likely old foreground stars, belonging
to the Milky Way halo.
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Figure 4.4 – Continuum image obtained integrating the emission across the region
in the wavelength range 4750-6650Å masking line emission by the ionized gas. The
position and the names of the five continuum sources are indicated in white. Hα
intensity contours are overplotted in green. Contour levels are 2.98, 1.89, 0.75,
0.33 ×10−16 erg s−1 cm−2 arcsec−2 .

4.3.3

The continuum sources energetics

Using the Hα flux of regions A and B, we can estimate the number of
ionizing photons coming from the associated continuum sources S1 and S2.
From the diagnostic diagram presented in Fig. 4.2, we know that the
AGN is affecting the gas ionization across the region. Part of the Hα
emission from regions A and B is thus not related to starlight, but to
the ionizing continuum from the AGN. Investigating the [S II ]λ6717/λ6731
ratio, there is no indication of significant variations in the electron density
across the region. We thus estimate the level of AGN contamination
by extracting the mean flux of the Hα in a region covering the arc-like
structure, where we know that the ionization of the gas is mainly driven by
the AGN (see the diagnostic diagram in Fig. 4.2). This value is subtracted
on a pixel-by-pixel basis across both region A and B before extracting the
Hα integrated fluxes F (Hα) reported in Table 4.1. In this way we adopt
a conservative approach assuming that the contribution of the AGN to the
flux of the Hα line is the same across the whole region.
We extract the average Balmer decrement for region A and region B,
and estimate the related nebular color excess E(B −V ) and extinction AHα .
The observed Hα line flux of each region is then converted into an intrinsic
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Figure 4.5 – Left panel. Integrated spectra of the S1, S2 and S3 continuum sources. The
spectrum of S1 has been de-reddened according to the Balmer decrement in the associated
circular region. Right panel. Integrated spectra of the S4, S5 continuum sources. All the
spectra are extracted from the circular regions associated with each continuum source
and outlined in Fig. 4.4. The emission lines of the ionized gas have not been masked.
Some residuals of the sky subtraction are evident in the red end of the spectra.

luminosity L intr (Hα) using a distance of 3.8 Mpc.The number of ionizing
photons Q0 coming from the continuum sources S1 and S2 is obtained using
equation 5.34 given by Osterbrock & Ferland (2006). All relevant quantities
and equations used to obtain the Q0 for regions A and B are reported in
Table 4.1.
Comparing the extracted Q0 values with those of synthetic stellar
models (Vacca et al. 1996), we find that the number of ionizing photons
coming from the S1 and S2 continuum sources (of the order of 1048−49
photon s−1 ) is compatible with an O7 V and an O8 V star respectively.
However, massive stars usually form in associations (Clarke et al. 2000) and
is thus reasonable to think that both our H II regions have an underlying
stellar population.
It is worth mentioning that the line ratios sensitive to the electron
density (ne ) and temperature (Te ) of the gas agree with the physical
conditions we assumed to fix the theoretical Balmer decrement for Case B
recombination (Osterbrock & Ferland 2006). In fact, the [S II ]λ6717/λ6731
ratio allows us to put an upper limit of ne .100 cm−3 while the
[N II ]λλ6548+84/λ5755 give us a Te ≤104 K (Osterbrock & Ferland 2006).

4.4. Photoionization models
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Figure 4.6 – [O III]λ5007/Hβ vs. [N II]λ6584 /Hα diagnostic diagram showing the points
related to the mixing line. The solid red and blue lines are the lines by Kewley et al.
(2001) and Kauffmann et al. (2003) respectively. The insert in the top-left corner of the
diagram is the pixel map related to the mixing sequence. The color coding of the points
follows the same approach used for Fig. 4.2.

4.4

Photoionization models

From Fig. 4.2 it is possible to distinguish a narrow sequence of points
spreading over the three regions of the diagnostic diagram. As shown in
Fig. 4.6 the points belonging this sequence, which we will call the mixing
line, are all coming from the area around the H II region in region A. In
the previous section we found that here star formation is currently ongoing
and still obscured by dust. The mixing line corresponds to a smooth radial
transition between two ionization mechanisms and also correlates with the
Balmer decrement (see Fig. 4.7). In fact, with increasing distance form
the H II region both the [O III ]λ5007/Hβ and [N II ]λ6584/Hα line ratios
increase while the amount of dust decreases.
There is a clear resemblance between the mixing line observed in
our diagnostic diagram and the ”extreme mixing line” predicted by the
models of Kewley et al. (2001). Following their theoretical study, we use
MAPPINGS III (Sutherland et al. 2013) to run ten models mixing different
fractions of ionizing photons from young stars and an AGN. Based on our
results, we tune the parameters of the models so that they can reproduce
the physical conditions of the region. Considering the Q 0 associated
with the continuum source S1, we can model the ionizing radiation from
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Figure 4.7 – [O III]λ5007/Hβ vs. [N II]λ6584 /Hα diagnostic diagram showing the
mixing line color coded based on the Balmer decrement. The solid red and blue lines are
the lines by Kewley et al. (2001) and Kauffmann et al. (2003) respectively. The models
are outlined with the black filled circles and connected with the dashed black line. The
point with the lower line ratios is the 100% black body model while the one with highest
line ratios is the 100% AGN model. The fractional contribution of the AGN to the total
amount of ionizing light is indicated for the models with 0-10-20-40-100% AGN fraction.

the young stars as a single black body with temperature T BB =41000 K
(corresponding to an O7 V star, see Vacca et al. 1996). Pre-computed
AGN photoionization grids shows that the higher line ratios of the mixing
sequence can be reproduced by an AGN power-law continuum with α=-1
and logU =-3, also in agreement with Morganti et al. (1991). Given the
upper limit from the [S II ]λ6717/λ6731 line ratio, we chose an intermediate
value of 40 cm−3 for the gas electron density. The metallicity is assumed to
be solar, close to the value found by Salomé et al. (2016) across the entire
outer filament (∼0.8 Z ).
Starting from a model with 100% black body contribution, we gradually
increase the contribution of the AGN continuum, and scale the one of
the black body, until reaching a model with 100% AGN contribution,
see Fig. 4.7. Even though there is a small offset, our simple models can
qualitatively reproduce the trend of the observed mixing sequence. The
mixing of photoionization by stars local to the outer filament and by the
central AGN is thus a reasonable model for the ionization for this region.

erg

9.6×1048 s−1

erg

7.3×1048 s−1

1×1037 erg s−1

5.68×1036

(Hα/Hβ)obs
2.86
= (2.51 ± 0.136) × E(B − V )

Q0 = 7.33 × 1011 Lintr (Hα)

Lint (Hα) = Lobs (Hα)100.4AHα

Lobs (Hα) = F (Hα)4πd2

AHα

E(B − V ) = 2.17 log

−−

−−
−−

Equation

Table 4.1 – Relevant quantities to estimate the number of ionizing photons Q0 for regions A and B. The last column reports
the equation used in the case of extracted quantities. The distance in the calculation of the observed Hα luminosity Lobs (Hα) is
assumed to be d = 3.8 Mpc.

Q0

Lintr (Hα) 1.32×1037 erg s−1

Lobs (Hα)

3.37×1036

s−1

0.62 ± 0.16

1.48 ± 0.58

AHα
s−1

0.25 ± 0.09

0.59 ± 0.23

E(B-V)

3.73 ± 0.004

(3.79 ± 0.01)
×10−15 erg s−1 cm−2

(2.25 ± 0.01)
×10−15 erg s−1 cm−2

F(Hα)

Hα/Hβobs 5.35 ± 0.005

Region B

Region A
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While the measured line ratios are consistent with AGN photoionization
for the outer part of the cloud facing the nucleus, we cannot entirely
rule out a contribution from slow shocks. As discussed in Chapter 2 and
Chapter 3 the width of the emission lines across the outer filament is ∼80100 km s−1 and so models implying strong shocks are unlikely.

4.5

Discussion and Conclusions

The capabilities offered by MUSE allowed us to expand our view of the
ionization structure of an ENRL cloud located in the outer filament of
Cen A and assess the role of local ionization sources. By using the classical
diagnostic diagram we have been able, for the first time, to determine the
spatial structure associated with the mixing of radiation by newly born
stars and the AGN continuum across this region.
The Hα flux map of the region we are investigating (top-right panel in
Fig. 4.1) shows the presence of two knots of emission (regions A and B)
and an arc-like structure. Graham (1998) identified an H II region that
corresponds to region B and, considering the arc structure reminiscent
of a shock-like feature, Mould et al. (2000) suggested that at least two
different mechanisms (i.e. massive stars and shocks) are ionizing the gas.
As discussed in Chapter 3, and mainly because of the narrow width of the
emission lines (∼80-100 km s−1 ), a relatively mild and soft interaction must
be taking place and the ionization of the gas is unlikely to be driven by
shocks.
The study of the continuum sources and the estimate of the number
of ionizing photons (see Sec. 4.3.3) confirms the presence of an H II region
in region B (Graham 1998). In addition, we identify a new H II region in
region A. The continuum source S3 (see Fig. 4.4) is also a young star local
to Cen A but has no ionized gas counterpart.
In region A we find a significant increase in the amount of dust
(Hα/Hβobs ∼6, see Fig. 4.3). This is also supported by the far-UV
observations of this region available in the GALEX archive 2 , even though
the spatial resolution of GALEX is much lower then our MUSE data.
Given the presence of two continuum sources with a comparable number
of ionizing photons, the fact that region A appears less UV-bright than
region B confirms that it is more extincted.
2

http://galex.stsci.edu/GR6/?page=mastform
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In our scenario, region A represents an early evolutionary stage of star
formation in this particular ENLR cloud of the outer filament, where new
stars are still heavily embedded in the dusty natal cocoon. On the other
hand, region B is hosting a less young/embedded and UV-brighter H II
region. The young stellar source S3 found in the vicinity is not associated
with a knot of ionized gas, and is likely a former H II region that has already
dispersed/ionized its birth-gas.
In line with more recent star formation, the line ratios of region A clearly
show that, close to the continuum source, stellar radiation is dominating
the gas ionization. As would be expected within the ENLR of Cen A, the
radiation of local stars is mixed with the AGN radiation field. Thanks
to the high level of fine structure in the diagnostic diagram we can map
the structure of this mixing in detail. As shown in Fig. 4.2 we find that
he continuum sources in regions A and B are driving a spatial ionization
pattern that spans the entire region. Around region A the pattern is
almost radial and in its inner parts we can clearly see the influence of
the S1 continuum source. As shown in Fig. 4.6, region A is associated
with a narrow mixing line in the diagnostic diagram that also correlates
with the observed Balmer decrement. We tried to reproduce the observed
mixing line using the plasma modelling code MAPPINGS III and mixing
stellar and AGN photoionization. Even though there is a small offset, our
synthetic mixing line is able to reproduce the trend of the observed mixing
line (Fig. 4.7). This confirms that photoionization by young stars and the
central AGN are likely the sources driving the gas ionization across this
region.
Our models show that even a small contribution of the AGN (e.g. 10%)
can move the points of the diagnostic diagram into the AGN region (see
Fig. 4.7). Therefore, it is likely that in region A the dust shields the gas
from the external radiation field of the AGN, favoring a smooth transition
between stellar and AGN photoionization and increasing the chance to
detect the mixing line. In this context, the fact that the AGN radiation
field is acting toward the north east can also explain the offset we observe
between the center of the ionization pattern and the center of the Hα
emission associated with region A (right panel of Fig. 4.2).
Due to projection effects we cannot discriminate if the H II regions
and the arc-like structure are co-spatial or if we are observing their spatial
superimposition. However, if they were completely unrelated structures, we
would not expect to observe such a smooth transition in the points of the
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diagnostic diagram and, more generally, a well defined ionization pattern
across such a small region.
In conclusion, our results clearly show that individual clouds within
ENLR can have a composite ionization and that star formation can still take
place inside them coexistent with the transit of a jet and/or the radiation
field from the AGN.
The effect of young stars on the ionization of the surrounding gas is
very local and hence not important for the global ionization of the outer
filament of Cen A. However, we also show evidence that the conversion of
gas into stars is happening, even for highly ionized gas filaments in the
zone of influence of the jet/AGN ionization cone. Depending on the overall
efficiency of the process this may be an important constituent for models
of both positive and negative AGN feedback.
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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 youngest and closest 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 redshifted 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
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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 (Emonts
et al. 2006; Tadhunter 2008; Schawinski et al. 2010; Struve & Conway 2012;
Maccagni et al. 2014), 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, 2011). 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 et al. 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 et al. 2015).
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-ionization nuclear emission region galaxies
(LINER; Garcı́a-Burillo et al. 2005; Müller-Sánchez et al. 2013), and radio

100

Chapter 5. The warm molecular hydrogen of PKS B1718-649: feeding a
newly born radio AGN

galaxies (Neumayer et al. 2007; Dasyra & Combes 2011; Guillard et al. 2012;
Morganti et al. 2013), 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. 2012; 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 kinematics in
proximity of the core relatively often (Emonts et al. 2010; Geréb et al. 2014,
2015; Curran et al. 2013; Guillard et al. 2014; Allison et al. 2015).
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 ∼102-5 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 (Maccagni et al. 2014). The regions close to the radio source
have been indirectly probed by the study of the variability of the radio
1
z = 0.014428; DL = 62.4 Mpc, 1 arcsec = 0.294 kpc; where ΛCDM cosmology is
assumed, H◦ = 70 km s−1 Mpc−1 , ΩΛ = 0.7, ΩM = 0.3.
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~ 10 kpc

Right Ascension (J2000)

Figure 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 (Maccagni et al. 2014).

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 circumnuclear medium.
Integral field unit (IFU) instruments allow us to analyse the spatial
distribution and kinematics of the ISM in the innermost regions of lowredshift 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 (Tex ∼ 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.
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Parameter
Field of view
Pixel size
Spectral resolution (at 2.1 µm)
Spectral sampling (at 2.5 µm)
Seeing run 1
Seeing run 2
Seeing run 3

Value
×
(2.37×2.37 kpc)
0.12500 (37 pc)
75 km s−1 (R=4000)
36 km s−1
0.400 (131 pc)
2.4900 (735 pc)
0.5200 (154 pc)

800

800

Table 5.1 – SINFONI observation specifications

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 Te
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
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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 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 fluxes and
upper limits of the lines for the five different regions.
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
fluxes 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 0.5 arcsec 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 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

RN
20.2±1.29
<3.88
<5.85
<6.41
24.2±0.737
<4.01
<6.39
<4.73

RS
6.88±1.17
<3.52
<6.59
<3.64
11.6±1.62
<4.01
<3.61
<6.81

RW
11.4±1.52
<4.55
<5.51
<4.89
19.1±0.659
<4.56
<5.63
<4.59

RE
14.1±1.62
<4.86
<7.33
<5.90
16.1±0.835
<6.19
<7.54
<9.09

RC
8.35±3.08
<8.88
<10.3
<8.04
44.6±6.15
<4.55
<10.2
<10.4

Notes. The fluxes 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 ).

Table 5.2 – Line fluxes 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]
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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.
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 (Maccagni et al. 2014).
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.
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.

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 (a) and (b). At
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Figure 5.2 – Distribution of molecular hydrogen (black contours) overlaid onto the
Hubble Space Telescope WFPC2 image. A dust lane is visible, oriented in the northsouth 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.
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Figure 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.
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Figure 5.4 – (a): Intensity map of the H 2 1-0 S(1) line in the inner 2 kpc of PKS B1718649. 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. (b): 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).

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; Maccagni et al. 2014). 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 (Maccagni et al. 2014). From now
on, we refer to it as the ”outer disk” of 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 (a)). 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 (b)) may change its orientation within 100 from the radio
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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 (a) 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 (b)). The line extracted from the central region (C) is
shown in Fig. 5.5, along with the H 2 1-0 S(1) line from two regions adjacent
to the centre 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 (P A ∼ 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 redshifted 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 B1718649 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
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Figure 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
redshifted.

mass of PKS B1718-649 of 4×1011 M , an effective radius of 9.7 kpc (VeronCetty 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 redshifted 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 fluxes 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 of a H 2 line and the flux of the
rot ) of
H 2 1-0 S(1) line depends linearly on the excitation temperature (Tex
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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Figure 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).
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the gas itself. The 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 fluxes 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.
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 (Maccagni et al. 2014). 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 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
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 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 (Texc ∼ 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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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 ]

5.4

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

Relating the kinematics of the gas to the radio
nuclear activity

The SINFONI observations in the innermost kilo-parsec of PKS B1718649 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 redshifted 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 (Maccagni et al. 2014). 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 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
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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 redshifted 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 (Pj . 2.3 × 1043 erg s−1 ) would exclude a jetdriven 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 redshifted, 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 largescale 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, 2015) have suggested
3

Since the 1.4 GHz continuum flux over ∼ 4 pc2 (beam of the VLBI
observations,Tingay et al. (2002)) is the same as over ∼ 64 kpc2 (resolution of the ATCA
observations, Maccagni et al. (2014)).
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that, because of the local instabilities of the medium, chaotic collisions
between clouds, 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 Maccagni et al.
(2014), 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
(Tex ∼ 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 et al. 2010). Centaurus A also
shows a brighter and asymmetric H 2 line profile in the innermost 200 pc.
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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 Tex ∼ 1100 K and its mass
MH 2 (warm) ≈ 1 × 104 M , which may trace up to ∼ 2 × 109 M of cold
molecular hydrogen.
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 Maccagni et al. (2014) 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 (Tex ∼ 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 ,
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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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“Good listeners are unfussy about the chaos
which others may for a time create in their minds;
they’ve been there before and know that
everything can eventually be set back in its place.”
Alain de Botton, The course of love.

“I buoni ascoltatori non si scompongono se qualcuno
riesce a insinuare il caos nella loro mente per un po’.
Ci sono già passati e sanno che alla lunga tutto tornerà a posto.”
Alain de Botton, Il corso dell’amore.
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Abstract
Young radio AGN are pivotal for our understanding of many of the still
debated aspects of AGN feedback. In this chapter we present a study of the
interstellar medium (ISM) in the compact, peaked-spectrum radio galaxy
PKS B1934-63 using X-shooter observations. Most of the warm ionized
gas resides within a circum-nuclear disk with a radius of about 200 pc that
is likely to constitute the gas reservoir from which the central black hole
feeds. On the other hand, we find a bi-conical outflow of warm ionized gas
with an estimated radius of 59 ± 12 pc. This matches the radial extent of
the radio source and suggests that the outflow is jet-driven. Thanks to the
superior wavelength coverage of the data, we can estimate the density of the
warm ionized gas using the transauroral line technique and we find that the
outflowing gas has remarkably high density, up to log ne (cm−3 ) ' 5.5. The
estimated mass outflow rate is low (Ṁ =10−3 -10−1 M yr−1 ) and the AGN
feedback is operating at relatively low efficiency (Ė/Lbol ∼ 10−4 -10−3 %).
In addition, optical and near-IR line ratios show that the expansion of the
radio source is driving fast shocks (with velocities vs & 500 km s−1 ) which
ionize and accelerate the outflowing gas.
At odds with the properties of other compact, peaked-spectrum radio
sources hosting warm ionized gas outflows, we do not find signs of
kinematically disturbed or outflowing gas in phases colder than the warm
ionized gas. We argue that this is due to the young age of our source,
and thus the recent nature of the AGN-ISM interaction, and suggest
that cold gas forms within the outflowing material and the shock-ionized
outflowing gas of PKS B1934-63 did not have enough time to cool down, and
accumulate in a colder phase. This scenario is also supported by the multiphase outflows of other compact and young radio sources in the literature.

6.1. Introduction
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Introduction

The interaction between the energy released by the central active nucleus
(AGN) and the host galaxy’s interstellar medium (ISM) is particularly
prominent in compact and young radio galaxies, and one of its main
manifestations are jet-driven gas outflows extended on scales of galaxy
bulges (see e.g. Fanti et al. 1990; Fanti & Fanti 1994; Axon et al. 2000;
O’Dea et al. 2002; Holt et al. 2006, 2008; Geréb et al. 2015a,b). In the
context of galaxy evolution, the negative feedback effect that such outflows,
and thus AGN, have on the host galaxy has a crucial role in explaining,
for example, scaling relations between the central black hole (BH) and its
host galaxy properties (Silk & Rees 1998; Fabian 1999; King 2003; Granato
et al. 2004; Di Matteo et al. 2005) and the quenching of the star formation
(Benson et al. 2003; Bower et al. 2006; Bongiorno et al. 2016) in massive
early-type galaxies (ETG).
Compact and young radio galaxies are identified by the (small) size of
their radio emission and, based on the properties of their radio spectra,
are classified as Compact Steep Spectrum (CSS) or as GigaHertz Peaked
Sources (GPS) (e.g. Giroletti & Polatidis 2009; Murgia et al. 1999; Murgia
2003). Many compact radio galaxies show clear signs of the interaction
between the expanding radio jets and the surrounding dense, and multiphase, ISM which slows down (or even prevents) the jet expansion (see
Orienti & Dallacasa 2008; Callingham et al. 2015; Tingay et al. 2015, and
reference therein), in line with the predictions of simulations (Bicknell et al.
1997; Wagner et al. 2012, 2016).
These newly-born AGN inflating their radio lobes into the surrounding
ISM give us the unique opportunity to study many aspects of so-called
AGN feedback. In particular, they can help us to probe the efficiency of
the AGN feedback in different gas phases and, even more, investigate the
origin of the cold gas which is often observed in this harsh environment (see
e.g. Dasyra & Combes 2012; Tadhunter et al. 2014; Oosterloo et al. 2017).
Currently the acceleration mechanism of outflows is uncertain and these
sources are ideal for probing the relevance that shocks have in accelerating
and ionizing outflowing gas.
Even though their actual impact is still unclear, ionized gas outflows are
commonly found in compact, young radio sources, and show more extreme
features compared to the outflows in extended radio sources (Holt et al.
2008). In the case of the warm ionized gas, one of the important parameters
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which contributes to the uncertainties in the estimate of the outflow
efficiency is the gas electron density ne (see Tadhunter 2016; Harrison et al.
2018, for a discussion). The classical line ratios used as density diagnostic,
like the [S II ]λ6717/λ6731Å ratio, give a reliable estimate only for low
densities (i.e. 102 < ne < 103.5 cm−3 ) and saturate in the high density
regime (see Osterbrock & Ferland 2006). These low densities might not
reflect the actual gas properties, especially in the case of compact radio
galaxies, and might result in incorrect values for the mass outflow rate and
the outflow efficiency. Holt et al. (2011) and Rose et al. (2018) make use
of the technique based on the [S II ] and [O II ] transauroral lines and find
that the gas electron density can reach values up to ne = 104−5 cm−3 for
outflowing gas.
The occurrence and effects that shocks have on the ISM is also an
important, albeit poorly quantified, component of AGN-driven outflows.
It is known that both fast radio jets/lobes and AGN winds are able to
shock and accelerate the ambient ISM along their path (see e.g. Couto
et al. 2013, 2017). Evidence and/or indications of the presence of shocks
have often been reported for compact radio sources and they are usually
connected to the expansion of the radio source within the ambient ISM.
The main evidence for shocks comes from Hubble Space Telescope highresolution imaging studies of the warm ionized gas (de Vries et al. 1997b;
Axon et al. 2000; Batcheldor et al. 2007; Labiano 2008) which, in some cases,
have been complemented by spectroscopic observations of highly broadened
emission lines (Holt et al. 2008). In other cases, kinematically disturbed
cooler ISM phases (neutral and molecular) have been found at the location
of radio lobes, clearly indicating shock acceleration (e.g. Oosterloo et al.
2000; Morganti et al. 2013; Tadhunter et al. 2014; Oosterloo et al. 2017).
Mainly due to limitations in the observations, pure spectroscopic evidence
of shock-ionized gas is sparse and much harder to find.
Finally, outflows of atomic (H I ) and molecular (warm H2 and CO) gas
have been observed in compact steep-spectrum radio sources like IC 5063
(Tadhunter et al. 2014; Morganti et al. 2015), PKS B1345+12 (Morganti
et al. 2013; Dasyra & Combes 2012) and 3C 305 (Morganti et al. 2005a).
However, the origin of the cold outflowing gas it is still not clear in the
context of AGN feedback. A scenario that is gaining consensus predicts
that molecular gas forms in-situ, in particular in the post-shock regions
of the outflows, rather then surviving the AGN-ISM interaction and being
gradually accelerated by entrainment. This is supported by the molecular
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gas observations of the compact radio source IC 5063 (see Tadhunter et al.
2014; Morganti et al. 2015) and by recent simulations by Richings &
Faucher-Giguere (2017), showing that cold gas can form in the first few
105 yr after the start of the AGN-ISM interaction. Compact radio sources,
with their young age and multi-phase outflows, are ideal objects to test this
scenario.
In this chapter, we use spectroscopic observations of the compact radio
source PKS B1934-63 to characterize the efficiency of the AGN feedback for
the warm ionized gas phase and compare it to other classes of objects. We
also study the presence/relevance of shocks using line ratio diagnostics, and
investigate the multi-phase nature of the outflowing gas using the emission
of the warm molecular gas. Finally, we perform a first attempt to test the
scenario in which cold gas forms within the post-shock regions of outflows
by combining our findings with the results already available in literature
for other compact radio sources.

6.1.1

PKS B1934-63

PKS B1934-63 (z=0.1824) is a powerful radio AGN (P1.4GHz = 1027.2 W Hz−1 )
classified as a GPS by de Vries et al. (1997a). It has often been often
considered as the archetypal GPS source: it is among the closest and
most powerful compact radio sources and was one of the first GPS to
be discovered (Bolton et al. 1963). Very Long Baseline Interferometry
(VLBI) observations resolved the radio source in two components, likely
representing the two radio lobes, separated by 131.7±0.9 pc (Ojha et al.
2004). The kinematic age of the radio source has been estimated to be
1.6×103 yr by monitoring the lobe separation over a timescale of about 32
yr (Ojha et al. 2004) .
The host galaxy of PKS B1934-63, identified by Fosbury et al. (1987),
is an ETG which is undergoing a merger with a companion galaxy located
about 9 kpc away. Optical and infrared images revealed the fainter
companion together with clear tidal features (Heckman et al. 1986; Inskip
et al. 2010; Ramos Almeida et al. 2011). The optical polarimetry study
of Tadhunter et al. (1994b) found polarized light consistent with scattered
AGN light, or with non-thermal emission connected to the radio structure.
More recently, Holt et al. (2008) and Roche et al. (2016) studied the
conditions of the warm ionized gas in the host galaxy using slit and integral
field spectroscopy respectively. Both studies reported the presence of a
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broad blueshifted component in the [O III ]λ5007Å line profile representing
outflowing gas, and hints of high gas densities (measured via the classical
[S II ]λ6717/λ6731Å line ratio). Moreover, Roche et al. (2016) found that
the outflowing gas component has a velocity gradient aligned with the radio
jets, and suggested the presence of shocks as the mechanism which ionizes
the warm ionized gas.
Here, we present long-slit spectroscopic observations of PKS B193463 obtained with the X-shooter instrument (Vernet et al. 2011) mounted
at the VLT. We take advantage of the large wavelength coverage and
of the good velocity resolution of the X-shooter data to study the
presence of outflowing gas and probe the warm ionized gas electron density
via the transauroral line technique (Sec. 6.3). In addition, using the
spectro-astrometry technique, we study the spatial extent of the different
kinematical components of the ionized gas (Sec. 6.4). This allows us to
obtain a better estimate of the mass outflow rate and of the efficiency of
the AGN feedback (Sec. 6.5). We also investigate the ionization state of the
warm ionized gas using line ratio diagnositc diagrams to probe the presence
of shocks within the outflowing material (Sec. 6.6). Finally, we study the
kinematics of the warm molecular gas and link it to the kinematics of the
warm ionized and atomic gas (Sec. 6.7).
Throughout this chapter we assume the following cosmology: H0 =70
km s−1 Mpc−1 , Ω0 = 0.28 and Ωλ = 0.72. At the redshift of PKS B1934-63
1 arcsec=3.091 kpc.

6.2

Observations and Data Reduction

Observations were carried out with X-shooter at the VLT/UT2 on July
1st 2011 in visitor mode and with a total exposure time of 75 min (i.e.
10 × 450 sec for the visual arm (VIS), 5 × 900 sec for the ultraviolet-blue
arm (UVB), 15 × 300 sec for the near-infrared arm (NIR)). In order to
facilitate sky subtraction, separate exposures were taken with the slit
nodded off source. The instrument was used in SLIT mode with 1.6×11
arcsec slit for the UVB arm, 1.5×11 arcsec slit for the VIS arm and 1.5×11
arcsec slit for the NIR arm. The selected slit position angle (PA) was set to
be 104 degrees (from North to East), close to the PA of the source’s radio
axis (i.e. 90 degrees, Tzioumis et al. 1989) and including both PKS B193463 host galaxy and the fainter merging/interacting companion.
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Figure 6.1 – UVB+VIS nuclear spectrum of PKS B1934-63. The main emission lines
are indicated. Wavelengths are in Å and the flux scale is in units of 1017 erg s−1 cm−2 Å−1 .

To estimate the seeing, we used three sets of acquisition images taken
during the observations, measuring the profiles of seven stars in the images.
For each star we extracted a spatial profile, using a mock slit with the same
size of the slit used for the actual observations, and we fitted it with a
Gaussian function. The seeing was then estimated taking the average full
width at half maximum (FWHM) of the fitted 1D profiles. In this way
we obtained a seeing value of 0.97±0.06 arcsec that takes into account the
integration of the seeing profile across the slit in the dispersion direction.
The uncertainty in the seeing is the standard error of all the seeing values
extracted from the acquisition images.
Standard data reduction was performed by using the ESO REFLEX
workflow and included bias subtraction, flat fielding and flux calibration.
For each arm, we applied second-order calibrations to the final pipeline
products. Residual hot and bad pixels were removed using FIGARO
BCCLEAN. Sky subtraction was performed on the slit spectra by extracting
an average sky spectrum from the regions of the slit devoid of sources
(i.e. the top and bottom part of the slit). We also performed a telluric
absorption-line correction using the integrated spectrum of a standard star
observed during the same night.
We derived the average accuracy of the wavelength calibration and the
average instrumental width by measuring the line centers and FWHM of
sky emission lines respectively. We found that the wavelength calibration
accuracy is 20 km s−1 , 5 km s−1 and 3 km s−1 , while the instrumental
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width is 90 km s−1 , 60 km s−1 and 90 km s−1 for the UVB, VIS and NIR
arms respectively. The relative flux calibration accuracy was estimated to
be 10% taking into account the flux variations of the source calibrated using
three different standard stars from the same night.
Considering that the radio source is 42.6±0.3 mas in diameter (i.e.
spatially unresolved by the current observations) we used the estimated
seeing to set the aperture size and extract the nuclear spectrum of
PKS B1934-63 (see Fig. 6.1)

6.3

Data Analysis and Results

The nuclear spectrum of PKS B1934-63 (shown in Fig. 6.1 for the UVB and
VIS bands) is extremely rich in emission lines with complex line profiles.
The spectrum shows typical features of an high-excitation radio source
(HERG, Best & Heckman 2012) with in addition strong low ionization
lines such as the [O I ], [O II ] and [S II ] lines. We also detect absorption
features for the Mg II λλ2796,2804Å in the UVB, and H2 emission lines in
the NIR. We find that the strongest emission lines show broad wings and
are double peaked. This, together with the line modelling, will be discussed
in more detail in Sec. 6.3.2.

6.3.1

Redshift and stellar population modeling

Deriving an accurate value for the redshift of the galaxy is essential for
the determination of the velocity of any outflowing gas component. The
available estimate of the host galaxy systemic velocity is based on bright
AGN emission lines (Holt et al. 2008). These lines are often affected by
the complex kinematics of the ionized gas, leading to uncertainties in the
derived systemic velocity (Tadhunter et al. 2001; Comerford et al. 2009).
With our current data we could estimate the systemic redshift of the
galaxy using the Ca II K stellar absorption (part of the Ca II λλ3933,68Å
doublet) which is free from the contamination of gas emission lines. We
fitted this line with a Lorentzian function and obtained a redshift z =
0.18240 ± 0.00013 (the uncertainty on the redshift corresponds to about
40 km s−1 ).
However, the Ca II K stellar absorption can potentially include absorption due to the ISM of the host galaxy. To verify that this did not have
a significant impact on our redshift estimate, we used the ISM absorption
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lines of the Mg II λλ2795,2802Å doublet. We found that the width of the
Mg II absorption lines was significantly lower than the one of the Ca II K
absorption (about 7 times lower) and their velocity shift was compatible,
within the errors, with the systemic velocity derived from the Ca II K
absorption (see Appendix 6.A for the details on the fitting procedure).
Therefore, we concluded that the Ca II K absorption line profile is mainly
related to stellar absorption and that our estimate of the redshift is robust.
We modelled the stellar population in the nuclear spectrum of the host
galaxy using STARLIGHT (version 04, Cid Fernandes et al. 2005) and
masking all the emission lines.
With the aim of finding a simple model to fit the continuum emission,
we used stellar templates with solar metallicity provided by STARLIGHT
(Bruzual & Charlot 2003) to model the stellar light. Given that Tadhunter
et al. (1994b) detected scattered light from the central AGN we also
introduced a power-law (Fλ = λα ) in our model to take this into account.
The best model of the galaxy continuum was chosen based on χ2 statistics
and residual analysis. It includes a 2.5 Gyr old stellar population and
a power-law with spectral index α = −0.1. The redshift derived from
the stellar population fit procedure is in line with our redshift estimate
using the Ca II K absorption line. Our best model is shown in Fig. 6.11 in
Appendix 6.A and was subtracted from the nuclear spectrum of PKS B193463 before performing the modelling of the gas emission lines.

6.3.2

The emission lines model

To obtain a reference model for the forbidden emission lines of the
ionized gas, we shifted the spectrum to the galaxy rest-frame and use the
[O III ]λλ4958,5007Å doublet. Each line of the doublet is double peaked
and has broad wings (see Fig. 6.2), clearly requiring multiple components
to be modelled. All our fits were performed using Gaussian functions and
custom-made IDL routines based on the MPFIT (Markwardt 2009) fitting
routine. For each component of the doublet we forced the width of the
Gaussians to be the same, in addition we fixed their separation (49Å) and
their relative fluxes (1:3).
The best model of the [O III ]λλ4958,5007Å doublet (which will be called
‘[O III ] model’) was chosen based on χ2 statistics and residual minimization.
The [O III ] model, shown in Fig. 6.2 superposed on the observed lines,
includes four components:
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• A narrow redshifted component (1N) with FWHM1N =128±5 km s−1
and velocity shift v1N =99±35 km s−1
• A narrow blueshifted component (2N) with FWHM2N =104±4 km s−1
and velocity shift v2N =−80±35 km s−1
• An intermediate component (I) with FWHMI =709±75 km s−1 and
velocity shift vI =25±38 km s−1
• A very broad blueshifted component (VB) with FWHMVB =2035±207
km s−1 and velocity shift vVB =−302±112 km s−1
Velocity shifts were calculated with respect to the systemic velocity of
the galaxy (i.e. derived from our redshift estimate), and the FWHM of each
component is the intrinsic FWHM, taking into account the instrumental
spectral resolution.
We derived a model for the permitted hydrogen emission lines using the
Hβ line. Interestingly, the best model for the Hβ line was consistent with
the [O III ] model but required an additional redshifted component with
v = 398±171 km s−1 and FWHM= 1969±662 km s−1 . The ‘Hβ model’ is
shown in Fig. 6.3 superposed on the observed spectrum. Nevertheless, this
additional component was hard to detect in the other Hydrogen emission
lines in the nuclear spectrum, mainly due to their weakness (e.g. Paα) or
to the fact that they blend with other emission lines (e.g. Hα and Hγ). A
possible explanation is that this component is due to light from the central
broad line regions of the AGN scattered by an outflowing dusty medium,
which can explain the redshift of the component (see e.g. di Serego Alighieri
et al. 1995; Cimatti et al. 1997; Villar-Martı́n et al. 2000).
We found that the [O III ] model provides a good fit for the [O II ]λλ3726,29Å,
the [O II ]λλ7319,30Å1 , the [S II ]λλ4069,76Å + Hδ, the [S II ]λλ6717,31Å,
the [N II ]λλ6548,84Å + Hα, the [O I ]λλ6300,63Å, the [S III ]λ9531Å and
the Paα lines. The line fluxes of the four components of each emission line
are reported in Table 6.3 in Appendix 6.A.
As already reported by Holt et al. (2008) and Roche et al. (2016)
the line profile of the [O I ]λ6300Å line shows a redshifted wing and is
different from the rest of the forbidden emission line profiles. Using the
1

This is actually a blend of the four [O II] lines at 7319, 7320, 7330, 7331 Å and was
fitted as a doublet assuming the line centers to be at 7320.1Å and 7330.2Å (based on
Sivjee et al. 1979).

6.3. Data Analysis and Results

133

Figure 6.2 – The [O III]λλ4958,5007Å doublet (black solid line) and the [O III] model (red
solid line). The [O III] model includes: two narrow components (1N and 2N component,
green dotted line), one intermediate component (I component, yellow dot-dashed line)
and one really broad component (VB component, blue dashed line). The residuals of the
fit are normalized and plotted below the spectrum (black dot-dashed line). The vertical
dashed lines marks the restframe wavelength of the emission lines. The inset in the top
left part of the plot shows a zoom-in of the I and VB components.

Chapter 6. Probing multi-phase outflows and AGN feedback in compact radio
134
galaxies: the case of PKS B1934-63

Figure 6.3 – The Hβ line (black solid line) and the Hβ model (red solid line). The Hβ
model includes: the four components of the [O III] model (see Fig. 6.2 for a description)
and an additional broad redshifted component (magenta dot-dot-dot-dashed line). The
residuals of the fit are normalized and plotted below the spectrum (black dot-dashed
line). The vertical dashed lines marks the restframe wavelength of the emission line.
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bright near-IR [S III ]λ9531Å, we found that this is due to contamination
by the [S III ]λ6312Å line and it is not an intrinsic feature of the [O I ]λ6300Å
profile. The [O I ]λ6300Å line fluxes have been corrected for this when used
in line ratio diagnostics (e.g. in Sec.6.6). Additional details on this and on
the line fits are reported in Appendix 6.A.
In the NIR part of the nuclear spectrum of PKS B1934-63 we detected
the [Fe II ]λ1.257µm and Paβ lines which will be used in Sec. 6.6 to study
the gas ionization state. Likely due to a noisier spectrum and to the
lack of continuum subtraction in the NIR band, for both these lines the
[O III ] model did not give a reliable fit. We fitted the [Fe II ]λ1.257 µm
line using a single Gaussian function with velocity v=−95±49 km s−1 and
FWHM= 547±72 km s−1 . The Paβ line is double peaked and the best
fitting model included the two narrow components of the [O III ] model
and a third, broader, component centered at v=−233±35 km s−1 and with
FWHM= 900±193 km s−1 .

6.3.3

The density diagnostic diagram

One of our main goals was to derive a robust estimate of the electron
density of the warm ionized gas. Thanks to the large wavelength
coverage of our observations, we could use the density diagnostic diagram
introduced by Holt et al. (2011), based on transauroral emission lines, to
estimate the electron density of the four different gas components (see
Fig. 6.4). This diagram uses the [O II ] (3726+3729)/(7319+7330) and [S II ]
(4069+4076)/(6717+6731) line ratios and provides also an estimate of the
reddening of the gas. As already discussed in Holt et al. (2011) and Rose
et al. (2018), compared to the classical line ratios, these diagnostics are
sensitive to higher densities.
Fig. 6.4 shows where the four kinematical components of the warm
ionized gas are situated in the diagnostic diagram. To derive values for the
gas electron density, we have overplotted AGN photoionization models for
different reddening factors 2 .
Holt et al. (2011) showed that this density diagnostic diagram is not
sensitive to the parameters of the AGN photoionization models. This
2

The models were produced using the Cloudy (C13.04, Ferland et al. 2013)
photoionization code and the Calzetti et al. (2000) reddening law. The models shown in
Fig. 6.4 have solar metallicity, a photoionizing continuum with α = −1.5 and a ionization
parameter U =0.005, reproducing typical conditions of an AGN.
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Figure 6.4 – Density diagnostic diagram using the logarithm of the [O II]
(3727+3729)/(7318+7319+ 7330+7331) and of the [S II] (4068+4076)/(6716+6731) line
ratios. Each sequence of black squares, joined by the dashed black line, is a sequence of
AGN photoionization models with constant power-law index (α = −1.5) and ionization
parameter (U =0.005), created varying the electron density of the model in the interval
ne = 100 − 106 cm−3 (from top-left to bottom-right) with a step ∆log10 ne = 0.5. The
three different sequences in the plot (from top-right to bottom-left) are associated with
E(B −V )=0, 0.5 and 1. Green circles represent the narrow components, the intermediate
and very broad components are indicated by the gold and blue circle respectively. Error
bars for each point are estimated as described in the text.

means that the location of the model points in the diagram does not change
significantly when the spectral index α of the AGN continuum power-law
(Fν ∝ να ) and the ionization parameter U are varied.
From the density diagnostic diagram we extracted log ne (1N) cm−3 =
2.4 ± 0.45, log ne (2N) cm−3 = 2.7 ± 0.45 for the two narrow components, log ne (I) cm−3 = 4.6 ± 0.25 for the intermediate component, and
log ne (VB) cm−3 = 5.5 ± 0.35 for the very broad component. The error
bars were estimated summing in quadrature the statistical error from
the fitting procedure and the uncertainty in the flux calibration. It is
worth mentioning that the [S II ]λ6717/λ6731 line ratio, classically used as
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a density diagnostic, confirmed these results for the narrow components
and the intermediate component. In fact, the [S II ]λ6717/λ6731 ratio is
1.10±0.4 and 1.03±0.04 for the narrow components and goes down to
0.45±0.04 for the intermediate component, indicating a density of about
3×102 cm−3 and higher then 104 cm−3 respectively. Due to a lower S/N,
we could not estimate the density in this way for the very broad component.
The density diagnostic diagram shows that the warm ionized gas is
spanning a significant range of densities going from ∼ 3 × 102.0 cm−3 up to
105.5 cm−3 , with the higher values found for the broader components.
The comparison between the observed points and the sequences of
models with different E(B-V) values in the density diagnostic diagram
allowed us to derive estimates of the reddening of the four kinematical
components for the warm ionized gas. We found E(B − V )1N = 0.52 ± 0.12,
E(B − V )2N = 0.40 ± 0.12 for the narrow components, E(B − V )I =
0.05 ± 0.20 for the intermediate component and E(B − V )VB = 0.12 ± 0.25
for the very broad component.
We could compare these numbers to the reddenings estimated using the
classical approach of the hydrogen line ratios (i.e. the Balmer decrement).
We used the Hα/Hβ and the Paα/Hβ line ratios and we coverted them to
a color excess E(B-V) following the approach of Momcheva et al. (2013)
and using the Calzetti et al. (2000) extinction curve. The errors on the line
ratios take into account both the statistical error of the fitting procedure
and the uncertainty in the flux calibration. From the Hα/Hβ line ratio
we obtained E(B − V )1N = 0.43 ± 0.135, E(B − V )2N = 0.40 ± 0.135,
E(B −V )I = 0.56±0.137 and E(B −V )VB = 0.186±0.8. From the Paα/Hβ
line ratio we obtained E(B −V )1N = 0.28±0.11, E(B −V )2N = 0.25±0.11,
E(B − V )I = 0.11 ± 0.19 and E(B − V )VB = 0.82 ± 0.85. Taking into
account the uncertainties, there is general good agreement between these
values and the E(B − V ) values extracted from trans-auroral lines. The
large uncertainties of the classical approach are mainly due to the faintness
of the Paα line (e.g. the difficulty in determining its continuum level) and
the complex line blend in which the Hα line is included. We thus preferred
to adopt the reddening values coming from the density diagnostic diagram,
which are based on the strong emission lines. These values are reported in
Table 6.1 and will be used in the estimate of the intrinsic [O III ] and Hβ
luminosities of the different gas components.
We found that none of the kinematic components shows high reddening
and that the reddening of the intermediate and very broad components is
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lower then those of the narrow components. This is consistent with the
results for some ultraluminous infrared galaxy (ULIRG) in the sample of
Rose et al. (2018) but at odds with the results on the compact radio source
PKS B1345+12 obtained by Holt et al. (2011) who, with the same method,
found higher reddenings for broader components.

6.3.4

The radius of the narrow and broad gas components

To understand whether the warm ionized gas is extended or concentrated
in the central regions of the host galaxy we used the [O III ]λ5007Å line and
the spatial information contained in the slit spectrum.
We extracted spatial profiles for the warm ionized gas components (i.e.
one for the two narrow components and one including the intermediate
and the very broad components) and compared them to the seeing of our
observations. To extract these profiles, we collapsed the slit spectrum
along the spectral direction over a given velocity range (with respect to the
systemic velocity). The selected velocity range for the narrow components
was −226 . v . 279 km s−1 . For the intermediate and very broad
component we took the velocity range −854 . v . −348 km s−1 . The
profile of the galaxy starlight emission was extracted using two windows,
one on the red side (−2031 . v . −3044 km s−1 ) and one on the blue side
(−5867 . v . −4855 km s−1 ) of the [O III ]λλ4958,5007Å lines.
The host galaxy profile was then corrected for the differences in the
widths of the slices and subtracted from the ionized gas profiles, the residual
were then fitted with a Gaussian function. For both these profiles we
obtained a FWHM of 0.95±0.01 arcsec, which is consistent with the FWHM
of the seeing (i.e. 0.97±0.06 arcsec, see Sec. 6.2). This indicates that
the warm ionized gas (of all the kinematical components) is not spatially
resolved by our observations using this technique and is concentrated in the
nuclear regions of the host galaxy.
To obtain an upper limit on the radius of the warm ionized gas we used
the following equation:
q
1
r≤
(FWHM + 3σ)2 − FWHM2
(6.1)
2
where FWHM is the seeing and σ is the uncertainty on the seeing. We
obtained r ≤ 0.3 arcsec that, at the redshift of the galaxy, is equivalent to
r ≤ 955 pc.

99.6±35.4

1N Component

s−1 ]
(1.25±0.12)×1041
(1.7±0.2)×106

(5.1±0.5)×106

0.4±0.125

2.7 ± 0.45

(1.89±0.20)×1041

0.52±0.125

2.4 ± 0.45

104±4.2

−80±35.4

2N Component

(1.2±0.1)×104

(6.93±0.70)×1040

0.05±0.2

4.6 ± 0.25

709±75.3

25±38.5

I Component

(5.7±0.5)×102

(2.67±0.26)×1040

0.125±0.25

5.5 ± 0.35

2035±207

−302±112

VB Component

Table 6.1 – In the table we report the kinematical and physical properties of the four kinematical components found for the
warm ionized gas. The central velocity v and FWHM are obtained from the [O III] model, the electron density ne and reddening
E(B-V) values are extracted using the density diagnostic diagram in Sec. 6.3.3, L(Hβ) is the reddening corrected Hβ luminosity
and Mgas is the mass of warm ionized gas estimated in Sec. 6.5 .

Mgas [M ]

L(Hβ) [erg

E(B − V )

log ne

[cm−3 ]

FWHM [ km s−1 ] 128±5.3

v

[ km s−1 ]
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6.4

Gas kinematics in the inner regions

Using the spectro-astrometry technique we could study the spatial extents
of the different ionized gas components, overcoming the limitations given by
the seeing. Spectro-astrometry uses high-S/N long-slit spectra to measure
the centroid position of an unresolved object as function of wavelength.
It is based on the fact that the centroid position can be measured with
much higher precision than the seeing-limited spatial resolution of the
observations (Bailey 1998b), and has been used to identify and study binary
stars (see Bailey 1998a; Takami et al. 2003).
We could use this technique on the high S/N [O III ]λ5007Å line in
our slit spectrum and investigate how the warm ionized gas at different
velocities is distributed along the slit in the spatial direction. In this way,
we could probe the gas distribution at subarcsec scales, which at the redshift
of PKS B1934-63 correspond to scales of tens of parsec. In the slit spectrum,
we isolated the region around the [O III ]λ5007Å line and for a given pixel
along the spectral direction we extracted a profile of the ionized gas along
the spatial direction. Every spatial profile probes warm ionized gas at a
different velocity. Then, we fitted each extracted spatial profile with a
Gaussian function and used the fitted profile center to establish the spatial
location of the gas at that specific velocity.
We used an average spatial profile of the galaxy starlight to locate
the host galaxy center and we took this as a reference point to establish
the location of the ionized gas. We also subtracted the starlight spatial
profile from the ionized gas spatial profiles to avoid contamination from the
light of the host galaxy. This was particularly important for the profiles
extracted at velocities v < −250 km s−1 and v >250 km s−1 , where the
fainter [O III ]λ5007Å emission of the broad (i.e. the intermediate and very
broad) components of the warm ionized gas is located. To increase the S/N
of the gas spatial profiles at these velocities we binned the data along the
spectral direction using a box which is 3 pixels wide. Instead, for gas at
velocities −250 < v < 250 km s−1 we extracted a spatial profile for every
pixel along the spectral direction.
In Fig. 6.5 we show the spatial position of the fitted centers of the
gas spatial profiles (expressed in arcsec/pc) as a function of the velocity
associated with each profile. The zero point along the x axis is the systemic
velocity of the galaxy, while the zero point along the y axis is the fitted
center of the galaxy spatial profile.
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Figure 6.5 – Fitted centers of the [O III]5007Å emission line spatial profiles, measured
in arcsec (left y axis) and parsec (right y axis), as function of velocity. The black dashed
vertical and horizontal lines marks the zero point of both axes. The blue dashed lines
mark the error weighted mean position of the [O III ] spatial profiles at v< 250 km s−1
and at v> 250 km s−1 while the red solid line marks their average. The negative values
along the y axis indicate the direction pointing toward the companion galaxy.
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The S-shaped trend we see in Fig. 6.5 for the two narrow components
(i.e. at −250 < v <250 km s−1 ) might be explained by a disk-like structure
or a bi-conical outflow in the central regions of the galaxy (up to about
±200 pc). The curve is symmetric around the zero velocity value and
reaches a maximum spatial shift at about ±150 km s−1 . The overall curve
is clearly spatially shifted with respect to the zero point along the y axis
(i.e. the center of the galaxy), and this might be explained by the effect
of obscuring dust, which can potentially shift the position of the galaxy
spatial profile peak that we are using as an indicator of the true AGN
nucleus position.
Unlike Roche et al. (2016), we do not find evidence for gas emission
on large scales (>1 kpc). However, if the inner structure we detect from
spectro-astrometry is a circum-nuclear disk (CND), it would rotate in the
same direction as the more extended gas disk seen by Roche et al. (2016).
The fact that our slit is not aligned with the major axis of the structure
that Roche et al. (2016) observe may explain why this is, instead, spatially
unresolved by our observations, as shown in Sec.6.3.4. The existence of
CND of warm and cold gas, extended on scales of few hundreds of pc, at
the center of AGN has already been found in Chapter 5 and by the studies
of, for example, Dumas et al. (2007); Hicks et al. (2013) and Garcı́a-Burillo
et al. (2016), and it has been proposed that these structures constitute the
reservoir of gas from which the SMBH feeds.
It is worth noting that the amplitude of the rotation that we find is
larger than in Roche et al. (2016). This is possibly due to the fact that
their observations do not resolve the double peak of the [O III ]λ5007Å line
and they used a single Gaussian fit to derive the [O III ]λ5007Å velocity
field, smoothing out the velocity gradient that we observe.
On the other hand the gas at v < −250 km s−1 and at v >250 km s−1
is associated with the intermediate and the very broad components
and is representative of the warm ionized gas that is outflowing. The
error weighted mean positions of the gas at v < −250 km s−1 and at
v >250 km s−1 are −0.047±0.002 and −0.085 ±0.003 respectively (see
Fig. 6.5). This spatial asymmetry supports the idea that the geometry
of the outflowing gas is bi-conical. Assuming a bi-conical geometry (i.e.
the blueshifted and redshifted gas emission comes from the two sides of the
nucleus) we can estimate the position of the nucleus (i.e. red horizontal
line in Fig. 6.5) and get an idea of the radius of the outflowing gas. In
this way we find that the outflow has a radius of 59±12 pc. This matches
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with the radial extent of the radio source well (the separation between the
radio lobes of PKS B1934-63 is 131,7±0.9 pc) and suggests that the warm
ionized gas is outflowing as a consequence of the interaction with the radio
jets. We are aware of the fact that taking only the average position for the
gas in the broad wings of the [O III ]λ5007Å line might underestimate the
size of the outflow. However, even considering the higher absolute value
for the shift of the gas at v < −200 km s−1 and at v >200 km s−1 with
respect to the estimated position of the nucleus, we find that, including the
errors on the spatial shifts, the outflow would have a maximum radius of
∼ 175 pc. This indicates that the outflow is extended on spatial scales that
are comparable with the size of the radio source.

6.5

Warm ionized gas and parameters of the
outflow

We estimated the warm ionized gas mass of the different kinematical
components using the following equation:
Mgas =

L(Hβ)mp
eff hν
ne αHβ
Hβ

(6.2)

where L(Hβ) is the Hβ luminosity corrected for dust extinction, mp is
the proton mass, ne is the electron density from the density diagnostic
eff is the effective Hβ recombination coefficient (taken as
diagram, αHβ
−14
3.03×10
cm3 s−1 for case B in the low density limit; Osterbrock &
Ferland 2006), νHβ is the frequency of the Hβ, and h is the Planck constant.
The L(Hβ) and the estimated Mgas of each kinematical component are
reported in Table 6.1.
We found that the two narrow components have a mass of warm ionized
gas of Mgas (1N) = (5.1±0.5)×106 M and Mgas (2N) = (1.7±0.2)×106 M .
The intermediate component has a gas mass of Mgas (I) = (1.2 ± 0.1) ×
104 M , while for the very broad component we found Mgas (VB) = (5.7 ±
0.5)×102 M . It is clear that almost the entire reservoir of the host galaxy’s
warm ionized gas is found in the two narrow components; the intermediate
and the very broad components represent only a small fraction of the warm
ionized gas reservoir.
With a reliable estimate of the electron density of the outflowing warm
ionized gas we could characterize the properties of the outflow. Following
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the method described in Sec. 4.1 of Rose et al. (2018) we determined the
mass outflow rate Ṁ , the outflow kinetic power Ė and efficiency Fkin =
Ė/Lbol using the following formulae:

Ṁ =

L(Hβ)mp vout
eff hν
ne αHβ
Hβ r

(6.3)

Ė =

Ṁ 2
(v + 3σ 2 )
2 out

(6.4)

where vout is the velocity, r is the radius and σ is the line-of-sight velocity
dispersion (σ = FWHM/2.355) of the outflow.
To estimate these parameters we used the radii estimated in Sec. 6.3.4
(i.e. r< 955 pc) and in Sec.6.4 (i.e. r> 60 pc) as upper and lower limits
for the radius of the outflow respectively. We extracted the bolometric
luminosity using the de-reddened [O III ]λ5007Å total luminosity which is
usually considered a good indicator of the AGN power (see Heckman et al.
2004). Summing the intrinsic [O III ]λ5007Å luminosities of each component
we obtained L[O III ] = (4.4 ± 0.4) × 1042 erg s−1 . To extract the bolometric
luminosity we used the bolometric correction of Lamastra et al. (2009),
Lbol = 454 L[O III ] valid for object with intrinsic [O III ]λ5007Å luminosity
in the interval L[O III ] = 1042−44 erg s−1 . This resulted in a bolometric
luminosity of Lbol = (2 ± 0.2) × 1045 erg s−1 which makes PKS B1934-63 a
type II quasar according to the criterion of (Zakamska et al. 2003).
We estimated the outflow properties for the gas emitting the very broad
component and for both of the broader components together (i.e. the
intermediate and very broad component). In the latter case, for L(Hβ) we
took the intrinsic integrated Hβ luminosity of the two components, while
for the ne , the vout and the FWHM of the gas we took a flux weighted value.
All the relevant quantities for these calculations are reported in Table 6.2
together with the estimated Ṁ , Ė, and Fkin . In this way we obtained mass
outflow rates in the range 10−3 -10−4 M yr−1 and outflow efficiencies in
the range 10−4 -10−5 %.
This approach assumed that the central velocity of the line associated
with the outflowing gas is the true velocity of the outflow vout and its
broadening is due to the gas turbulence. A less conservative approach,
which can potentially take into account projection effects, considers that
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the broadening of the lines is due to the different projections of the velocity
vectors of the gas in a quasi-spherical outflow. In this case the actual
outflow velocity vout is the maximum velocity that the gas reaches in the
wings of the emission line profile. To estimate the maximum velocity of the
gas we followed the approach of Rose et al. (2018) and took the velocity
corresponding to a 5% cut of the flux in the blueshifted direction. Also in
this case we report all the relevant quantities for the calculations and the
estimated Ṁ , Ė, and Fkin in Table 6.2. With this method we obtained
mass outflow rates and outflow efficiencies, for the intermediate and very
broad components, which are, on average, one order of magnitude higher
compared to the results obtained with the first approach.
Both methods gave outflow efficiencies that are among the lowest found
for warm ionized gas outflows (see Fig.2 in Harrison et al. 2018). Our vaues
are far from the 5-10% required by the classical AGN feedback models (e.g.
Fabian 1999; Di Matteo et al. 2005; Springel et al. 2005) and also lower
that the 0.5% of the multi-staged model proposed by Hopkins & Elvis
(2010). However, as stressed by Harrison et al. (2018), there are some
caveats to consider when comparing the AGN feedback efficiency derived
from observations to the prescription of cosmological models, especially
due to the fact that the energy that is actually transferred to the warm
and cool ISM can be a fraction of the energy injected by the AGN into the
surrounding medium.

6.6

Gas excitation

Given that the gas in the intermediate and the very broad components
shows remarkable differences in terms of densities and kinematics from the
rest of the warm ionized gas, we investigated whether these components
also stand out in terms of their ionization properties.
In Fig. 6.6 and Fig. 6.7 we present the classical BPT diagrams originally
introduced by Baldwin et al. (1981) with the observed line ratios of the
different gas kinematical components. As expected, the observed line ratios
of the four kinematical components are typical of AGN, although with some
differences between the components. As in the case of the density diagnostic
diagram, the two narrow components have similar line ratios (see Fig. 6.6),
confirming that they are part of the same structure.
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Table 6.2 – In the table we report the mass outflow rates Ṁ , the outflow kinetic energy Ė and efficiency Fkin = Ė/Lbol obtained
with the two different methods described in the text, together with all the relevant quantities used in the calculation. Column
2 and 3 report the values obtained using the central velocity of the outflowing gas as vout , while the column 4 and 5 report the
values obtained using the maximum velocity vmax as vout .
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All the gas components, but in particular the very broad component,
have high values of the [O I ]λ6300/Hα line ratio, higher than those usually
measured in AGN, and which are indicative of shock-ionized gas. In
fact, the [O I ]λ6300Å line is emitted by warm weakly ionized gas typically
located in the transition region between ionized gas and neutral gas. Only
high energy photons can penetrate this region stimulating the [O I ]λ6300Å
emission, and a source of such high energy photons can be the AGN
continuum radiation, shocks or a combination of the two.
We investigated the gas ionization mechanisms by comparing the
observed line ratios with model grids of AGN photoionization and of shocks.
The model grids were taken from the ITERA tool (Groves & Allen 2010)
and created using MAPPINGS III (Sutherland et al. 2013). The AGN
photoionization model grids (see Fig. 6.6 and upper panel in Fig. 6.7) were
obtained by varying the spectral index α from −2 to −1.2 and the ionization
parameter log U from −4 to 0. The shock models 3 (see lower panel in
Fig. 6.7) have solar metallicity, cover shock velocities in the range vs =1001000 km s−1 and magnetic fields (i.e. pre-shock transverse magnetic field)
in the range B=0.01-1000 µG.
In Fig. 6.6 we compare the line ratios of the narrow components to AGN
photoionization models with gas density ne = 103 cm−3 (according to the
densities derived in Sec. 6.3.3) and both solar and twice solar (i.e. 2 Z )
metallicity. The comparison of the line ratios with the photoionization
models provides good evidence for super-solar metallicities in the nearnuclear regions. We also found a good consistency between the positions
of the points and the models (in U and α) in all three plots for twice solar
metallicity. The narrow components do not show kinematical evidence
of shocked gas (i.e. large line width) and, for this reason, we did not
compare their line ratios with shock models. It is possible that the gas
of the narrow components is part of the shock precursor. However, for
solar metallicities, precursor models have line ratios similar to the AGN
photoionization models and would also fail to explain the observed line
ratios. We cannot comment on precursor models with metallicities higher
then solar because of the lack of such models.

3

The shock models included in the ITERA tool were taken from Allen et al. (2008).

Figure 6.6 – BPT diagrams for the two narrow components with models of AGN photoionization with solar metallicity (upper
panels) and twice the solar metallicity (lower panels). Models have gas density ne = 103 cm−3 , dashed lines indicates models
with constant photoionization parameter logU (going from −4 to 0, from bottom to top ), while solid lines refer to models with
constant spectral index α (going from −2 to −1.2, from left to right). The solid line in all the panels is the Kewley et al. (2001)
maximum starburst line. The dashed line in the left panels is the semi-empirical Kauffmann et al. (2003) line. The dashed line
in the central and right panels is the empirical Kewley et al. (2006) line separating Seyfert from LINERS.

Chapter 6. Probing multi-phase outflows and AGN feedback in compact radio
148
galaxies: the case of PKS B1934-63

Figure 6.7 – BPT diagrams for the intermediate and very broad components with models of AGN photoionization (upper panels)
and shocks (lower panels) with solar metallicity. The AGN photionization models have gas density ne = 105 cm−3 , α and logU
parameters vary in the same range as described in Fig. 6.6. The shock models have pre-shock gas density of ne = 103 cm−3 ,
dashed lines indicate models with constant shock velocity vs (ranging in the interval 100-1000 km s−1 , from left to right) while
solid lines refer to models with constant magnetic parameter B (ranging in the interval 0.01-1000 µG, from bottom to top). The
solid and dashed black lines are the same as in Fig. 6.6.
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In Fig. 6.7 we use both AGN photoionization and shock models to
study the ionization state of the gas in the intermediate and the very
broad components. We considered AGN photoionzation models4 with a
gas electron density ne = 105 cm−3 , while for the shock models we assumed
a shock compression factor of 100 and took a pre-shock gas electron density
of ne = 103 cm−3 . The assumed compression factor was intended to
take into account the fact that while shock conditions cause a modest
density jump (maximum factor ∼5, see Fig. 7 in Sutherland & Dopita
2017), the temperature jump will further increase the pressure and thus
the compression of the gas in the post-shock regions. We found that,
overall, the shock models reproduce better than the AGN photoionization
models the observed line ratios in the three BPT diagrams (see Fig. 6.7). In
particular, the [S II ]λλ6717,31/Hα and the [O I ]λ6300/Hα line ratios of the
intermediate component can be explained by shock models with velocities
vs =400-500 km s−1 .
The line ratios of the very broad component were more difficult to
explain with current models. The outflowing gas of the very broad
component stands out from the rest of the warm ionized gas in terms
of both the [N II ]λ6584/Hα and the [O I ]λ6300/Hα line ratios but not in
terms of the [S II ]λλ6717,31/Hα ratio. This is explainable with the high
densities which are associated with this gas component and with the fact
that the [S II ] lines have a lower critical density (about 5×103 cm−3 , Zheng
1988) than the [N II ] and [O I ] emission lines. Considering the trend of the
model grids, the [O I ]λ6300/Hα line ratio is consistent with shocks of higher
velocities (vs ≥1000 km s−1 ) as also suggested by the extreme kinematics
of the gas of the very broad component. On the other hand, the high value
of the [N II ]λ6584/Hα line ratio might be an indication of and enhanced
N/O ratio (i.e. higher than solar) for the gas of the very broad component
(see e.g. Tadhunter et al. 1994a; Matsuoka et al. 2017).
We are aware that the variation in the shock compression factor and gas
metallicity plays a role in the final line ratios of the models. In addition,
degeneracies in the fitting of the intermediate and very broad components
in the [N II ] + Hα blend may contribute to the extreme [O I ]/Hα and
[N II ]/Hα ratios that are observed. New shock models with a fully-self
consistent treatment of the pre-shock ionization and thermal structure are
4
This model grid was not included in the ITERA tool and is produced using Cloudy
(C13.04, Ferland et al. 2013) photoionization code

6.7. The H2 warm molecular and the neutral gas

151

being developed for fast shocks and high gas electron densities (Sutherland
& Dopita 2017).
Additional evidence for shocks is also provided by the [Fe II ]λ1.257µm/Paβ
line ratio. This line ratio can indicate whether shock ionization is producing
the [Fe II ] emission. This was first suggested by Forbes & Ward (1993) and
Blietz et al. (1994) who found a correlation between the [Fe II ] and the
radio emission in radio AGN. It has been shown that in galaxies hosting
an AGN a [Fe II ]λ1.257µm/Paβ ratio close to 0.6 is produced by AGN
photoionization, while a ratio close to 2 is related to shock excitation
(Storchi-Bergmann et al. 1999; Rodrı́guez-Ardila et al. 2004).
In the NIR band of the nuclear spectrum of PKS B1934-63 we detected
both the [Fe II ]λ1.257 µm and Paβ lines. Due to their low S/N, we could
not fit the lines with the [O III ] model (see Fig. 6.21) and we extracted a line
ratio using the total flux of the two lines. We find a [Fe II ]1.257/Paβ=1.44
±0.2 which is indicative of shock-ionized gas.

6.7

The H2 warm molecular and the neutral gas

Compact steep-spectrum radio sources are known to host massive outflows
of molecular and atomic gas (see e.g. Morganti et al. 2005a; Dasyra &
Combes 2012; Tadhunter et al. 2014). Probing only the warm ionized gas
phase, we might be missing part of the gas that is outflowing. Thanks
to the large wavelength range covered by X-shooter we could probe the
kinematics of the warm molecular gas via the H2 emission lines detected in
the NIR band. In the nuclear spectrum of PKS B1934-63 we identified the
H2 S(5)1-0 line at 1.835 µm, the H2 S(4)1-0 line at 1.891 µm, and the H2
S(3)1-0 line at 1.957 µm. From Fig. 6.8 it is already clear that H2 emission
lines are narrower compared to the warm ionized gas emission lines (e.g.
the Paα line).
To provide an overview of the kinematics of the different phases of the
gas, in Fig. 6.9 we compared the kinematics of the warm ionized gas with
the kinematics of the warm molecular and atomic gas by plotting together
the normalized line profiles of the [O III ]λ5007Å , the H2 and the H I 21 cm
spectral lines. The H2 profile in Fig. 6.9 is the stacked profile of the H2
1.957 µm and H2 1.835 µm lines and appears slightly blueshifted with
respect to the systemic velocity of the host galaxy. Its peak coincides with
the the peak of the blueshifted narrow component of the ionized gas and
does not show clear signs of kinematically disturbed gas, however, due to
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Figure 6.8 – Section of the nuclear spectrum of PKS1934-63 in the NIR band showing
the warm molecular H2 emission lines and the Paα line. The wavelength and the name
of each line are indicated.

the low S/N and the fluctuations of the continuum, we cannot completely
rule out the presence of outflowing gas.
H I gas has been detected in absorption against the radio continuum
source by Véron-Cetty et al. (2000) and is shown inverted to emission
for easy comparison in Fig. 6.9. These observations are tracing only the
kinematics of gas that is located, in projection, in front of the compact
radio source. The H I has a velocity shift (v=116 km s−1 ) which is
comparable to the redshifted narrow component of the warm ionized gas
and is characterized by a very narrow profile (FWHM=18.8 km s−1 ). This
indicates that it is possibly connected to infalling clouds of atomic gas
located in front of the radio source (like in the case of PKS B1718-649, see
Maccagni et al. 2014).
A more global view on the atomic gas phase of the ISM could
be obtained by using the absorption lines of the [Na I D ] doublet at
λλ5890,5896Å (see e.g. Lehnert et al. 2011). After the stellar continuum of
the host galaxy was subtracted, we did not find evidence for the [Na I D ]
absorption in the nuclear spectrum of PKS B1934-63. This is possibly due
to the compactness of the neutral ISM, which is concentrated in the inner
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regions of the galaxy (like the warm ionized gas) and does not absorb its
diffuse starlight.
In the UVB part of the spectrum, we detected the ISM absorption
features of the Mg II λλ2795,2802Å doublet. These absorption lines
trace ionized gas in the ISM that is in a low ionization state, and are
superimposed on the Mg II emission lines, at the same wavelengths, due to
the AGN. Even though we fitted the Mg II lines with a simple model, which
might ignore the complex emission line profile underneath the absorption
(see Fig. 6.12), we did not observe clear signs of kinematically disturbed
gas in absorption. In fact, the Mg II emission and absorption are fit by
single Gaussian components with a FWHM∼1250 km s−1 and ∼200 km s−1
respectively and the absorption component is centered at the systemic
redshift of the galaxy (see Appendix 6.A for further details).
The fact that we detected such deep Mg II absorption, implying a
covering factor of the line-emitting gas close to 1, but no clear evidence
for ISM absorption of the stellar continuum at the same wavelength (c.f.
Ca II, [Na I D ]) provides further evidence that the emission lines are emitted
by a region that is compact relative to the stellar body of the galaxy.
We concluded that, while we clearly detect an outflow of warm ionized
gas, there is no strong evidence of cold outflowing gas traced by the H2 ,
H I and Mg II lines. This is in contrast with the compact steep-spectrum
radio sources like IC 5063 (Tadhunter et al. 2014; Morganti et al. 2015;
Oosterloo et al. 2017), PKS B1345+12 (Morganti et al. 2013; Dasyra &
Combes 2012) and 3C 305 (Morganti et al. 2005a) in which ionized gas
outflows have also been detected. In these sources the cold molecular (CO)
and warm molecular (H2 ) gas has been found to be the dominant outflowing
phase in terms of mass.
In recent years, the scenario in which cold gas is formed in situ, within
the material swept away by the AGN, has gained more acceptance and
has also been invoked to explain the properties of the multi-phase outflow
of compact steep-spectrum radio sources (Tadhunter et al. 2014; Morganti
et al. 2015). According to the latter scenario, at first the AGN drives fast
shocks into the ISM, ionizing the gas and heating it to high temperatures
(higher than 106 K). The post-shock gas then cools down, accumulating
as atomic and, eventually, cold molecular gas at a later stage. This means
that outflows of warm ionized gas should be detected in the early phase of
an AGN-ISM interaction, and only when sufficient time has elapsed for a
substantial amount of gas to cool would we expect to be able to detect the
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Figure 6.9 – Normalized [O III]λ5007Åline (solid black), stacked H2 line (solid red) and
H I line (solid blue) in the velocity space. Each line is normalized with respect to its
maximum value. The zero velocity along the x axis is the systemic velocity of the galaxy
as extracted in Sec. 6.3.1 and is marked with the black vertical dashed line. The H I line
has been observed in absorption by Véron-Cetty et al. (2000) and is reproduced as an
emission line using a Gaussian function and the parameters reported in the text.
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Figure 6.10 – Timeline sketch reporting the radio ages and the multiphase properties
of the outflows found in the compact sources PKS B1718-649, PKS B1934-63,
PKS B1345+12, IC 5063, 3C 305 and B2 0258+35 in the context of the evolutionary
scenario discussed in Sec. 6.7.

cold molecular counterpart of these outflows (e.g. using CO lines). Recent
simulations confirmed this scenario, finding that molecular gas starts to
form around few 105 yr from the start of the AGN-ISM interaction (Richings
& Faucher-Giguere 2017).
We performed a first attempt to test this scenario by integrating our
findings with the outflow properties reported in the literature for other
young compact radio sources. Compact radio sources have radio ages
between 102 yr and 105 yr (Murgia 2003; Giroletti & Polatidis 2009)
and we use them to sample outflowing gas at different times. Excluding
PKS B1934-63, our target, only few other compact young radio sources have
both an estimated radio age and observations of their multi-phase ISM. It
is worth mentioning that the sources we selected from the literature cover
three orders of magnitudes in radio power and their outflows properties
might be due to an intrinsically different kind of interaction between the
ISM and the radio plasma.
PKS B1718-649 is a younger (kinematical age ∼ 102 yr, Giroletti &
Polatidis 2009) compact radio source compared to PKS B1934-63, showing
hints of warm ionized outflowing gas (blueshifted wings in the forbidden
emission lines, see the optical spectrum in Filippenko 1985). Multiwavelength observations find that, like in the case of our target, for this
source there is no evidence of outflowing gas in colder phases (atomic H I ,
Maccagni et al. 2014; warm molecular H2 , Chapter 5; cold molecular CO,
Maccagni et al. 2018).
An older compact radio source that is able to probe a more evolved
stage of the AGN-ISM interaction is 3C 305. It has an estimated radiative
age of 1.5×105 yr (Murgia et al. 1999) and shows evidence of an outflow
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in the warm and cold molecular gas (Guillard et al. 2012, and Guillard et
al in prep.), and in the atomic H I and warm ionized gas (Morganti et al.
2005a).
Finally, B2 0258+35 is among the oldest compact radio sources
(radiative age ≤ 9×105 yr, Giroletti et al. 2005; ≤ 5×105 yr Brienza et
al. in prep.). Cold molecular CO and atomic H I gas have been detected
(Prandoni et al. 2007; Struve et al. 2010) and show signs of disturbed
kinematics suggestive of outflowing gas (Murthy et al. in prep.), while
there is no evidence of outflowing gas in the warm ionized phase (see the
optical spectrum presented in Emonts 2006, and the public data from the
CALIFA survey 5 ).
The timeline presented in Fig. 6.10 summarizes all the information on
these sources in the context of the scenario that we are testing. The
properties of the outflowing gas for PKS B1934-63 and of the compact
steep-spectrum radio galaxies mentioned above support the scenario in
which cold molecular gas might form within the outflow material, due to
cooling of shock heated gas. According to this scenario, PKS B1718-649 and
PKS B1934-63 represent the earliest stages of the AGN-ISM interaction,
when the outflowing gas is initially shock heated. This gas then starts to
cool down in the post-shock region and can be detected as cold outflowing
gas, like in the case of 3C 305. Finally, the radio galaxy B2 0258+35 might
be representative of the the final phases of the AGN-ISM interaction, when
all the outflowing gas has completely cooled down. Considering the small
amount of mass that is outflowing in the case of PKS B1934-63, there is
the possibility that most of the mass is currently in a hotter phase (e.g. gas
at 107 K emitting in the X-ray band).
We are aware that the radiative and kinematical age of a radio galaxy
might differ, and that the radiative age indicates the age of the particles
within the radio lobes rather than the real age of the source. However, the
ages that we are using are the only available estimates, and it has been
shown that the radiative age of 3C 305 is representative of the age of the
radio source (Murgia et al. 1999).
The timeline in Fig. 6.10 includes also the two compact steep-spectrum
radio sources PKS B1345+12 and IC 5063. These are two of the best
examples of compact sources where extensive multi-wavelength studies
found a multi-phase outflow (for PKS B1345+12 see Morganti et al. 2005b;
5

http://califa.caha.es/
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Holt et al. 2011; Dasyra & Combes 2012; for IC 5063 see Oosterloo et al.
2000; Morganti et al. 2007; Tadhunter et al. 2014; Morganti et al. 2015).
Unfortunately there is not a reliable estimate of the age of these radio
sources. However, considering the aforementioned studies, they might
represent an intermediate stage of an AGN-ISM interaction and this justifies
their location in the timeline presented in Fig. 6.10.

6.8

Conclusions

Compact and young radio galaxies are pivotal for our understanding of the
feedback effect that radio sources have on their host galaxies. PKS B193463 is a young (∼ 1.6×103 yr) radio source and, given it proximity (z=0.1824)
and high radio power (P1.4GHz = 1027.2 W Hz−1 ), it is considered as an
archetypal compact radio galaxy.
The nuclear spectrum of PKS B1934-63 shows double peaked gas
emission lines that have broad wings indicating a complex kinematics for
the warm ionized gas and the presence of outflowing gas. In fact, the
kinematical features of the intermediate and the very broad components,
needed to model the broad part of the emission line profiles, and in
particular their line width (FWHM of about 700 and 2000 km s−1
respectively) clearly reflect non-gravitational motions of gas which is
connected to an AGN-driven outflow.
We find that about 6.8 × 106 M of warm ionized gas is concentrated
in the inner 500 pc of the host galaxy and only a small fraction of this
gas is actually outflowing. Most of the warm ionized gas is included in a
structure that shows a smooth velocity gradient in the velocity-position
diagram presented in Fig. 6.5. Considering the rotating disk of warm
ionized gas found by Roche et al. (2016) on larger scales, we tend to favor
the hypothesis that this structure is a circum-nuclear disk with a radius of
about 200 pc, which might constitute part of the gas reservoir from which
the SMBH is fed (similar to what has been found by e.g. Dumas et al.
2007,Hicks et al. 2013 and in Chapter 5).
The results of our spectro-astrometry study show that, assuming a
biconical geometry for the outflow, the spatial extent of the broad wings of
the [O III ]λ5007Å line matches the diameter of the radio source (i.e. about
120 pc). This indicates that the outflow is likely driven by the expansion
of the radio source’s jets, in line with what is commonly found in other
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compact and young radio sources (see e.g. O’Dea et al. 2002; Holt et al.
2008; Tadhunter et al. 2014).
By using the density diagnostic diagram introduced by Holt et al. (2011)
we find a clear correlation between the FWHM of a component and its
electron density (see Fig. 6.4), in line with the findings of Holt et al. (2011)
and Rose et al. (2018). The warm ionized gas associated with the broad
components reaches remarkably high electron densities (104.5 -105.5 cm−3 ).
We attribute the broadening of the spectral lines to the interaction of the
AGN with the ISM, and we argue that the FWHM-density relation that we
find is mainly driven by the ability of the AGN-ISM interaction to compress,
at different levels, the gas, and increase its density.
Estimating the gas densities with the transauroral line technique allows
us to have a reliable estimate of the properties of the warm ionized gas
that is outflowing. We obtain low mass outflow rates (i.e. highest values
in the range 10−3 -10−1 M yr−1 ) and we find that only a small fraction of
the available accretion power of the AGN is used to drive the outflow (i.e.
maximum efficiency Fkin ∼10−3 %). This does not match the results of, for
example, Fiore et al. (2017) who report higher average outflow efficiencies
in their collection of ionized gas outflows (i.e. 0.16-0.3%). However, the
latter outflows lack a robust estimate of the gas density that is always taken
to be ≤ 103 cm−3 , based on classical line ratio diagnostics or assumptions.
It is worth mentioning that by adopting such densities, which are at least
two order of magnitudes lower compared to the values we find, we would
obtain an outflow mass rate and an outflow efficiency compatible with the
findings of Fiore et al. (2017). Instead, our results provide new evidence
that AGN feedback happens at a low efficiency, and are much close to the
values reported by Villar-Martı́n et al. (2016) for luminous type 2 AGN,
and by Rose et al. (2018) who used the same technique as this chapter,
on a sample of local ULIRG. This also highlights the importance of a fair
comparison between the observed efficiencies and the cosmological models
predictions (see Harrison et al. 2018, for a discussion).
By using the optical [S II ]λλ6717,31/Hα and the [O I ]λ6300/Hα and
the NIR [Fe II ]λ1.257/Paβ line-ratio diagnostics we find that the AGN-ISM
interaction is driving shocks within the ISM. In particular, the comparison
between model grids and the observed optical line ratios in the BPT
diagrams indicates that the broad components of the warm ionized gas are
being ionized by fast shocks with velocities vs ≥400-500 km s−1 , possibly
reaching few thousands km s−1 . These velocities are compatible with the
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width of the broad components and suggest that shocks are a feasible
mechanism to accelerate the warm ionized gas to high velocities.
By studying the Mg II absorption and the H2 emission lines we find
that the absorbing low-ionization ISM and warm molecular gas do not show
signs of outflowing and/or kinematically disturbed gas. In addition, past H I
observations of the nuclear region of the host galaxy did not find outflowing
gas in the atomic phase (Véron-Cetty et al. 2000). This is at odds with
other compact, steep-spectrum radio sources that are known to host ionized
gas outflows, which usually show massive cold gas outflows (Morganti et al.
2005a; Dasyra & Combes 2012; Morganti et al. 2013; Tadhunter et al. 2014;
Morganti et al. 2015). By integrating our findings with information on
other compact radio galaxies from the literature, we suggest that the lack
of cold outflowing gas in PKS B1934-63 might be explained by the fact that
the shock-ionized outflowing gas did not have enough time to cool down
given the young age of the radio source and, thus, the fact that the AGNISM interaction occurred recently. It is also possible that a fraction of the
outflowing gas is in a hotter phase (e.g. T∼ 107 K) which is missed by our
observations. Our results strengthen the hypothesis that, in general, during
an AGN-ISM interaction the AGN drives shocks within the ISM, and cold
gas is formed in situ within the outflowing material. New observations
probing the cold molecular gas (i.e. CO) in PKS B1934-63 will be crucial
for completing the picture on the presence and kinematics of the colder gas
phase.
Our work shows how a systematic and detailed characterization of the
multi-phase properties of the outflows in compact young radio galaxies
offers the possibility to study the origin of cold gas within outflows and
has the potential to shed light on the relevance of AGN feedback operated
by jets on galactic scales.
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Appendix 6.A

Stellar population and line fitting

This appendix includes the results of the stellar population and emission
lines modelling. In the following we describe in more detail the fitting
procedure for some of the spectral lines.
In the case of the Mg II λλ2795,2802Å doublet, the ISM Mg II absorption lines are superimposed to the emission lines due to the AGN
light. For each line of the doublet we use a Gaussian function to model
the AGN emission and a Gaussian function to model the ISM absorption
(see Fig. 6.12). The separation between the two emission and absorption
components is fixed according to the laboratory rest wavelengths of the
doublet, in addition we fix their sigma to be the same. We find that the
Mg II emission is fit by a Gaussian with FWHM=1245±99 km s−1 and a
velocity shift v=−53 ± 35 km s−1 while the absorption component has a
FWHM=200±38 km s−1 and a velocity shift v=14±36 km s−1 .
In the case of the [N II ] and [O I ] lines we fix the [N II ]λ6584/λ6548 and
the [O I ]λ6300/λ6363 line ratios to be equal to 3 according to atomic physics
(Osterbrock & Ferland 2006). The [O II ]λ7319/λ7330 line ratio is fixed to
be 1.24 because it is found not to vary with density. The [O II ]λ3729/λ3726
and the [S II ]λ6717/λ6731 ratios are limited within their theoretical values
at low and high densities (Osterbrock & Ferland 2006). We also limit
the [S II ]λ4069/λ4076 ratio to be in the range 3.01-3.28 according to the
calculation made by Rose et al. (2018) at different densities.
The [O I ]λ6300Å line shows a different profile compared to all the other
forbidden emission lines and this is possibly due to contamination coming
from the [S III ]λ6312Å line. Considering the flux of the [S III ]λ9531Å
emission line we can predict the minimum total flux and peak emission
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expected for the [S III ]λ6312Å line. To do this we assume the lower
value that the [S III ] 9531/6312 line ratio reaches in the high temperature
regime (see Osterbrock & Ferland 2006). We find that we expect to
detect the emission of the [S III ]λ6312Å line in the nuclear spectrum of
PKS B1934-63. In fact, we predict that the [S III ]λ6312Å line should
have a total flux higher than 17.5×10−17 erg s−1 cm−2 and a line peak
(assuming the four kinematical components of the [O III ] model) greater
than about 3×10−17 erg s−1 cm−2 Å−1 . For this reason, when fitting the
[O I ]λλ6300-63Å doublet we include also a [S III ]λ6312Å component that
is well reproduced using only the intermediate component of the [O III ]
model (see Fig. 6.18).
In the fit of the [O II ]λλ7319,30Å we also introduce and additional
Gaussian component to take into account the emission of the [O II ]λ7381Å
emission in the red wing of the doublet. In the same way we take into
account the emission of the H2 S(4)1-0 line in the fit of the Paα line profile.

Figure 6.11 – Nuclear spectrum (black solid line), best model (red solid line) for the continuum emission and residual (green
points). The masked regions in correspondence of emission lines are indicated in blue. The observed spectrum is smoothed with
a box of 3Å.
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Table 6.3 – Table reporting the fluxes of the four kinematical components of each fitted line. The fluxes are in units of
10−17 erg s−1 cm−2 . The first and second column indicates the emission line ID and rest frame wavelength respectively. The error
on the reported fluxes is about 10%.
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Figure 6.12 – The Mg IIλλ2795,2802Å lines (black solid line) and best fit model (red
solid line). Each line is fitted with one Gaussian component to take into account the
emission (green dot-dashed line) and one Gaussian component to take into account the
absorption (blue dashed line). The residuals of the fit are normalized and plotted below
the spectrum (black dot-dashed line). The vertical dashed lines mark the restframe
wavelength of the fitted emission lines.
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Figure 6.13 – [O II]λλ3726,29Å emission lines (black solid line) and best fit model (red
solid line). Each line is modeled using the [O III] model, the 1N and 2N components are
plotted together with the green dotted line, the I component is the gold dot-dashed line,
the VB component is the blue dashed line. The residuals of the fit are normalized and
plotted below the spectrum (black dot-dashed line). The vertical dashed lines mark the
restframe wavelength of the fitted emission lines.
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Figure 6.14 – [O II]λλ7319,30Å and [O II]λ7381Å emission lines (black solid line) and
best fit model (red solid line). Each line of the [O II]λλ7320-30Å doublet is modeled
using the [O III] model, the 1N and 2N components are plotted together with the green
dotted line, the I component is the gold dot-dashed line, the VB component is the blue
dashed line. The [O II]λ7381Å line is modeled with a single Gaussian function indicated
by the magenta dot-dot-dot-dashed line. The residuals of the fit are normalized and
plotted below the spectrum (black dot-dashed line). The vertical dashed lines mark the
restframe wavelength of the fitted emission lines.
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Figure 6.15 – [S II]λλ4069,76Å and Hδ emission lines (black solid line) and best fit model
(red solid line). Each line is modeled using the [O III] model, the 1N and 2N components
are plotted together with the green dotted line, the I component is the gold dot-dashed
line, the VB component is the blue dashed line. The residuals of the fit are normalized
and plotted below the spectrum (black dot-dashed line). The vertical dashed lines mark
the restframe wavelength of the fitted emission lines.
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Figure 6.16 – [S II]λλ6717,31Å emission lines (black solid line) and best fit model (red
solid line). Each line is modeled using the [O III] model, the 1N and 2N components are
plotted together with the green dotted line, the I component is the gold dot-dashed line,
the VB component is the blue dashed line. The residuals of the fit are normalized and
plotted below the spectrum (black dot-dashed line). The vertical dashed lines mark the
restframe wavelength of the fitted emission lines.
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Figure 6.17 – Hα and [N II]λλ6548-84Å emission lines (black solid line) and best fit
model (red solid line). Each line is modeled using the [O III] model, the 1N and 2N
components are plotted together with the green dotted line, the I component is the gold
dot-dashed line, the VB component is the blue dashed line. The residuals of the fit are
normalized and plotted below the spectrum (black dot-dashed line). The vertical dashed
lines mark the restframe wavelength of the fitted emission lines.
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Figure 6.18 – [O I]λλ6300-63Å and [S III]λ6312Å emission lines (black solid line) and
best fit model (red solid line). Each line of the [O I]λλ6300-63Å doublet is modeled using
the [O III] model, the 1N and 2N components are plotted together with the green dotted
line, the I component is the gold dot-dashed line, the VB component is the blue dashed
line. The [S III]λ6312Å line is modeled with a single Gaussian function indicated by
the magenta dot-dot-dot-dashed line. The residuals of the fit are normalized and plotted
below the spectrum (black dot-dashed line). The vertical dashed lines mark the restframe
wavelength of the fitted emission lines.
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Figure 6.19 – Paα and H2 S(4)1-0 emission lines (black solid line) and best fit model (red
solid line). The Paα line is modeled using the [O III] model, the 1N and 2N components
are plotted together with the green dotted line, the B component is the gold dot-dashed
line, the VB component is the blue dashed line. The H2 S(4)1-0 is modeled with a single
Gaussian function indicated by the magenta dot-dot-dot-dashed line. The residuals of the
fit are normalized and plotted below the spectrum (black dot-dashed line). The vertical
dashed lines mark the restframe wavelength of the fitted emission lines.
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Figure 6.20 – [S III]λ9531Å emission line (black solid line) and best fit model (red
solid line). The [S III]λ9531Å line is modeled using the [O III] model, the 1N and 2N
components are plotted together with the green dotted line, the I component is the gold
dot-dashed line, the VB component is the blue dashed line. The residuals of the fit are
normalized and plotted below the spectrum (black dot-dashed line). The vertical dashed
lines mark the restframe wavelength of the fitted emission line.

Figure 6.21 – Section of the nuclear spectrum of PKS B1934-63 showing the
Fe II 1.257 µm (left panel ) and the Paβ (right panel ) emission lines (black solid line).
The best model is shown with the red solid line. The residuals of the fit are normalized
and plotted below the spectrum (black dot-dashed line). The vertical dashed lines marks
the restframe wavelength of the emission line. For the Paβ the model includes: two
narrow components (green dotted line) and a broad component (blue dashed line).

“How few people are now enjoying with me
the sublime spectacle that
the heavens spread out, in vain, for drowsy men.”
Francois Xavier De Maistre, Night voyage around my room.

“Cosı̀ pochi si deliziano allo spettacolo sublime
che il cielo apparecchia invano
per un’umanità addormentata.”
Francois Xavier De Maistre, Spedizione notturna intorno alla mia camera.
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Abstract
Gas is one of the crucial components involved in both the feeding and the
feedback of active galactic nuclei (AGN). It can be found in different phases,
and whether and how these phases are linked is still a matter of debate. In
this chapter, we focus on the warm ionized and the atomic gas in a sample
of 248 radio galaxies with radio powers in the interval P1.4GHz =1022.5 1026.2 W Hz−1 .
We use SDSS spectroscopic data to study the occurrence and the
kinematics of the ionized gas, via detailed modeling of the [O III ]λ5007Å
emission line. We compare the properties of the ionized gas to the radio
continuum and to the H I properties of the sample derived from previous
studies.
The detection rate of ionized gas is 68+5
−6 % in the entire sample. We find
that sources showing a compact radio morphology have an higher ionized
gas detection rate (78.6+6
−7.8 %) compared to sources with extended radio
+9
morphology (52.7−9 %). Similarly, a higher H I detection rate has been
reported for such sources and, together with our result, indicates that these
newly born radio AGN are expanding through a gas-rich and multi-phase
ISM.
We find indications that the radio power, and thus the mechanical
energy injected into the ISM by the radio source, might have a major role
in determining the kinematics of both the H I and the ionized ISM.
While for most of the sources in our sample the H I is in regularly
rotating structures (line width .430 km s−1 ), the ionized gas appears
to be more sensitive to the interaction with the central AGN and shows
broader lines. The kinematics of the H I and the ionized gas correlate only
for the radio galaxies that show kinematically disturbed H I (line width
&430 km s−1 ). These are compact and powerful radio sources and we find
that they are more likely to drive multi-phase gas outflows.
The galaxies that, from an optical point of view, show the clearest signs
of AGN-ISM interaction, with [O III ]λ5007Å emission lines broader then
about 700 km s−1 , are all found among H I non-detections. This potentially
indicates that when the AGN-ISM interaction is more effective, it is able
to ionize most of the H I within the ISM.
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Introduction

Active galactic nuclei (AGN) are fundamental in galaxy evolution. Theoretical models invoke the interaction between the energy released by AGN
and the interstellar medium (ISM) of the host galaxies to explain scaling
relations, the quenching of the star formation in massive elliptical galaxies
and many other characteristics of local galaxies and their halos (see e.g.
Di Matteo et al. 2005; Best et al. 2005; Ciotti et al. 2010; Bongiorno et al.
2016, and reference therein).
The gas within the ISM of a galaxy hosting an AGN is one of the best
means to probe the AGN activity and its impact on galaxy evolution. Gas
can been found in the molecular (i.e. CO, H2 ), atomic (i.e. H I ) and ionized
phase. It provides the fuel for the AGN activity and, at the same time, is
affected by the energy released by the AGN (i.e. AGN feedback).
Feedback from an AGN can operate via winds (i.e. radiative mode),
driven by the accretion disk of the super-massive black hole (SMBH), and
via the expansion of radio jets/lobes (i.e. mechanical mode) into the ISM
(see McNamara & Nulsen 2012; Fabian 2012, and references therein). Both
these feedback modes are able to strongly affect the gas kinematics and
ionization, driving gas outflows at small and large scales. In line with
this, a constantly increasing number of observations report the detection of
AGN-driven outflows traced in different gas phases (see Fiore et al. 2017,
for a collection of outflows form the literature).
On the other hand, the kinematics of the ISM at different scales is also
connected, directly or indirectly, to the fueling of the SMBH. A number of
processes, e.g. mergers and streaming motions, transfers gas from galactic
scales to the nuclear regions (see Hopkins et al. 2008; Storchi-Bergmann
et al. 2003, 2007; Ramos Almeida et al. 2011; Couto et al. 2016). In the
central regions, circum-nuclear disks of gas have been detected in different
gas phases (ionized, atomic and molecular; see e.g. Dumas et al. 2007; Hicks
et al. 2013; Garcı́a-Burillo et al. 2014; Maccagni et al. 2017) and are thought
to be the structures from which the central black hole feeds.
Whether and how the different gas phases are linked in these nuclear
processes is still a matter of debate, in this chapter we focus on the ionized
and the atomic phase of the ISM.
Thanks to past and recent studies, it has become clear that the warm
ionized gas often traces gas residing in the narrow line regions (NLR) of
the AGN which are illuminated by the radiation of the AGN accretion disk
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and often outflowing. Ionized gas outflows are commonly studied using
the [O III ]λ5007Å emission line and they seem to be ubiquitous at high
AGN luminosities (see e.g. Westmoquette et al. 2012; Rodrı́guez Zaurı́n
et al. 2013; Brusa et al. 2015; Bischetti et al. 2017). In most cases, these
outflows are limited to the inner 1 kpc of the host galaxy (Husemann
et al. 2016). However, recent studies have shown more extended outflows
(Harrison et al. 2014; Husemann et al. 2016) and cases of very extended
outflows associated with galaxies with radio jets have been found (Nesvadba
et al. 2017). Mullaney et al. (2013) investigated a large sample of opticallyselected AGN and showed that the power of the radio jets plays a major
role in determining the kinematics of the ionized gas. In addition, they
find that sources with compact radio morphology, still buried in the host
galaxies, are likely to be more active in disturbing the surrounding ISM.
On the other hand, H I gas usually traces regular rotating gas at both
large and small galactic scales. However, it can also be found infalling,
possibly related to the feeding of the SMBH, or outflowing when fast cooling
follows the interaction that produces the outflow. The number of AGN
studied in H I is more limited and the atomic gas is usually detected in
absorption against the radio continuum of the source (e.g. Chandola et al.
2013; Geréb et al. 2015a; Maccagni et al. 2017, and references therein). Past
studies have shown that outflowing H I gas is often co-spatial with radio
jets/lobes (Morganti et al. 2005b,a; Teng et al. 2013). Maccagni et al. (2017)
and Geréb et al. (2015a) studied a sample of local radio galaxies, with radio
powers in the range P1.4GHz =1022.5 -1026.2 WHz−1 . They observed a variety
of H I absorption profile shapes and found regular rotation, associated
with large-scales or circum-nuclear disks, and, in addition, kinematically
disturbed outflowing gas. Moreover, they showed that H I with disturbed
kinematics is associated with galaxies with high radio power and compact
radio morphology.
Unfortunately, we are lacking studies that perform a direct comparison
between the kinematics of the H I and the kinematics of the ionized gas in
samples of radio galaxies. H I is one of the possible tracer of the neutral
ISM and the few attempts that have been made to compare the kinematics
of the ionized and neutral gas in the same objects use the sodium NaI D
absorption lines. This element has a ionization potential comparable to the
H I and traces gas that is about in the same conditions as the H I . So far,
the studies that have compared the kinematics of the neutral and ionized
gas mainly focus on ultraluminous infrared galaxies (ULIRG), which only
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in a few cases host an AGN (see e.g. Rupke & Veilleux 2013; Cazzoli et al.
2016). For the AGN in the ULIRG sample of Cazzoli et al. (2016) there is no
correlation between the velocity dispersion of ionized and neutral gas, with
the ionized gas showing systematically higher values. On the other hand,
some of the spatially resolved AGN-driven outflows in the ULIRG sample
of Rupke & Veilleux (2013) show a good correlation between the velocities
(and the velocity dispersions) of the ionized and neutral gas. Rupke et al.
(2017) found outflows of ionized and neutral gas with opposite orientations
and a small spatial overlap, possibly due to dusty gas and obscuration in the
outflow. More recently, Bae & Woo (2017) reported that the kinematical
properties and the occurrence of NaI D outflows are similar in star forming
galaxies and AGN, and found no correlation between the kinematics of the
atomic and ionized gas. On the other hand, Lehnert et al. (2011) detected
NaI D outflows in a large sample of extended radio galaxies and found
neutral gas outflows which are potentially driven by the jet mechanical
power.
As the discordant results show, the link between neutral and ionized gas
in AGN is far from being understood and connecting these two gas phases to
e.g. the power of the radio source and/or the luminosity of the optical AGN
can help to disentangle the effects and to identify the structure of the central
regions of AGN. In this chapter we study the ISM in a sample of 248 radio
galaxies in the local Universe and perform a direct comparison between the
properties of the neutral gas, traced by the H I , and the properties of the
ionized gas.

7.1.1

The sample

In this chapter we investigate, from an optical perspective, the sample
studied by Geréb et al. (2015a) and Maccagni et al. (2017). This sample
consists of 248 radio galaxies in the redshift range 0.02 < z < 0.25 and with
radio powers P1.4GHz in the interval 1022.5 -1026.2 W Hz−1 . The sample has
been observed with the Westerbork Synthesis Radio Telescope (WSRT) to
study the occurrence and kinematics of the H I atomic gas. The sources
have been originally selected 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). We can, thus, use SDSS data to derive the optical
properties of the galaxies and the kinematics of the ionized gas.

Chapter 7. The relation between atomic and ionized gas in a sample of 248
184
nearby radio galaxies
By probing the H I absorption against the sources radio continuum,
Geréb et al. (2015a) have detected H I gas in about 30% of the sources.
They model the H I absorption line with the busy function (Westmeier et al.
2014) and use the full width at 20 percent of the peak flux (i.e. FW20(H I ))
as the best indicator for the atomic gas kinematics. The H I line profiles
have a broad variety of widths, shapes, and kinematical properties which are
attributed to H I gas associated with different structures, such as regularly
rotating discs, gas clouds, and outflows. Outflow candidates are found
among sources with high radio power (logP1.4GHz > 24 W Hz−1 ), while
blueshifted and broad/asymmetric lines are more often present among
compact young radio sources (see also the results from the spectral stacking
in Geréb et al. 2015b). Chandola & Saikia (2017) investigated the optical
and IR properties of this sample and found a higher H I detection rates for
galaxies with red W2−W3 WISE color and a compact radio morphology.
They also suggest and higher H I detection rate among sources that are
optically classified as high-excitation radio galaxies according to the scheme
of Best & Heckman (2012).
Maccagni et al. (2017) have confirmed the results of Geréb et al. (2015a)
and expanded the sample to lower radio powers. They studied the infrared
properties of the extended sample using WISE colors and found that dustpoor galaxies show H I profiles compatible with gas in a rotating disk while
mid-infrared (MIR) bright sources have a higher H I detection rate and
often show broad H I lines.
Our main aim is to characterize the kinematics and the excitation of
the ionized gas in the sources of the sample presented by Maccagni et al.
(2017) and connect this information to their H I , radio and mid-infrared
properties. The available SDSS spectra allows us to study the ionized gas
via the Hβ, [O III ]λ5007Å, Hα and [N II ]λλ6548,84Å emission lines.
In the following, we divide the sources in compact and extended based
on their radio morphology and according to the classification of Maccagni
et al. (2017). A large fraction of the compact sources are young radio
galaxies (de Vries et al. 2009). We also adopt Maccagni et al. (2017)
classification based on the WISE color-color plot and their separation
between dust-poor and mid-IR (MIR) bright sources (i.e. 12 µm bright
and 4.6 µm bright). Dust-poor sources are passive red-sequence galaxies
dominated by an old stellar population. MIR bright sources include 12 µm
bright galaxies, showing MIR emission enhanced by the dust continuum
and polycyclic-aromatic hydrocarbons (PAHs), and 4.6 µm bright galaxies,
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which are AGN with a dust-rich circum-nuclear region heated by the nuclear
activity. Based on the results of Maccagni et al. (2017), we also divide the
sources in H I detection and H I non-detection. As already pointed out by
Maccagni et al. (2017), nine sources show clear signs of merger/interaction
and are classified as interacting after visual inspection of their SDSS images.
In these cases, the kinematics of the gas (both ionized and atomic) can be
dominated by tidal motions related to the interaction. For this reason, in
the same way as Maccagni et al. (2017), we will treat the interacting sources
as a separate category and not include them in our considerations about
the gas kinematics.

7.2

Data Analysis and Results

We have taken spectra for all the sources of our sample from the SDSSDR12 catalogue (Alam et al. 2015). The spectra cover the wavelength range
3800-9200Å with an average spectral resolution of about 160 km s−1 . The
accuracy on the wavelength calibration is <5 km s−1 .
The properties of the emission lines (e.g. width, flux) are available from
the automatic SDSS pipeline for each object in our sample. However, this
pipeline provides only a single-component fit of the ionized gas emission
lines. A first visual inspection of the spectra already indicates that, when
emission lines are present, they have complex line profiles which require
multiple kinematical components for proper modeling. For this reason we
have re-processed the SDSS spectra with our fitting procedure to extract
more reliable information on the kinematics and excitation of the ionized
gas using the Hβ, [O III ]λλ4958,5007Å, Hα and [N II ]λλ6548,84Å emission
lines.

7.2.1

Stellar population and emission lines modeling

Considering that in a number of objects the emission lines are weak and the
stellar continuum dominates (see Fig. 7.8 in the Appendix 7.A), we perform
a detailed fitting of the stellar continuum. We model the stellar continuum
using pPXF (Cappellari 2017) in combination with single stellar population
models (SSP) from the 2016 version of the spectral synthesis results of
(Bruzual & Charlot 2003). We use stellar populations with old (OSP: 11
and 12.3 Gyr), intermediate (ISP: 0.29, 0.64, 0.90, 1.4, 2.5 and 5 Gyr) and
young (YSP: 5, 25 and 100 Myr) ages. All the SSP assume a Chabrier
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initial mass function (IMF), solar metallicity and instantaneous starburst.
We shift the spectra to the restframe using the SDSS spectroscopic redshift
estimate and, during the fitting procedure, we mask the spectral regions
corresponding to the [O II ]λλ3726,28Å, Hδ, Hγ, Hβ, [O III ]λλ4958,5007Å,
[O I ]λ6300Å, [N II ]λλ6548,84Å, Hα and [S II ]λλ6717,30Å emission lines.
As shown in Fig. 7.8 in Appendix 7.A, this procedure reproduces the stellar
continuum of our objects well, including the cases where strong emission
lines are present.
We find that the continuum spectrum of 17 out of 248 sources (about
6,8%) show signs of a young stellar population (i.e. total contribution
of the YSP models greater then 10%). These sources are indicated in
Table 7.2 in Appendix 7.A. Only two among these sources show signs of
merger/interaction. Most of these sources (13/17, 76%) have high radio
powers (log P1.4GHz > 24 W Hz−1 ) and 14 out of 17 sources are 12µm-bright
indicating the presence of dust heated by the star formation activity.
After subtracting the best model of the stellar continuum given by
pPXF, we perform the modeling of the emission lines. The lines are
modeled using Gaussian functions and custom-made IDL routines based
on the MPFIT fitting routine (Markwardt 2009). As reference model
for the fitting of the emission lines, we use the [O III ]λλ4958,5007Å
doublet which is usually the strongest spectral feature associated with the
ionized gas and it is not affected by contamination with other emission
lines. Each kinematical component of the model consists of two Gaussian
functions with the same width and fixed separation and relative flux
(F[O III ]4958 =1/3×F[O III ]5007 ) according to atomic physics. We start by
fitting each line of the doublet with one Gaussian component and add up
to two extra Gaussian components to allow our procedure to fit complex
line profiles with broad wings. We are mainly interested in characterizing
the sources where the [O III ]λ5007Å is detected and allows us to study the
kinematics of the ionized gas. We consider the [O III ]λ5007Å emission line
detected when the peak of the emission line model is higher than 3 times
the standard deviation of the model residuals. In Fig. 7.1 we show some
of the results of our fitting procedure for the [O III ]λλ4958,5007Å doublet.
When the [O III ]λ5007Å line is not detected in the spectrum of a source,
we do not perform the fit of the remaining lines and classify the source
as an [O III ] non-detection. When the [O III ]λ5007Å line is detected we
classify the source as an [O III ] detection and we proceed with fitting the
other emission lines. In our sample we find 169 [O III ] detections and 79
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[O III ] non-detections. We report the statistics of the [O III ] detections and
[O III ] non-detections in Table 7.1.
The best model of the [O III ] line is used to fit the Hβ line. To take into
account possible Hβ broad emission coming from the Broad Line Region
(BLR) of Type 1 objects, we allow one more broad Gaussian component in
the fit of the Hβ line if needed.
Every time we add a Gaussian component in our fitting procedure, any
change in χ2 is evaluated with an F-Test to establish whether this provides
a better fit at a confidence level >99 per cent.
Finally, we fit the [N II ]λλ6548,84Å and the Hα lines together. Each
kinematical component of the model is made by three Gaussian functions
with fixed separation according to atomic physics and the same line width.
We also fix the relative line ratio of the two Gaussian functions associated
with the [N II ] lines (F[N II ]5648 =1/3×F[N II ]5684 ). Each emission line is
fit using the best model for the [O III ] line. We include an extra broad
Gaussian component to fit the Hα line when an additional broad component
is needed for the fit of the Hβ line.
We extract the fluxes of the different emission lines considering the
summed flux of all the components needed to model the line. If an
additional broad component is needed to fit the Hβ and Hα line, we extract
the flux of these lines only from the components of the [O III ] model. In this
way our line fluxes are not affected by the light coming from the BLR of the
AGN. The total line flux of the Hβ, [O III ]λ5007Å, Hα and [N II ]λ6584Å
emission lines are reported in Table 7.2 in Appendix 7.A.
We register three cases of Type 1 object and three cases in which
our fitting procedure does not give a reliable fit for the emission lines.
These sources are indicated in Table 7.2 in Appendix 7.A. The sources
with unreliable line fits are excluded from our investigation.

7.2.2

The properties of the ionized gas

In this section we investigate the occurrence and characteristics of the
ionized gas in different classes of sources defined based on their radio, MIR
and H I properties.

Chapter 7. The relation between atomic and ionized gas in a sample of 248
188
nearby radio galaxies

Figure 7.1 – The [O III]λλ4958,5007Å doublet (black solid line) and best model (red solid
line) given by our fitting procedure for four representative galaxies in our sample. Our
fitting procedure can fit up to three Gaussian component (blue dashed lines) to reproduce
the doublet line profile. The residuals of the fit are normalized and plotted below
each spectrum (black dot-dashed line). The vertical dashed lines marks the restframe
wavelength of the emission lines.
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In Table 7.1 we report the detection rate of the [O III ]λ5007Å emission
line in the different classes of sources and in the overall sample. We classify
the sources based on their radio morphology, radio power, occurrence of H I ,
and WISE colors following the classification of Maccagni et al. (2017) (see
Sec. 7.1.1 for details on the different classes). Based on the radio power1 ,
we classify as high radio power the sources with logP1.4GHz > 24 W Hz−1
and as low radio power the sources with logP1.4GHz < 24 W Hz−1 . The
errors on the [O III ]detection rates are calculated as the 95% confidence
level of a binomial proportion following the approach of Cameron (2011).
The detection rate of the [O III ]λ5007Å emission line in our sample
is 68+5
−6 %. This is similar to the ionized gas detection rate for nearby
early-type galaxies in the ATLAS3D sample (i.e. 73 ± 3%, Davis et al.
2011). These galaxies can be considered similar to the host galaxies of our
radio sources (see Fig. 9 in Maccagni et al. 2017). The detection rate of
ionized gas is higher than the detection rate found for the atomic gas (i.e.
27±5.5%, Maccagni et al. 2017). This might be explained by the difference
between the observational techniques used to observe to two gas phases.
The ionized gas is observed by means of its emission lines coming from the
inner 3 arcsec region of the host galaxy covered by the SDSS fiber. On the
other hand, the H I gas is observed in absorption against the continuum
of the radio sources and typically probes the inner 1 arcsec region of the
host galaxies. In addition, the WSRT observations are shallow and might
miss low column density atomic gas, as also pointed out by the stacking
experiment in Maccagni et al. (2017).
We find a higher [O III ] detection rate in sources with low radio power,
most of the [O III ] non-detections are, thus, high power radio galaxies. The
[O III ] detection rate is slightly higher, but at a low significance level, in
the case of sources with an H I detection, however a larger sample is needed
to confirm whether this trend is real. Therefore, the occurrence of H I gas
in the host galaxies of our radio sources is not strongly connected to the
occurrence of ionized gas. We find a higher [O III ] detection rate for the
compact sources when compared to the extended ones. This is in line with
the higher H I detection rate found for this class of sources (Maccagni et al.
2017) and indicates a gas rich and multi-phase ISM.
In Fig. 7.2 we present the diagnostic diagram originally introduced by
Baldwin et al. (1981) for the [O III ] detections in our sample, we refer to
1
In Maccagni et al. (2017) radio powers are estimated using the FIRST total radio
flux.
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this as the BPT diagram from now on. For one galaxy among the [O III ]
detections, we do not detect the [N II ]λλ6548,84Å and the Hα lines and
this galaxy is not reported in the BPT diagram.
The BPT diagram is an effective tool to discriminate whether the
dominant ionization source of the gas is the light from an AGN or from
star formation activity. Most of our [O III ] detections are found in the
AGN region of the BPT diagram (i.e. the region covered by Seyfert and
LINER classes) while only few sources show line ratios that are compatible
with star formation. This is in agreement with our analysis of the sources’
continuum spectra (i.e. only ∼ 7% of the sources shows signs of a young
stellar population), and with the results of Maccagni et al. (2017) who
found that most of the sources lie above the MIR-radio relation, suggesting
that the bulk of their radio emission comes from the central AGN rather
then star formation. The optical line ratios confirm that the star formation
activity in our radio galaxies is low and, as shown by the BPT diagram,
has a limited effect on the ionization of the ISM.
As is clear from Fig. 7.2, there is no distinction between the H I
detections and H I non-detections in the BPT diagram: both classes have
line ratios typically associated with an AGN-related mechanism ionizing
the gas, namely photoionization from the AGN accretion disk’s radiation
or AGN-driven shocks. We also do not find any clear distinction among
the sources’ line ratios as a function of the radio power (i.e. high and low
radio power), the radio morphology (i.e. compact and extended) or the H I
kinematics (i.e. narrow and broad lines).
Based on line ratios, Best & Heckman (2012) divided radio galaxies
in high-excitation (HERG) and low-excitation (LERG), connecting these
two classes to different AGN accretion modes. The sample of Best &
Heckman (2012) includes 206 galaxies of our sample which have been
classified according to this scheme. In particular, the majority of these
sources (190 objects) have been classified as LERG while only 16 sources
are HERG. The H I detection rates in these two classes are comparable
within the errors. The H I detection rate for the HERG is 37+24
−19 % (i.e.
+4
6/16), while for the LERG is 22−6 % (i.e. 42/190). Chandola & Saikia
(2017) suggested that there are indications of an higher H I detection rate
for the HERG. Our results show that, by increasing the statistics, the H I
detection rate of the HERG becomes lower and comparable to the one of
the LERG.
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Figure 7.2 – BPT diagram of the sources classified according to the occurrence of the
H I. H I detections are marked by the blue points, H I non-detections are indicated by the
red points while the Interacting sources are in green. Limits are indicated with triangles
at the extremity of error bars. The solid curve is the Kewley et al. (2001) maximum
starburst line. The dashed curve is the semi-empirical Kauffmann et al. (2003) line. The
solid line is the empirical Schawinski et al. (2007) line separating Seyfert from LINERS.
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In Fig. 7.3 we reproduce the WISE color-color diagram presented by
Maccagni et al. (2017) for the sources of our sample. The [3.4]-[4.6] WISE
color is sensitive to dust heating by an AGN (Jarrett et al. 2011) and can
be used to isolate dusty AGN that might escape optical detection due to
dust obscuration (Jarrett et al. 2011; Mateos et al. 2012; Assef et al. 2013;
Gürkan et al. 2014). In the upper panel of Fig. 7.3 it is possible to see that
some of the [O III ] non-detections have red [3.4]-[4.6] WISE colors and are
potentially AGN that in the optical are missed due to obscuration effects.
Only two among these sources have an H I detection. For this reason we
are confident that we are not missing ionized gas due to obscuration effects
when studying the optical properties of the galaxies detected in H I . The
distribution of the different spectroscopic types of galaxies, defined based on
the BPT diagram, in the WISE color-color diagram (lower panel of Fig. 7.3)
is in general agreement with what found by Weston et al. (2017) using a
large sample of galaxies from the SDSS, with Seyfert galaxies among the
objects showing higher [3.4]-[4.6] color.
Maccagni et al. (2017) found sources showing disturbed H I kinematics (FW20(H I )&400 km s−1 ) only among high radio power galaxies
(logP1.4GHz > 24 W Hz−1 ), indicating that the mechanical energy injected
by the radio source affects the kinematics of the H I . Thanks to the optical
data we can investigate whether also the radiative power of the AGN has
an influence on the H I kinematics. The total [O III ]λ5007Å luminosity
(L[O III ]) is a good indicator of the bolometric luminosity of the AGN
(e.g. Heckman et al. 2005) and thus of its radiative power. We estimate the
L[O III ] considering the [O III ]λ5007Å total line flux and the SDSS redshift.
We also take into account the dust reddening using the Hα/Hβ line ratio
and assuming the reddening curve by Cardelli et al. (1989).
In Fig. 7.4 we present the relation between the H I kinematics and
the L[O III ], dividing the [O III ] detections of our sample in high radio
power and low radio power sources. It should be noted that among the
H I detections we have 10 [O III ] non-detections for which is not possible to
derive the L[O III ]. These sources tend to have high radio powers (i.e. 8 high
radio power and 2 low radio power sources) and none of them has a broad
H I line. We find that the sources with disturbed H I kinematics have not
only high radio powers (Maccagni et al. 2017) but also high L[O III ]. Both
the high and the low radio power sources show higher velocity dispersions
with increasing L[O III ], however excluding the high radio power sources
from the plot in Fig. 7.4 there is no sign of sources with broad H I lines at
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Figure 7.3 – WISE color-color plot for the sources of our sample. In the upper panel we
distinguish between [O III] detections, [O III] non-detections and interacting galaxies (see
Sec.7.2.1 for details). In the lower panel we color code the sources based on their BPT
class, interacting sources are not considered. As a reference we plot with solid lines the
color cuts defined by Mingo et al. (2016) and used by Maccagni et al. (2017) to determine
the different MIR classes of galaxies.
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Figure 7.4 – L[O III] vs. FW20(H I) for the sources of our sample in which both the
[O III ]an the H I are detected. Red points indicate the high radio power sources, blue
points indicate the low radio power sources and green points indicate the interacting
sources. The dashed horizontal line indicates the limit adopted by Maccagni et al. (2017)
to define kinematically disturbed H I gas.

high L[O III ]. This indicates that the radio power, and thus the mechanical
energy injected into the ISM by the radio source, might be the main driver of
the H I kinematics, at least in the sources that show kinematically disturbed
HI.

7.2.3

Comparing the H I and ionized gas kinematics

In this section we investigate the relation between the kinematics of the
ionized gas and the kinematics of the atomic gas. In order to quantify
the kinematics of the ionized gas in a uniform way for all sources of our
sample, we estimate the flux-weighted average FWHM of the [O III ]λ5007Å
line (FWHM(OIII)AVG ) following the same approach of Mullaney et al.
(2013). This has the advantage of avoiding an arbitrary definition of ‘broad
component’ and gives us a single measurement of the [O III ]λ5007Å profile
width, regardless of the number of Gaussian functions needed to model the
line.
To verify whether the FWHM(OIII)AVG is underestimating the broadness of the [O III ]λ5007Å line profile in the presence of e.g. a broad but
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faint component, we extract the full width of the line model at different
cuts of the peak flux (20, 10 and 5 percent). We find that, for all the [O III ]
detections, the FWHM(OIII)AVG correlates well with these quantities and
thus is a good indicator of the ionized gas kinematics.
In Fig. 7.5 we compare the FWHM(OIII)AVG with the FW20(H I ) for
the [O III ] detections that are classified as H I detections. It is important to
remark that the results we discuss in this section hold only for the subsample
of sources where both the H I and the [O III ]λ5007Å lines are detected and
are not valid for the entire sample.
Maccagni et al. (2017) took the 3σ value of the distribution of the
galaxies rotational velocities in our sample as a limit above which H I
gas can be considered kinematically disturbed. We adopt the same value
(i.e. about 430 km s−1 ) to identify galaxies hosting kinematically disturbed
ionized gas.
We find that, in general, the [O III ]λ5007Å line tends to be broader
compared to the H I . The number of galaxies that in our sample show
kinematically disturbed ionized gas is clearly higher with respect to the
cases in which the H I is disturbed. This indicates that the central AGN
has a more direct impact on the kinematics of the ionized gas rather than
on the kinematics of the atomic gas. From Fig. 7.5 it can be noted that
most of the galaxies with disturbed ionized gas are radio galaxies with a
compact morphology.
All the galaxies with unsettled H I gas also show ionized gas with
disturbed kinematics. Even though the statistics is poor, in this class
of sources the kinematics of the atomic and of the ionized gas seems to
correlate suggesting that, more in general, an higher line width for the H I
might correspond to a higher line width for the [O III ]λ5007Å. We find
that the H I outflows candidates in our sample (see Geréb et al. 2015a)
are among these sources and, thus, show evidence of an ionized outflow
counterpart.
In general, we do not find a clear relation between the kinematics
of the ionized gas and the kinematics of the atomic gas in our sample.
Sources that have H I kinematics likely associated with ordered motions
(e.g. large scale or circum-nuclear disk, Maccagni et al. 2017) often show
kinematically disturbed ionized gas (i.e. FWHM(OIII)AVG & 430 km s−1 ).
This is particularly true for low power radio sources which tend to show
narrow H I lines (Maccagni et al. 2017). However, as already stresses
by Maccagni et al. (2017), in the case of low power sources there is a
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Figure 7.5 – Flux-weighted FWHM of the [O III]λ5007Å line (FWHM(OIII)AVG ) vs. H I
full width at 20 percent of the peak flux (FW20( H I)) for the sources of our sample with
both the [O III]λ5007Å and the H I detected. In the upper panel we distinguish between
high radio power and low radio power sources while in the lower panel we distinguish
between compact and extended radio sources. In both panels we outline with a different
color the interacting sources and the 1:1 relation is shown using the dot-dashed black
line. The dashed horizontal line indicates the limit adopted by Maccagni et al. (2017) to
define kinematically disturbed H I gas.
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chance that their observations are missing broad and shallow wings in the
absorption profiles of the H I and this possibility need to be investigated
with deeper radio observations.
Disturbed or outflowing H I can be found not only via broad H I absorption lines but also via narrower but blueshifted line profiles. Maccagni et al.
(2017) showed some cases of narrow H I profiles (FW20(H I )<430 km s−1 )
with a blueshifted centroid (shift < −100 km s−1 ) in our sample. To
probe the kinematics of the ionized gas for these sources, in Fig. 7.6 we
plot the H I centroid (i.e. v(H I )) vs. the width of the ionized gas (i.e.
FWHM(OIII)AVG ) and we find evidence of disturbed ionized gas. These
galaxies are preferentially high radio power sources with both compact and
extended morphology.

7.3

The kinematics of the ionizes gas

In our sample we find a high fraction of galaxies showing broad [O III ]λ5007Å
lines indicative of disturbed ionized gas. Out of the 160 sources for which we
detect the [O III ]λ5007Å emission line, 119 show kinematically disturbed
ionized gas (FWHM(OIII)AVG > 430 km s−1 ), corresponding to 74+6
−8 %
percent of the [O III ] detections. As a comparison sample we consider the
sample of Mullaney et al. (2013)2 and in particular the subset of AGN
that in their catalog have a radio counterpart in the FIRST survey (we
will call this the M13 sample). This includes galaxies with radio powers in
the range P1.4GHz ∼
=1020 -1027 W Hz−1 . We estimate that the fraction of
objects with FWHM(OIII)AVG >430 km s−1 in the M13 sample is about
30%, significantly lower than what we find for our sample.
In Fig. 7.7 we show how the FWHM(OIII)AVG of our sources varies
with the [O III ]λ5007Å luminosity (L[O III ]) and the radio power at 1.4GHz
(P1.4GHz ). In the same figure we also show, as a comparison, the sources of
the M13 sample.
To make a fair comparison, we make sure that the L[O III ] and the
P1.4GHz measurements for both our sources and the sources of the M13
sample are extracted in a similar way. The radio powers of our sources are
computed using the flux density of the FIRST catalog, for this reason for
the sample of Mullaney et al. (2013) we consider the radio powers extracted
from the FIRST fluxes that are available in their online catalog.
2

Available for download at https://sites.google.com/site/sdssalpaka/
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Figure 7.6 – Shift of the H I line centroid with respect to the systemic velocity (v(H I))
vs. flux-weighted FWHM of the [O III]λ5007Å line (FWHM(OIII)AVG ) for the sources
of our sample with both the [O III]λ5007Å and the H I detected. In the upper panel we
distinguish between high radio power and low radio power sources while in the lower panel
we distinguish between compact and extended radio sources. In both panels the dashed
line marks the zero and the ±100 km s−1 velocities. Interacting sources are outlined with
a different color.
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Figure 7.7 – Flux-weighted FWHM of the [O III]λ5007Å line (FWHM(OIII)AVG ) vs. the
[O III]λ5007Å luminosity (L[O III]) (upper panel) and the radio power (logP1.4GHz ) (lower
panel) for the sources of our sample and the sources of Mullaney et al. (2013) sample
with a FIRST counterpart. The sources of our sample are divided in H I detection (blue
points), H I non-detection (red points) and interacting (green points).
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The galaxies of our sample are initially selected to be radio sources
while the sample of Mullaney et al. (2013) is optically selected. As a result,
compared to the study of Mullaney et al. (2013), our sample is able to probe
the domain of radio galaxies with high radio power and low L[O III ] (i.e.
mostly classified as LERG). In agreement with Mullaney et al. (2013), we
find the highest FWHM(OIII)AVG values for sources with radio powers in
the range logP1.4GHz =23-24 W Hz−1 . However, among these sources there
are radio galaxies that have lower L[O III ] compared to the M13 sample.
Looking at Fig. 7.7 and considering both samples, the kinematics of the
ionized gas shows a more clear trend with the radio power rather then with
the L[O III ] of our sources.
Mullaney et al. (2013) defined an emission line as ‘extremely broad’
when it has FWHM(OIII)AVG >1000 km s−1 . They find that the fraction
of objects with extremely broad lines increases at higher radio powers,
going from ∼ 1.1% for the entire sample up to ∼ 5.5% for sources with
logP1.4GHz >23 W Hz−1 . In line with their findings, the fraction of
galaxies that in our sample have extremely broad lines and radio powers
logP1.4GHz > 23 W Hz−1 is about 3.7%. However, as can be seen in Fig. 7.7
we do not find galaxies with FWHM(OIII)AVG > 1300 km s−1 which are
instead present in the M13 sample. We argue that the lack of galaxies with
such FWHM(OIII)AVG in our sample can be attributed to the fact that,
due to our limited statistics, we are missing the more rare cases of extreme
outflows.
In Fig. 7.7 we distinguish our galaxies between the H I detections and
H I non-detections. It is possible to notice that the sources with higher
FWHM(OIII)AVG are all found among H I non-detections. As already
mentioned, this might be due in part to the limitation of the WSRT H I
observations that might miss small amount and/or low column density
H I and can only be improved with deeper observations of new surveys.
However, it is possible that the galaxies showing the broader [O III ]λ5007Å
lines are connected to cases in which the AGN-ISM interaction is stronger
and, as such, is more effective in ionizing the surrounding medium.

7.4

Discussion and conclusions

In this chapter we study the ionized gas in a sample of 248 radio galaxies in
relation to their H I content and their radio and IR properties. In addition,
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we investigate the link between the kinematics of the ionized and the H I
gas.
The detection rate of the ionized gas in our sample, based on the
detection of the [O III ]λ5007Å emission line, is 68+5
−6 %. This is compatible
with the ionized gas detection rate found for the ATLAS3D ETG galaxies
(73±3%, Davis et al. 2011) which can be considered similar to the host
galaxies of our radio sources. The detection rate of ionized gas in our sample
is higher compared to the detection rate of H I gas (27±5.5%) reported by
Maccagni et al. (2017). In addition, considering the ionized gas detection
rate among H I detections and H I non-detections, we find that the presence
of ionized gas is not strongly connected to the presence of H I gas within
the ISM of our galaxies. This can be due, in part, to the limitations of the
H I observations which are likely missing low column density gas, especially
in sources with low radio power (see Maccagni et al. 2017).
By studying the ionization state of the gas via the BPT diagram (see
Fig. 7.2), we find that star formation activity is low in our sample and,
thus, has a limited impact on both the ionization and the kinematics of the
ISM. The results of the galaxies’ continuum modeling indicate that young
stellar populations (i.e. ages <100 Myr) are present only in a small fraction
of our radio galaxies (about 7%), most of which have high radio powers.
This percentage is lower then what has been found in complete samples of
powerful radio galaxies by past studies at low and intermediate redshifts
(i.e. 15-30% Tadhunter et al. 2002; Wills et al. 2002, 2004; Holt et al. 2007).
We find a connection between the radio morphology of the sources
and the gas content of the host galaxies. In fact, compact radio sources,
extended on sub-galactic scales, have a higher H I (Maccagni et al. 2017)
and ionized gas detection rate, indicating a gas-rich and multi-phase ISM.
In addition, expanding the study of Maccagni et al. (2017), we investigate
the kinematics of the H I gas in relation to the L[O III ] and find that the
radio power might be the main driver of the H I kinematics, especially for
the sources showing H I with disturbed kinematics (see Fig. 7.4).
To model the [O III ]λ5007Å emission line we use up to three Gaussian
functions. The kinematics of the ionized gas is measured via the fluxweighted average width (FWHM(OIII)AVG ) of the different components
involved into the fitting of the [O III ]λ5007Å line. In this way we take into
account complex line profiles, possibly connected to kinematically disturbed
ionized gas, and we can make a comparison with the results of (Mullaney
et al. 2013).
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Compared to the M13 sample, we have a higher fraction of objects showing disturbed ionized gas kinematics (FWHM(OIII)AVG >430 km s−1 ).
This can be explained by the radio selection of our sample and by the
relation between the radio power and the ionized gas kinematics found by
Mullaney et al. (2013). In fact, our sample is initially selected to include
radio galaxies, which are more likely to show ionized gas with disturbed
kinematics (Mullaney et al. 2013). Most of our radio galaxies have been
classified as LERG by Best & Heckman (2012) and, in line with this, tend to
show higher radio powers and lower L[O III ] compared to the M13 sample,
which is optically selected. In line with Mullaney et al. (2013), the higher
FWHM(OIII)AVG values are found in sources with radio powers around
logP1.4GHz =23-24 W Hz−1 (see Fig. 7.7). The kinematics of the ionized gas
shows a clearer trend with the radio power of the sources rather than with
their L[O III ].
For the radio galaxies of our sample we can compare the properties of the
ionized gas to the results from the H I observations reported by Maccagni
et al. (2017). However, there are some caveats to take into account. Firstly,
for the ionized gas we are probing physical scales that are bigger compared
to the ones of the H I gas. The ionized gas emission, at the average redshift
of our sample, comes from a region of about 3 kpc in radius from the center
of the host galaxy, while the H I absorption usually comes from a region
that is ≤1 kpc in radius. Secondly, the ionized and atomic gas might be
part of intrinsically different physical structures. Most of the ionized gas
emission traces the clouds within the NLR of the AGN (as also indicated
by the BPT diagram in Fig. 7.2). On the other hand, H I atomic gas is
usually settled in circum-nuclear or large-scale disks in the plane of the host
galaxy.
Linking the ionized gas kinematics to the occurrence of the H I in our
sample, we find that the objects with the broadest [O III ]λ5007Å lines
(FWHM(OIII)AVG &700 km s−1 ) are only found among H I non-detections
with both compact and extended radio morphologies. The kinematics
of the ionized gas indicates that these are the sources where the AGNISM interaction is likely more strong/effective. The lack of H I might be
explained by the strong coupling between the energy release by the AGN
and the ISM which can heat and ionize all the H I , or a significant fraction of
it. Deeper H I observations will be able to unveil if, instead, these galaxies
are intrinsically devoid of H I gas.
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Exploiting the information on the kinematics of the H I gas, we study
the sub-sample of galaxies for which both the ionized and the H I gas
are detected. Our results on this sub-sample are not affected by dust
obscuration effects. In fact, thanks to the WISE color-color plot we find
that only two galaxies among the H I detections might have ionized gas
emission that would be potentially missed by the SDSS observations due
to dust obscuration (see Sec. 7.2.2).
We find a good match between the ionized and the atomic gas
kinematics for the galaxies that have a blueshifted H I centroid (v(H I )<
−100 km s−1 ) and/or a broad H I line (FW20(H I )≥430 km s−1 ). These
sources show signs of kinematically disturbed or outflowing gas in both
the atomic and the ionized gas phase. This is indicative of multi-phase
gas outflows driven by the AGN. Most of these sources are compact radio
galaxies with high radio powers. We find that the H I outflows reported
by Geréb et al. (2015a) have a ionized counterpart. These results confirm
the crucial role that compact radio galaxies, which are thought to be the
first evolutionary stages of the well-known extended radio galaxies, have in
disturbing the ISM of their host galaxies, driving galaxy-scale outflows.
Considering the full range of gas velocities, we do not find a general
correlation between the kinematical properties of the ionized and H I gas
(see Fig. 7.5). A large number of sources having H I kinematics consistent
with disk rotation (FW20(H I )≤430 km s−1 ) show kinematically disturbed
ionized gas (FWHM(OIII)AVG ≥430 km s−1 ). These cases can be explained
with outflows where gas has been completely ionized and still did not cool
down in the form of H I . For these galaxies the AGN-ISM interaction does
not affect the ionization and kinematics of the H I that is regularly rotating
in the plane of the galaxy.
Studying a sample of 248 radio galaxies we found that the radio power,
and thus the mechanical energy injected into the ISM by the radio source,
is likely to have a major role in determining the kinematics of both the
H I and ionized ISM. This, together with the low-excitation nature of the
radio sources of our sample (e.g. mostly classified as LERG), indicates
that radio jets are an effective way to disturb the host galaxy ISM. The
detection of unsettled/outflowing ionized gas in AGN does not guarantee
the presence of unsettled/outflowing H I gas while, on the contrary, H I
outflows always have a ionized counterpart. We find that compact/young
and powerful radio galaxies are embedded in a gas-rich environment, and
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are more likely to drive multi-phase outflows connected to the expansion of
their radio jets/lobes within the host galaxy ISM.
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Geréb, K., Maccagni, F. M., Morganti, R., & Oosterloo, T. A. 2015a, A&A,
575, A44
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Appendix 7.A

Stellar population fitting and ionized gas properties

Figure 7.8 – Modeling of the stellar continuum of four representative sources of our sample. The black solid line is the observed
spectrum, the red solid line is the bast model given by pPXF. The regions corresponding to ionized gas emission lines are excluded
when performing the fit and are indicated by the blue vertical lines.
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z
0.188699
0.0514526
0.149973
0.215605
0.0836578
0.0657771
0.0408246
0.0987448
0.0543641
0.187239
0.0978819
0.104144
0.0824927
0.0774898
0.172747
0.225336
0.0958313
0.132447
0.128247
0.127081
0.0579861
0.225992
0.089466
0.0868824
0.131065
0.093357
0.168382
0.0554198
0.194143
0.0789606
0.191947
0.126344
0.066237
0.198428
0.0294595
0.194045
0.081457
0.084852
0.182321
0.084306
0.119404
0.0846967
0.0273577

FWHM(OIII)AVG
–
732.90±69.58
–
–
546.47±136.09
260.57±21.52
1219.84±569.56
441.40±311.77
989.75±4.79
–
241.31±212.52
–
723.27±399.80
791.05±81.23
–
–
669.25±195.33
–
631.02±192.41
622.25±74.66
–
36.38±74.62
662.37±146.74
–
548.00±114.42
–
–
410.61±44.08
–
–
–
–
758.88±213.48
–
442.42±90.63
667.96±68.25
–
712.12±94.86
365.34±50.39
400.38±48.83
–
902.54±252.04
439.25±51.78

FW20(H I)
–
–
–
–
–
244.68±15.66
–
–
–
–
266.22±9.54
–
108.15±25.70
–
–
–
–
–
47.24±4.35
–
–
–
–
–
–
–
86.05±15.00
206.40±26.80
–
–
126.75±19.98
–
–
–
–
–
–
–
187.67±41.56
–
–
–
–

v(H I)
–
–
–
–
–
-22.49±5.73
–
–
–
–
104.05±4.53
–
-243.29±9.15
–
–
–
–
–
-254.33±12.00
–
–
–
–
–
–
–
-289.36±31.74
25.67±13.27
–
–
57.85±59.03
–
–
–
–
–
–
–
2.97±36.58
–
–
–
–

log L[O III]
–
43.05
–
–
47.57
44.04
40.97
42.47
45.50
–
45.83
–
39.66
46.89
–
–
44.40
–
42.66
42.78
–
40.32
41.85
–
42.57
–
–
42.79
–
–
–
–
42.08
–
42.17
47.04
–
43.55
46.64
42.68
–
41.45
43.85

[O III] flux
–
1169.02
–
–
87.36
1582.26
491.81
60.36
35327.24
–
337.62
–
50.74
292.94
–
–
74.22
–
228.66
136.55
–
3.96
62.49
–
90.35
–
–
1220.29
–
–
–
–
93.63
–
176.05
155.27
–
210.18
88.38
151.45
–
335.45
194.93

Hβ flux
–
160.45
–
–
13.08
200.95
95.82
20.03
2275.40
–
41.69
–
20.48
64.15
–
–
11.79
–
52.58
144.21
–
4.83
20.21
–
27.55
–
–
163.35
–
–
–
–
26.73
–
56.79
15.31
–
96.61
85.98
51.40
–
256.48
52.34

Hα flux
–
675.09
–
–
136.99
945.82
310.29
85.94
11241.12
–
283.00
–
56.06
551.23
–
–
70.12
–
201.87
589.72
–
15.25
78.81
–
111.39
–
–
647.29
–
–
–
–
110.55
–
258.16
121.77
–
466.65
672.75
219.06
–
828.17
320.54

[N II] flux
–
989.103
–
–
251.152
838.136
1439.922
113.074
12036.863
–
380.660
–
163.024
780.688
–
–
178.605
–
133.584
608.244
–
1.884
152.577
–
125.039
–
–
771.357
–
–
–
–
198.348
–
527.332
182.184
–
787.035
427.232
282.815
–
1005.048
342.404

Table 7.2 – Column (1): J2000 coordinates of the sources; (2) SDSS spectroscopic redshift; (3) flux-weighted FWHM of the
[O III]λ5007Å line (4) H I full width at 20 percent of the peak flux; (5) centroid of the H I line; (6) [O III]λ5007Å luminosity; (7)
[O III]λ5007Å total flux; (8) Hβ total flux; (9) Hα total flux; (10) [N II]λ6584Å total flux. ∗ Type 1 Objects ; ∗∗ [O III]λ5007Å
line fit not reliable; F Objects showing evidence of YSP

J2000
J075157.32+522309.2F
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
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
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J2000
J090734.91+325722.9F
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
J093414.30+241335.1
J093551.59+612111.3F
J093609.36+331308.3
J094319.15+361452.1
J094521.33+173753.2F
J094542.23+575747.7
J100935.70+182601.5
J101256.03+163853.0∗∗ F
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+295757.7F
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
J111113.19+284147.0
J111622.70+291508.2
J111834.85+614638.2
J111836.00+313638.6
J111916.54+623925.7
J112030.04+273610.7F
J112156.70+431456.9
J112332.04+235047.8
J112349.91+201654.4

z
0.0490613
0.0278428
0.0283795
0.117168
0.190385
0.0235714
0.135607
0.211803
0.129062
0.220978
0.0420781
0.0503996
0.0393857
0.0761519
0.0223365
0.128069
0.22893
0.116479
0.117996
0.197316
0.0531521
0.213932
0.0456815
0.169053
0.092116
0.0851873
0.127431
0.0246794
0.186148
0.0909376
0.206868
0.116558
0.216145
0.063089
0.052639
0.0250881
0.0360186
0.214267
0.0287498
0.0452821
0.192362
0.118465
0.110191
0.112516
0.185357
0.206981
0.130406

FWHM(OIII)AVG
354.18±85.75
652.51±53.04
456.69±169.66
–
–
805.68±297.56
721.57±74.45
–
–
–
521.83±52.54
962.02±158.21
860.24±482.34
632.15±57.60
727.51±185.03
563.05±14.43
–
–
1073.88±28.70
414.92±165.19
593.79±138.40
–
459.12±147.81
–
453.35±196.45
383.51±56.09
607.64±53.42
548.46±60.68
306.14±150.25
653.73±81.53
366.48±157.92
325.00±106.33
370.37±182.46
669.37±185.09
489.67±176.67
617.95±124.53
738.92±43.89
–
528.04±65.62
574.89±161.71
–
–
–
658.05±102.28
590.44±112.20
–
345.45±17.68

v(H I)
2.19±4.26
-38.79±2.52
–
–
–
–
–
–
–
–
–
–
-78.08±4.49
–
–
–
–
–
–
–
-67.23±4.92
-409.18±22.06
-15.43±6.68
–
–
–
–
–
3.23±6.00
–
–
–
–
–
-58.39±6.85
–
-15.04±3.68
–
54.73±14.26
–
–
–
-119.22±12.38
-107.64±2.03
–
219.69±17.29
–
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FW20(H I)
129.81±40.93
181.98±6.25
–
–
–
–
–
–
–
–
–
–
825.84±10.68
–
–
–
–
–
–
–
179.13±11.06
334.89±60.66
81.26±6.18
–
–
–
–
–
127.26±12.78
–
–
–
–
–
189.77±20.90
–
166.20±15.01
–
211.38±31.87
–
–
–
147.91±18.15
95.50±3.63
–
184.03±15.59
–

log L[O III]
44.98
42.28
41.44
–
–
±
43.05
–
–
–
42.36
41.70
48.46
42.97
41.04
43.82
–
–
44.59
47.40
40.50
–
40.95
–
39.48
43.53
43.43
42.19
43.33
45.09
41.25
44.20
47.82
39.44
45.28
43.35
48.36
–
43.81
42.33
–
–
–
44.98
45.27
–
43.44

[O III] flux
54.85
447.41
99.09
–
–
135.64
125.35
–
–
–
234.16
226.51
339.68
256.89
1017.06
12489.57
–
–
1943.96
36.53
107.65
–
70.28
–
34.24
499.94
170.69
467.77
21.12
223.03
29.64
40.73
23.52
88.85
59.83
277.76
410.26
–
241.61
103.64
–
–
–
97.79
90.03
–
339.86

Hβ flux
52.05
236.98
43.24
–
–
–
114.05
–
–
–
120.67
94.93
142.27
81.26
519.58
1200.04
–
–
282.21
5.54
83.52
–
41.78
–
16.86
80.43
40.14
192.95
14.21
79.72
9.85
10.46
4.65
33.69
17.73
90.98
174.63
–
193.03
39.47
–
–
–
80.40
10.88
–
37.96

Hα flux
390.70
1031.32
181.77
–
–
103.90
486.53
–
–
–
525.23
358.33
1770.42
355.37
1771.22
4169.84
–
–
1310.77
52.31
268.10
–
153.56
–
45.27
362.17
180.49
839.95
69.11
496.92
31.91
60.96
48.00
88.79
137.85
503.87
2134.97
–
1146.45
179.65
–
–
–
505.91
66.73
–
161.90

[N II] flux
230.156
1218.937
281.684
–
–
331.139
691.282
–
–
–
943.929
805.971
3140.463
409.285
1605.800
4779.947
–
–
1055.263
76.199
237.027
–
310.757
–
.926
330.530
186.977
1543.409
48.034
1130.047
63.885
86.375
70.952
129.833
241.159
733.127
2830.796
–
941.514
273.083
–
–
–
317.771
193.065
–
195.827
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J2000
J113142.27+470008.6
J113230.99+573109.3
J113359.22+490343.4
J113446.55+485721.9
J113903.77+262142.2F
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
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+640622.0
J122823.09+162612.7
J123011.85+470022.7
J123200.55+331747.6F
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
J130837.91+434415.1
J131424.68+621945.8

z
0.125721
0.180416
0.0316383
0.0315673
0.0223285
0.0215959
0.0615798
0.0628937
0.0496128
0.0803307
0.106442
0.119532
0.193575
0.0652965
0.0583705
0.0237886
0.0225275
0.100955
0.0577109
0.0307574
0.0931707
0.183599
0.0592279
0.197039
0.110239
0.229959
0.0390989
0.0788195
0.206843
0.0654316
0.0702111
0.227974
0.0842963
0.20691
0.13513
0.225298
0.195079
0.0690973
0.11544
0.0233972
0.20552
0.0635097
0.153474
0.0857077
0.202562
0.0358124
0.130805

FWHM(OIII)AVG
–
469.32±77.63
1058.71±391.03
–
463.93±192.96
860.27±234.72
257.56±119.39
359.04±86.38
1023.08±364.18
504.61±146.00
489.82±103.55
458.98±65.84
–
484.29±164.48
490.61±32.99
456.03±73.15
1223.46±525.85
576.72±277.05
684.55±141.45
609.93±35.62
–
–
605.35±89.97
–
–
404.33±25.13
540.74±76.52
177.74±30.90
641.92±313.98
–
1291.73±428.45
–
–
517.10±67.64
830.85±158.25
305.69±38.16
–
510.57±194.49
–
454.55±8.48
631.57±75.12
313.87±31.96
470.38±69.85
736.31±321.74
–
505.49±40.72
789.93±257.27

v(H I)
–
–
–
–
–
–
–
–
–
–
–
-148.30±31.29
–
–
–
17.71±3.45
–
33.84±1.10
–
–
–
–
168.95±10.00
–
–
–
–
-49.83±4.28
–
40.05±7.72
–
–
–
-284.84±28.45
–
–
–
–
356.29±.00
53.95±12.00
-308.84±40.27
–
-18.96±16.00
–
–
–
–
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FW20(H I)
–
–
–
–
–
–
–
–
–
–
–
301.47±50.03
–
–
–
122.30±9.81
–
68.99±1.49
–
–
–
–
125.90±13.92
–
–
–
–
174.74±9.48
–
103.59±15.73
–
–
–
586.32±51.67
–
–
–
–
140.90±.00
217.78±23.81
584.10±85.29
–
141.49±26.79
–
–
–
–

log L[O III]
–
42.47
41.46
–
48.82
40.90
48.82
39.11
40.83
42.29
43.03
45.80
–
44.40
40.49
40.37
36.48
45.79
40.01
42.32
–
–
43.10
–
–
42.75
42.54
41.35
43.40
–
39.95
–
–
42.91
43.11
43.85
–
40.18
–
45.62
45.91
41.83
43.44
39.17
–
43.03
44.37

[O III] flux
–
98.97
126.35
–
668.72
282.97
30.89
2221.57
162.57
71.62
74.18
86.61
–
110.02
350.71
152.53
274.27
72.85
176.21
778.60
–
–
155.64
–
–
179.87
325.91
61.66
53.18
–
122.05
–
–
125.06
283.00
363.06
–
50.90
–
3441.42
159.96
169.47
77.47
65.19
–
499.17
88.89

Hβ flux
–
31.59
41.08
–
151.88
179.70
2.79
336.33
48.56
30.21
22.47
32.26
–
31.02
88.37
42.93
245.84
10.26
101.56
331.00
–
–
87.33
–
–
27.28
188.76
61.47
18.59
–
29.84
–
–
38.70
26.36
140.93
–
32.08
–
1409.43
37.61
55.36
23.99
23.97
–
145.06
10.76

Hα flux
–
118.25
167.36
–
2088.86
662.00
41.31
654.60
161.96
128.28
103.40
234.01
–
190.52
255.08
148.88
415.53
77.37
284.69
1369.33
–
–
422.69
–
–
98.24
835.34
224.57
83.85
–
82.48
–
–
150.23
106.90
585.57
–
98.93
–
9694.18
242.67
210.59
111.42
58.70
–
686.75
59.75

[N II] flux
–
108.375
460.337
–
5163.943
1225.852
82.941
2301.167
173.969
190.383
134.717
205.869
–
302.503
260.493
240.651
755.164
172.583
281.968
2524.562
–
–
708.783
–
–
91.186
1174.082
51.311
66.549
–
245.310
–
–
134.992
167.518
243.602
–
153.978
–
6776.602
480.294
477.147
111.236
185.514
–
1236.193
147.653

7.A. Stellar population fitting and ionized gas properties
213

0.0247117
0.191477
0.0791742
0.129257
0.0849695
0.0996942
0.105024
0.190497
0.0653314
0.195146
0.041677
0.0545324
0.0661013
0.148874
0.0539836
0.0222742

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

F

z
0.030787
0.0661087
0.158733
0.0230579
0.0755514
0.186732
0.0231216
0.0275832
0.0654423
0.171455
0.0403359
0.0373398
0.0810705
0.0215588
0.16919
0.0731174
0.0451942
0.215855
0.123134
0.0664174
0.064467
0.0392146
0.0505586
0.117887
0.0828746
0.179874
0.186065
0.076489
0.114655
0.185448

J2000
J131535.10+620728.4F
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
J140935.47+575841.2
J141134.14+294914.1
J141149.43+524900.1
J141203.47+292801.7
J141557.25+495334.6∗
683.60±154.06
–
–
–
615.75±155.44
472.03±161.36
1631.59±45.72
–
306.82±166.47
–
439.23±87.40
828.28±159.02
326.03±109.14
440.42±160.58
551.65±98.10
765.13±261.36

FWHM(OIII)AVG
167.81±34.24
593.08±247.39
–
306.64±25.25
591.83±93.94
–
562.07±82.92
351.95±128.07
218.16±24.47
–
790.82±13.54
565.96±32.49
483.84±71.05
445.60±14.11
–
853.31±30.76
479.04±46.45
–
679.05±1.92
–
710.26±318.11
–
464.58±63.99
659.18±178.92
281.73±138.86
651.25±132.01
–
679.44±375.01
317.32±119.59
239.27±84.92
–
-196.05±6.23
–
–
–
-66.71±24.90
–
–
–
–
20.19±14.20
–
17.96±24.06
–
–
–

v(H I)
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±.08
–
36.82±10.00
–
–
-141.60±.18
–
169.32±15.00
2.43±3.00
–
–
–
–
–
–
–
–
–
–
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–
274.93±22.61
–
–
–
422.04±52.61
–
–
–
–
460.94±90.81
–
161.26±54.00
–
–
–

FW20(H I)
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
–
242.09±29.78
638.38±2.11
–
282.45±11.18
–
–
230.82±.41
–
147.99±25.04
72.34±11.28
–
–
–
–
–
–
–
–
–
–
44.15
–
–
–
43.23
45.86
32.13
–
41.17
–
44.30
41.38
43.61
46.07
43.32
42.08

log L[O III]
45.13
43.57
–
46.72
42.35
–
41.09
46.22
45.30
–
57.24
46.26
44.38
43.57
–
47.00
45.70
–
44.73
–
41.05
–
44.36
46.21
43.58
44.76
–
43.10
42.22
44.79
336.26
–
–
–
113.02
52.99
2183.68
–
48.26
–
2750.88
149.69
58.50
54.18
133.85
804.32

[O III] flux
4187.12
71.65
–
197.37
139.83
–
406.11
4939.04
682.56
–
8203.19
3088.60
153.74
5959.33
–
1590.56
185.57
–
13988.20
–
55.89
–
176.03
74.74
39.69
86.01
–
67.77
38.89
602.48
61.19
–
–
–
60.07
19.63
2588.57
–
14.86
–
365.67
52.58
45.58
17.77
58.52
469.91

Hβ flux
3815.54
27.54
–
265.27
96.55
–
289.72
990.44
226.70
–
195.06
1161.30
46.30
4248.67
–
239.55
124.44
–
1053.99
–
28.21
–
56.70
29.98
12.34
38.34
–
15.67
23.24
138.02
385.11
–
–
–
287.51
153.84
1366.83
–
55.25
–
1855.22
191.27
255.28
135.00
302.20
1957.90

Hα flux
22739.77
150.82
–
2756.05
397.38
–
1061.30
7171.60
1418.73
–
8839.77
8377.32
267.00
19802.11
–
1860.74
977.32
–
4284.46
–
101.68
–
347.54
236.86
68.33
216.84
–
77.59
96.42
673.13
974.331
–
–
–
312.006
214.760
8854.705
–
113.601
–
4091.963
183.339
191.373
122.491
557.674
2789.218

[N II] flux
8966.136
296.789
–
1677.487
387.795
–
1004.851
4049.372
674.988
–
9712.177
8535.014
469.767
8533.286
–
1523.856
1046.782
–
1919.384
–
175.298
–
573.567
595.971
159.798
329.647
–
217.829
105.458
477.344
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J2000
J150721.87+101844.8
J150950.99+155730.3
J151319.23+343133.7F
J151641.59+291809.2
J151838.90+404500.2
J152045.04+483922.9
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+573625.2F
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+234825.4F
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+524358.3F
J160332.08+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

z
0.0779851
0.187373
0.127249
0.129882
0.06516
0.0780198
0.214777
0.0824283
0.10999
0.215682
0.0815586
0.224341
0.0989345
-0.00413
0.0653348
0.0339482
0.200952
0.0524081
0.0778367
0.0516901
0.110358
0.202305
0.0742272
0.111582
0.117606
0.222265
0.0425377
0.207927
0.206881
0.193184
0.216885
0.04173
0.105689
0.0340195
0.109761
0.0408938
0.0369005
0.0501824
0.183567
0.0357283
0.0319268
0.0531379
0.0602584
0.198625

FWHM(OIII)AVG
476.02±87.41
429.76±67.84
–
–
666.42±78.68
–
563.60±90.79
901.08±317.14
419.84±22.70
801.40±296.81
481.68±290.63
–
454.67±148.70
–
247.35±118.20
415.26±51.74
605.50±316.68
548.78±57.11
582.90±145.52
744.23±202.09
318.86±38.28
562.42±106.81
535.51±135.09
–
355.74±90.78
–
–
–
–
529.40±132.14
485.32±200.62
148.21±28.48
558.24±89.02
359.16±121.88
424.24±33.35
556.36±62.31
769.29±280.97
408.66±75.46
416.52±170.55
571.15±63.36
–
507.21±87.38
568.56±50.98
–

v(H I)
-16.73±18.00
–
23.93±9.76
–
–
–
–
–
–
125.05±16.00
–
–
-29.27±17.78
–
–
-85.83±7.00
26.61±27.04
–
–
–
–
–
–
–
–
–
–
–
–
96.76±18.40
–
–
-255.51±11.76
-15.75±1.25
-35.77±3.28
–
–
–
–
37.59±30.15
–
-20.64±4.55
–
–
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FW20(H I)
241.14±8.78
–
180.45±25.97
–
–
–
–
–
–
376.95±29.55
–
–
360.19±38.04
–
–
141.08±8.11
320.14±35.97
–
–
–
–
–
–
–
–
–
–
–
–
520.07±25.77
–
–
673.64±21.60
71.70±2.85
499.90±7.26
–
–
–
–
308.18±28.99
–
114.96±12.20
–
–

log L[O III]
43.89
48.15
–
–
42.97
–
44.79
41.21
43.83
48.02
43.55
–
42.25
–
43.19
41.96
41.19
42.83
43.33
39.22
44.13
44.89
45.25
–
46.29
–
–
–
–
46.57
40.99
43.87
48.10
38.66
43.11
41.48
42.99
41.48
41.67
44.71
–
44.18
42.67
–

[O III] flux
115.51
87.00
–
–
219.64
–
85.68
72.28
260.39
53.92
49.06
–
882.15
–
34.73
69.07
38.48
1983.50
104.18
129.38
119.15
110.06
80.25
–
342.63
–
–
–
–
55.97
44.35
187.55
111.49
93.43
181.20
313.23
168.56
140.89
36.48
315.52
–
115.34
339.31
–

Hβ flux
71.81
8.98
–
–
77.33
–
26.63
26.11
26.25
18.68
22.48
–
139.46
–
34.70
40.34
30.62
657.21
67.48
86.81
18.17
105.14
47.27
–
30.80
–
–
–
–
19.88
24.41
40.89
37.02
44.60
205.10
177.37
37.25
93.98
13.88
52.75
–
65.85
119.08
–

Hα flux
390.50
91.21
–
–
350.79
–
146.84
91.26
125.73
187.69
122.18
–
469.66
–
188.17
185.59
96.63
2548.41
335.64
220.66
97.21
584.67
338.42
–
220.01
–
–
–
–
157.48
72.65
235.85
402.39
112.56
889.96
649.75
189.43
354.21
48.57
347.49
–
400.96
502.74
–

[N II] flux
449.941
209.773
–
–
468.918
–
206.090
225.198
261.289
400.033
199.419
–
447.648
–
177.032
129.736
77.145
1760.508
509.397
231.064
79.600
460.839
299.664
–
279.946
–
–
–
–
152.991
116.492
416.238
527.124
290.331
842.099
1175.436
616.685
390.735
149.335
432.590
–
317.961
698.953
–
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J2000
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+112757.4F
J164331.91+304835.5F
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
J170815.25+211117.7
J171056.30+394131.2
J171522.97+572440.3
J171523.73+302824.1
J172223.65+320128.2

z
0.0298147
0.202873
0.0571042
0.219889
0.0622656
0.063464
0.103508
0.0791782
0.184035
0.0570862
0.224637
0.193435
0.162262
0.0495877
0.112473
0.163999
0.224124
0.0622156
0.0273026
0.111059
0.226992

FWHM(OIII)AVG
398.45±160.03
–
542.11±100.04
–
277.98±112.71
347.25±134.75
432.24±196.17
147.02±18.70
570.18±406.29
–
–
289.16±24.96
–
978.14±287.24
532.43±51.40
45.58±118.48
620.44±201.14
–
799.07±155.85
–
–

v(H I)
-189.92±9.48
–
–
–
–
95.88±6.74
-478.50±14.00
-36.04±1.09
–
–
–
–
–
–
–
–
3.23±13.00
–
–
–
–

Table 7.2 - continued.

FW20(H I)
134.27±17.37
–
–
–
–
159.24±15.02
280.29±17.71
68.09±7.58
–
–
–
–
–
–
–
–
284.89±20.99
–
–
–
–

log L[O III]
43.23
–
41.34
–
39.68
41.14
44.17
42.17
42.27
–
–
43.15
–
47.18
42.82
±
44.50
–
40.72
–
–

[O III] flux
89.51
–
170.17
–
33.64
32.24
50.74
41.35
707.84
–
–
85.88
–
143.83
127.61
6.16
32.21
–
253.32
–
–

Hβ flux
63.66
–
120.80
–
24.06
14.45
10.86
33.20
78.44
–
–
22.83
–
9.26
35.78
–
15.39
–
168.42
–
–

Hα flux
366.40
–
429.35
–
71.37
55.26
63.11
144.32
243.09
–
–
96.08
–
94.79
150.94
–
86.30
–
584.20
–
–

[N II] flux
484.373
–
622.905
–
46.954
55.263
157.268
27.620
681.246
–
–
120.177
–
296.763
187.021
19.341
91.795
–
1358.310
–
–
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“La solitudine non consiste nello stare soli,
ma piuttosto nel non sapersi tenere compagnia.
Chi non sa tenersi compagnia difficilmente la sa tenere ad altri.
Ecco perché si può essere soli in mezzo a mille persone,
ecco anche perché ci si può trovare
in compagnia di se stessi ed essere felici, per esempio,
ascoltando il silenzio, stretto parente della solitudine.
Ma il silenzio vero non esiste, come non esiste la vera solitudine.
Basta abbandonarsi alle voci dell’Universo.”
Fabrizio de André

Chapter

8

Conclusions and future
prospects
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Chapter 8. Conclusions and future prospects

8.1

Conclusions chapter by chapter

In this thesis I have addressed some of the open questions related to
the interaction between the energy released by the active galactic nucleus
(AGN) and the host galaxy’s interstellar medium (ISM). This has been
done by studying radio AGN spanning different evolutionary stages, and
by using various techniques to observe the different phases of the gas, in
particular the warm ionized and warm molecular.
In what follows I summarize the main results obtained in each chapter.
• Chapter 2 - The jet-ISM interaction in the outer filament of
Centaurus A
By using integral field VIMOS observations of the outer filament of
Centaurus A, I find that the kinematics of the ionized gas matches
the kinematics of the nearby H I cloud, where signs of a jet-cloud
interaction have previously been reported to be present. Both the
regularly rotating H I structure, as well as that part of the H I which
appears disturbed by the jet, have a counterpart in the ionized gas.
The new kinematical information suggest that the ionized and neutral
components are part of the same gas structure, likely originating form
the merger that shaped Centaurus A. The geometry is such that
this structure, rotating around the galaxy, has entered the zone of
influence of the jet from the back, moving towards us.
The uniformity of the [O III ]λ5007/Hβ line ratios throughout the observed region suggests the existence of a spatially extended ionization
mechanism. Photoionization by starlight and pure shock ionization
can be excluded, also taking into account the narrow width of the
ionized gas emission lines. The most likely mechanism ionizing the
gas is photoionization by the radiation field of the central AGN.
The kinematics of the H I and of the ionized gas affected by the AGN
can be explained by the lateral motions, away from the observer, of
the jet’s cocoon. Considering also the fairly diffuse nature of the radio
jet near the outer filament and the narrow width of the ionized gas
emission lines, a jet-cloud interaction, in the form of entrainment by
a cocoon, is to be expected.
• Chapter 3 - The outer filament of Centaurus A as seen by
MUSE
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I expand the results presented in Chapter 2 by using new MUSE
integral field observations of a larger region of the outer filament
of Centaurus A. Thanks to these observations I could uncover, at
high spatial resolution, the velocity structure of the ionized gas. I
find that the two kinematical components previously detected by the
VIMOS observations cover a much larger area and, furthermore, I
identify a new low-velocity component. This supports the results and
interpretation from the VIMOS data that the gas is affected by the
interaction with the radio jet, and in particular, that this is the case
for a much larger area and, by implication, probably for the entire
outer filament.
I find that the different kinematical components show different gas
morphologies (i.e. linear, arc-like, and diffuse). I propose that the
diffuse and the low-velocity components are directly affected by the
passage of a slow-moving jet. A smooth, head-on, interaction between
the large-scale jet of Centaurus A and dense gas clouds would, indeed,
explain the arc-like clumps embedded within these components. On
the other hand, the kinematical component with linear morphology
is characterized by velocities similar to the anomalous velocities of
the nearby H I cloud. This component represents the part of the
H I cloud that, through its rotation about the galaxy, has entered
the zone of influence of the large-scale radio jet. This, together with
the well-defined elongation of the linear component along the same
direction as the radio jet, indicates that it is the result of the jet’s
lateral expansion.
The ionization level of the gas, as traced by the [O III ]λ5007/Hβ
line ratio, decreases from the more collimated, linear, component to
the more diffuse components. This might reflect a change in the
ionized gas density or in the number of ionizing photons across the
outer filament. Apart from the low-velocity component, for which
the typical full-width-at-half-maximum (FWHM) of the emission lines
is ∼205 km s−1 , the narrow velocity width of the other kinematical
components (FWHM∼140 km s−1 ) indicates that the jet does not
drive strong shocks across the whole observed region.
By finding signs of a jet-ISM interaction across all the identified gas
components, my results clearly show that, although poorly collimated,
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the large-scale and low-power radio jet of Centaurus A is still active
and affects the surrounding gas.
• Chapter 4 - Embedded star formation in the extended
narrow line region of Centaurus A: extreme mixing observed
by MUSE
Thanks to the MUSE data presented in Chapter 3 I could study
with high spatial resolution the ionization structure of a small cloud
(∼ 250 pc) located in the outer filament of Centaurus A, where
jet-induced star formation has been suggested to occur by different
studies. Within this cloud I find two H II regions where star formation
is occurring and another location where star formation must have
ceased very recently. One of the H II regions represents an early
evolutionary stage of star formation where young stars are still
heavily embedded in the dusty natal cocoon. On the other hand,
the other H II region is hosting less young/embedded star formation.
In addition, I find a young stellar source in the vicinity which is not
associated with a knot of ionized gas, likely representing a former H II
region that has already dispersed/ionized its birth gas.
The line ratios of the star forming region clearly show that, close to
the continuum source, stellar radiation dominates the gas ionization,
while ionization due to the central AGN light takes over at larger
distances. In particular, the region around the youngest stars shows
a narrow ‘mixing line’ in the diagnostic diagram which also correlates
with the observed Balmer decrement, and, thus, with the dust
distribution.
I could reproduce the mixing line associated with the region that
is actively forming stars using the plasma modeling code MAPPINGS III, by mixing stellar and AGN photoionization. This confirms
that photoionization by young stars and by the central AGN are
the sources driving the gas ionization across this region. It is
likely that dust shields the gas from the external radiation field of
the AGN, favoring a smooth transition between stellar and AGN
photoionization and increases the chance to detect the mixing line
in the diagnostic diagram.
The results I present in this chapter and in Chapter 2 and Chapter 3
emphasize the complexity of the processes occurring under the
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influence of radio jets and AGN radiation. In particular, in this
chapter I show that, even though star formation influences the gas
over a limited region, it can coexist with the radiation field of the
AGN and it can possibly be triggered by the transit of a jet.
• Chapter 5 - The warm molecular hydrogen of PKS B1718649: feeding a newly born radio AGN.
By taking advantage of integral field SINFONI observations, we could
reveal the presence of warm molecular H2 gas in the central regions
(<2.5 kpc) of the young radio galaxy PKS B1718-649. We find that
the H2 gas is distributed in two disks with orthogonal orientations.
The outer disk (on scales >650 pc) is aligned with the stellar body of
the galaxy and its kinematics connects smoothly to the one of the H I
disk extending to larger-scales. On the other hand, we find that in
the inner regions (on scales <650 pc) the H2 gas is part of a circumnuclear disk oriented in the orthogonal direction with respect to the
outer disk. The inner disk has a mass of warm molecular H2 gas
of about 1 × 104 M which may indicate a mass of cold molecular
hydrogen of about 2 × 109 M .
The rotational velocities of the inner disk can be explained by the
gravitational force of the stars and of the central super-massive black
hole (SMBH), however part of the H2 (∼ 130 M ), in the innermost
75 pc, deviates from regular rotation. We find that this gas has
redshifted velocities with respect to the systemic velocity of the
galaxy, matching the velocities of previously observed H I clouds.
This suggests the presence of gas falling onto the SMBH and possibly
fueling the AGN activity.
The distribution of the H I and the H2 gas can be caused by stellar
torques aligning the gas in a stable configuration and creating the
small clouds with unsettled kinematics. In this view, the inner H2
disk might be the gas reservoir from which the central SMBH accretes
via small infalling clouds.
• Chapter 6 - Probing multi-phase outflows and AGN feedback
in compact radio galaxies: the case of PKS B1934-63
By studying the warm ionized gas in the young and compact radio
source PKS B1934-63 with X-Shooter, I find emission lines which are
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double peaked and have broad wings indicating complex gas kinematics. By modeling the [O III ]λ5007Å line it is possible to recognize four
different kinematical components, namely two narrow components
(width of about 100 km s−1 ), one intermediate component (width of
about 700 km s−1 ) and one very broad component (width of about
2000 km s−1 ).
The entire reservoir of warm ionized gas is concentrated in the inner
1 kpc of the host galaxy and has a total mass of about Mgas ∼ 6.8 ×
106 M . Thanks to a spectro-astrometry technique, I find that the
gas of the two narrow kinematical components is part of a structure
which is possibly a circum-nuclear disk with a radius of about 200 pc,
and includes most of the warm ionized gas. Only a very small fraction
of the warm ionized gas, namely the gas of the intermediate and very
broad kinematical components, shows kinematical signs of interaction
with the energy released by the AGN.
I estimate the gas electron density with a recently developed technique, using transauroral [O II ] and [S II ] lines, which is sensitive to
the high density regime. I find that the warm ionized gas has densities
ranging from about 103 cm−3 (for the narrow components) up to
105.5 cm−3 (for the very broad component). There is a correlation
between the FWHM of a component and its electron density. By
attributing the broadening of the spectral lines to the interaction of
the AGN with the ISM, I argue that this FWHM-density relation is
mainly driven by the ability of the AGN-ISM interaction to compress,
at different levels, the gas, increasing its density.
The excitation of the warm ionized gas indicates that the AGNISM interaction is driving shocks within the ISM. In particular,
the [S II ]λλ6717,31/Hα and the [O I ]λ6300/Hα line ratios of the
intermediate component can be reproduced by shocks with velocities
vs =400-500 km s−1 . In addition, taking into account the trend of
models, the high value of the [O I ]λ6300/Hα ratio of the very broad
component can only be reached in the presence of fast shocks (possibly
with vs &1000 km s−1 )
By using the properties of the intermediate and the very broad components, I obtain low mass outflow rates (i.e. 10−3 -10−1 M yr−1 )
and I find that only a small fraction of the available accretion power
of the AGN is used to drive the outflow (i.e. maximum efficiency
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Fkin ∼10−5 ). This is in contrast with feedback cosmological models
which require higher outflow efficiency.
I investigate gas with a low ionization state (via Mg II absorption
lines) and warm molecular gas (via H2 emission lines) and I do not
find signs of outflowing or kinematically disturbed gas. By combining
these results with information from the literature, I find that this is
possibly due to the fact that the AGN-ISM interaction in PKS B193463 is very recent and the gas involved in this interaction did not have
enough time to cool down and accumulate in a colder phase.
• Chapter 7 - The relation between atomic and ionized gas in
a sample of 248 nearby radio galaxies.
Using SDSS spectroscopic data, I study the ionized gas in a sample
of 248 radio galaxies for which information on the presence and
kinematics of the H I is available from previous studies. I find that,
in general, the presence of ionized gas, traced via the [O III ]λ5007Å
emission line, is not strongly connected to the presence of H I gas.
However, the ionized gas detection rate, as well as the H I detection
rate, is higher for sources with compact radio morphology, extended
on sub-galactic scales. These sources are likely young radio galaxies
which are, thus, still embedded in a gas-rich and multi-phase ISM.
I find indication for a relation between the kinematics of both the H I
and the ionized gas and the galaxy radio power, suggesting that the
mechanical energy injected into the ISM by the radio source might
be the main driver of the gas outflows.
There is no general trend between the kinematics of the ionized and
of the H I gas. Compared to the H I , the ionized gas seems to be more
sensitive to the effect of the AGN-ISM interaction and shows broader
lines. In fact, most of the radio galaxies of the sample show H I in
a regularly rotating configuration (circum-nuclear or large-scale disk)
while the ionized gas is kinematically disturbed ([O III ]λ5007Å line
width &430 km s−1 ).
The galaxies with disturbed H I kinematics (H I line width &430 km s−1 )
show a correlation between the kinematics of the ionized and the H I
gas. Most of these sources are compact and young radio galaxies
with high radio powers (logP1.4GHz &24 W Hz−1 ). This confirms
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the ability of radio sources to drive galaxy-scale and multi-phase gas
outflows during their first evolutionary stages.
I find that the sources showing, from an optical perspective, signs
of a more effective AGN-ISM interaction ([O III ]λ5007Å line width
&700 km s−1 ) are lacking H I . This is likely indicating that a strong
coupling between the energy release by the AGN and the ISM can
result in the ionization of a significant fraction of the H I .

8.2

General conclusions

The work of this thesis clearly shows the complexity involved in the study
of the ISM in relation to the AGN feeding and feedback processes in radio
galaxies. Compact and young radio galaxies are hosted by galaxies with
a gas rich and multi-phase ISM (Chapter 7) and are an ideal class of
sources that I extensively investigate to study both these processes. In this
section I summarize and address the main open topics outlined in Chapter 1
(Sec. 1.4) by combining the results obtained in the different chapters of this
thesis.
• The relevance of radio sources in driving gas outflows at
galactic scales
My study of compact and young radio galaxies confirms the crucial
role of the AGN mechanical feedback on galactic scales, especially in
the firs evolutionary phases of a radio galaxy. In fact, I find that
compact and young radio galaxies with high radio powers show the
clearest cases of multi-phase (ionized and H I gas) outflows extended
below kpc scales (Chapter 7). In addition, there are hints of a relation
between the radio power and the ISM kinematics suggesting that gas
outflows are mainly driven by the mechanical energy injected into
the ISM by the radio source (Chapter 7). The case of Centaurus A
shows how also the jets of low-power radio galaxies are clearly able to
influence the ISM kinematics. Thanks to the high spatial resolution
of our data, I find that both the head-on and the lateral expansion of
the jet/cocoon can ablate, and likely compress, the gas, influencing
both its excitation and kinematics (Chapter 2 and Chapter 3).
• The physical processes involved in the feeding of the AGN
activity
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By studying compact and young radio galaxies, whose AGN activity
recently switched on, I show that a potential reservoir of gas that can
be used to trigger the AGN activity are circum-nuclear disks of H2
and ionized gas, extended on scales of few hundred pc (Chapter 5
and Chapter 6). In addition, the detection of cold gas whose velocity
deviates from regular rotation within these disks suggests that one of
the way to actually feed the SMBH might be via infalling clouds of
cold material (Chapter 5).
• The efficiency of the AGN negative feedback

Thanks to a new diagnostic method, I find that outflowing warm
ionized gas can reach high densities. This contributes to give
indications that only a small amount of the AGN accretion energy is
used to drive warm ionized gas outflows, meaning that the efficiency
of AGN negative feedback is low. This is in contrast with cosmological
simulations, which predict a higher outflow efficiency, and with some
of the current observations. However, the classical method or the
assumptions that are usually used to estimate the warm ionized gas
electron density are not sensitive to the high density regime and might
be not suitable to determine the physical condition of the outflowing
gas. I argue that this might have biased the results of past studies,
which have reported higher outflows efficiencies, to be more in line
with the predictions by the models (Chapter 6).

• The relation between different gas phases within an outflow

Young radio sources can be used as a clock to monitor the evolution of
AGN-driven outflows and have the potential to help us understanding
the still debated origin of cold outflowing gas. I find that the
multi-phase properties of their gaseous outflows suggest that cold
gas originates within the outflowing material, when shock-ionized
gas cools down (Chapter 6). This implies that ionized gas outflows
characterize especially the first phases of the AGN-ISM interaction
while cold gas outflows represent a more evolved stage of such
interaction. The relation between different phases of outflowing gas
in radio galaxies is, thus, subtle to understand and might be dictated
by the timescales of the gas cooling and by the time the radio source
switched on and the AGN-ISM started.

• The occurrence and efficiency of jet-induced star formation
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AGN positive feedback is a challenging phenomenon to observe and
is getting increasing attention thanks to the higher spatial resolution
of new observational facilities. By studying the case of the outer
filament of Centaurus A, I show how star formation can happen under
the influence of the AGN radiative and mechanical energy, possibly
triggered by the radio jet. Single star forming clumps have low star
formation efficiency and their ionization effect on the surrounding
gas is only local. However, depending on the overall efficiency of this
process within the entire zone of influence of the jet/AGN ionization
cone, this might be an important way to form stars, which has
to be included in models of (negative and positive) AGN feedback
(Chapter 4).
• The relevance of shocks in AGN-driven outflows
Although observationally poorly constrained, AGN-driven shocks are
potentially a key phenomenon that can drive the excitation and the
kinematics of gas within outflows. My results show that fast shocks
(with velocities ranging from ∼500 km s−1 up to thousands km s−1 )
can be driven by the expansion of radio jets/lobes across the ISM
of a radio galaxy and are actually affecting the gas excitation and
kinematics. These results show the importance of further developing
shock models to test their effect under different physical condition of
the gas and, more in general, in the framework of the AGN feedback
(Chapter 6).
• The different phases of the ISM in radio galaxies
Understanding the link between the different gas phases in AGN is
a challenging task, also taking into account that gas is involved in
both the AGN feeding and feedback processes. I find indications that
while the ionized gas seems to be more sensitive to the effects of AGN
negative feedback in radio galaxies, the H I gas is usually found in
stable configurations such as regularly rotating circum-nuclear/largescale disks, which are possibly related to the SMBH feeding. This
might suggest that within an outflow the H I gas phase is a short
transitional phase, thus more difficult to detect, between the ionized
and the molecular phase. The radio galaxies whose ionized gas shows
the clearest signs of an AGN-ISM interaction are poor in H I gas
indicating that, when the coupling between the AGN output energy
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and the ISM is more efficient, it is able to ionized a significant amount
of the neutral ISM (Chapter 7).

8.3

Future prospects

The results shown in this thesis give some new insights in the processes at
play in AGN feeding and feedback in relation to the different gas phases
of the ISM. There are still many open questions on the exact physics
underlying these phenomena and on their ability to reshape the ISM of
a galaxy. In the future, spatially resolved observations of the different ISM
phases, using the existing and upcoming instruments, will allow to expand
our investigations and answer some of these open questions.
In particular, observations of the CO performed with the Atacama
Large Millimeter Array (ALMA) and Northern Extended Millimeter Array
(NOEMA) will be able to probe the distribution and kinematics of the cold
molecular gas in the very inner regions of AGN. Thanks to the narrow
field mode (NFM) of the Multi-Unit Spectroscopic Explorer (MUSE) and
the new adaptive optics system (GALACSI) mounted on the Very Large
Telescope (VLT) it will be possible to complement these studies with
spatially resolved information on the warm ionized gas phase and have
a comprehensive/multi-wavelength view on the physical processes that fuel
SMBH and trigger the AGN activity.
Our understanding of AGN-driven outflows is limited, and likely biased,
by the current observations which often probe specific classes of AGN, and
have spatial resolutions for the different gas phases that are not comparable.
Recent findings seem to indicate that a significant fraction of the gas mass
in outflows resides in the molecular phase and, thus, is in the form of H2 , the
most abundant molecular species. However, the detection of H2 outflows
is observationally challenging due to the fact that its emission lines are
faint and hard to detect. The advent of the James Webb Space Telescope
(JWST) will allow us to increase the statistics on H2 outflows by exploring
more rotational and ro-vibrational transitions of the H2 in the mid-infrared
band. By probing the H2 excitation state, these observations have also the
potential to test the occurrence and relevance of shocks within AGN-driven
outflows. At the same time, JWST will allow to extend the investigation
of warm ionized gas outflows to high redshifts.
Nowadays, to study molecular gas we mainly rely on CO observations
which are only detecting the most powerful and fast outflows. Increasing
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the integration times of future observations performed with the currently
available mm/sub-mm interferometers, such as ALMA and NOEMA, will
allow us to detect the less massive and slower cases of CO outflows
and extend our investigation to a broader range of AGN classes. In
addition, short baseline observations performed with these interferometers
will provide new information about the diffuse and extended component of
cold molecular gas in outflows which so far remained almost unexplored.
Furthermore, recent results are showing that with high sensitivity
ALMA observations we can detect the mm/sub-mm emission from cold
dust within AGN-driven outflows. Dust is a fundamental catalyst for
the formation of H2 and these observations will shed light on how it can
survive/reform in such a harsh environment.
In the optical band, observations exploiting the adaptive optics capabilities of MUSE will help to better characterize warm ionized gas outflows
in the local Universe and give stronger constraints on their spatial extent
and geometry. This will allow a more robust estimate of the typical mass
outflow rate and outflow efficiency of warm ionized gas outflows which still
suffer from high uncertainties.
By combining the spatially resolved and multi-wavelength information
from the aforementioned observations it will be finally possible to give
more reliable constraints on the global efficiency of the AGN negative
feedback and, in addition, have new hints on the occurrence and the physics
underlying AGN positive feedback.
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De rol van actieve galactische kernen in de evolutie
van sterrenstelsels
Sterrenstelsels in ons universum zijn verdeeld in spiraalstelsels die actief
sterren aan het vormen zijn en zwaardere elliptische stelsels met weinig
sterformatie. Volgens onze huidige kennis evolueren spiraalstelsels door
middel van materiaal te vergaren vanuit de omringende ruimte, maar ook
door het samenvoegen met andere sterrenstelsels. Hierdoor wordt het
sterrenstelsel massiever en verandert het in een elliptisch sterrenstelsel en
zal de formatie van nieuwe sterren op den duur ophouden. Wat precies zorgt
voor het onderdrukken van sterformatie in massieve sterrenstelsels is nog
onduidelijk. Elk massief elliptisch sterrenstelsel heeft een superzwaar zwart
gat (SZZG) in zijn centrum. Een SZZG is een heel compact en dicht object
dat materiaal van zijn omringend sterrenstelsel naar zich toe trekt, door
zijn uitzonderlijk sterke aantrekkingskracht. Dit proces, ook wel accretie
genoemd, zorgt voor het vrijkomen van enorme hoeveelheden energie in
de vorm van licht. Dit licht kan het licht geproduceerd door sterren sterk
domineren, en als dit het geval is zeggen we dat het sterrenstelsel een actieve
galactische kern (AGK) bevat. AGK’s zijn in staat om krachtige tweezijdige bundels van relativistische deeltjes te lanceren, deze zijn het helderst
in het radio regime en worden ook wel radio jets genoemd. Radio jets
kunnen grotere afmetingen hebben dan sterrenstelsels, en zijn een specifieke
eigenschap van de zo genoemde radiosterrenstelsels. In Fig.1 laten we het
bekende Centaurus A zien, een mooi voorbeeld van een AGK. Deze AGK
wordt ook bestudeerd in dit proefschrift en laat de pracht en complexiteit
van deze astronomische objecten zien.
De stralings- en mechanische energie die bij AGK’s vrijkomt in de
vorm van licht of radio jets, interacteert met het interstellaire medium
(ISM) in het sterrenstelsel. Het ISM is materie dat voornamelijk uit gas
en stof bestaat en zich tussen de sterren in sterrenstelsels bevindt. De
interactie van de energie die bij een AGK vrij komt met het ISM wordt
AGK feedback genoemd. Afhankelijk van de temperatuur en dichtheid
kan het ISM gas in verschillende fases voorkomen: moleculair, atomair
en geı̈oniseerd. De brandstof voor de vorming van nieuwe sterren in een
sterrenstelsel is voornamelijk koud moleculair gas.
Veel studies hebben aangetoond dat AGK feedback verantwoordelijk
is voor het opwarmen of zelfs volledig verwijderen van gas uit het
sterrenstelsel. Om deze reden, in combinatie met voorspellingen van
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Figuur 1 - Linker paneel. De zogenaamde binnen (onderste paneel) en buiten filament
(bovenste paneel) van Centaurus A, die bestaat uit meerdere wolken/filamenten van
geı̈oniseerd gas, dat beschenen wordt door het licht van de AGK die zich in het centrum
van het sterrenstelsel bevind. Referentie: ESO. Middelste paneel. Optische en radio
observaties gecombineerd in de opname van Centaurus A waarin het mogelijk is om
de radio jets (in het oranje) te zien die tot ver buiten het sterrenstelsel reiken die
te zien is in het midden van de foto. Referentie: Capella Observatory (optisch),
met radio data van I. Feain, T. Cornwell, en R. Ekers (CSIRO/ATNF), R. Morganti
(ASTRON), en N. Junkes (MPIfR). Rechter paneel. Observaties in zes verschillende
banden van het elektromagnetische spectrum (bovenste gedeelte) en een gecombineerde
opname van röntgenstraling, optisch, sub-millimeter en radio van de centrale gebieden
van Centaurus A (onderste gedeelte). Een ander paar van sterkere gecollimeerde
radio jets zijn zichtbaar in combinatie met een band van stof die het licht van het
sterrenstelsel absorbeert. Referentie: röntgenstraling (NASA/CXC/M. Karovska et
al.); Radio 21-cm opname (NRAO/VLA/J.Van Gorkom/Schminovich et al.), Radio
continuum opname (NRAO/VLA/J. Condon et al.); Optisch (Digitized Sky Survey
U.K. Schmidt Image/STScI); Ultraviolet (NASA/JPL/Caltech/SSC); Mid-Infrarood
(NASA/JPL/Caltech/J.Keene(SSC/Caltech)). Opname van Ángel R. López-Sánchez
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kosmologische simulaties, hebben AGK’s meer aandacht gekregen in studies
betreffende de evolutie van sterrenstelsels. Tegenwoordig wordt AGK
feedback gezien als het belangrijkste mechanisme voor het onderdrukken
van sterformatie in massieve sterrenstelsels. Maar er zijn nog veel open
vragen met betrekking tot deze kwestie. De exacte fysische mechanismen
die een rol spelen in AGK feedback zijn nog onduidelijk en vaak moeilijk
te observeren, zelfs met krachtige telescopen.
Een ideale manier om de effecten van AGK activiteit te bestuderen is
door middel van het gas in het ISM van het sterrenstelsel waar te nemen.
Gas is de brandstof voor AGK activiteit (gestimuleerd door middel van
accretie van materiaal op het SZZG), maar is ook de component die het
meeste beı̈nvloed wordt door de energie die vrijkomt door de AGK feedback.
De accretie van gas op het SZZG is lastig te bestuderen vanwege het
feit dat het op zeer kleine astronomische schalen plaatsvindt die moeilijk te
observeren zijn met huidige telescopen. Volgens ons huidige begrip zijn er
een aantal processen die materiaal naar het centrum van het sterrenstelsel
vervoeren en die als brandstof voor het SZZG dient. Recente studies
beginnen gas te vinden in roterende schijven om het SZZG in het centrum
van enkele AGK’s. Deze worden circum-nucleaire schijven genoemd die uit
gas in verschillende fases bestaan en kunnen als bron van brandstof voor de
AGK dienen. Het zwaarder worden van het SZZG wordt gereguleerd door
verscheidene mechanismen die op kleine schalen werkend zijn en nauwelijks
bekend zijn.
Met betrekking tot AGK feedback weten we dat de uitgaande energie
van een AGK in staat is het gas binnen en buiten het sterrenstelsel
te beı̈nvloeden. Afhankelijk van het type uitgaande energie (stralings,
mechanisch), kennen we twee types AGK feedback: straling en mechanisch.
De straling van de AGK is in staat om significante druk op het omringende
gas uit te oefenen en dit resulteert in zogenoemde AGK uitstromen. Dit
zijn de belangrijkste manifestaties van stralings AGK feedback. Anderzijds
hebben we het over mechanisch AGK feedback als gas weggedrukt wordt
door de expansie van radio jets. Globaal gezien spelen stralings en
mechanische AGK feedback twee verschillende rollen in de evolutie van
sterrenstelsels. Waarnemingen laten zien dat AGK’s in staat zijn om gas
van verschillende fases te versnellen maar voornamelijk moleculair gas in
het ISM. We noemen het verplaatste gas dat versneld is tot hoge snelheden
door de AGK een uitstroom. Uitstromen van gas beroven de brandstof
voor sterformatie. Hierdoor denkt men dat stralings AGK feedback de
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meest voorkomende manier is om sterformatie te onderdrukken en daarmee
de evolutie te stoppen van een massief elliptisch stelsel. Anderzijds
wordt AGK radio jet activiteit waargenomen op grotere schalen, buiten
sterrenstelsels, waardoor het diffuse gas om het sterrenstelsel opgewarmd
wordt. Dit weerhoudt het sterrenstelsel er van om nieuw gas te vergaren
vanuit zijn omgeving en dus om nieuwe sterren te vormen. In het kort,
radio jets voorkomen de vorming van nieuwe sterren. Er is toenemend
bewijs dat radio jets ook op kleinere, galactische schalen kunnen werken en
gasuitstromen kunnen veroorzaken. Dit heeft de interesse gewekt in radio
jets die ook bij kunnen dragen aan het verlagen van de formatie van sterren.
AGK feedback is voornamelijk onderzocht vanwege het ‘negatieve’ effect
op de sterformatie, anderzijds heeft men recentelijk ontdekt dat radio jets in
bepaalde omstandigheden ook een ‘positief’ effect kunnen hebben en juist
de formatie van nieuwe sterren kunnen stimuleren. Dit proces wordt jetgeı̈nduceerde sterformatie genoemd en komt voor wanneer wolken van gas
worden samengedrukt door de interactie met radio jets en zodoende sterren
beginnen te vormen. Tot nu toe zijn er slechts een klein aantal duidelijke
voorbeelden van positieve AGK feedback en de impact ervan op de evolutie
van een sterrenstelsel is nog onzeker.
Het ideale type radiosterrenstelsel dat gebruikt kan worden om het
belang van radio jets op galactische schalen te bestuderen zijn zogenaamde
‘compacte radiosterrenstelsels’. Men denkt dat deze radiosterrenstelsels de
eerste evolutionaire fase vertegenwoordigen van de klassieke en meer uitgestrekte radiostelsels. Compacte radiosterrenstelsels vertonen intrinsieke
kleinschalige radio jets die niet verder reiken dan het sterrenstelsel en zich
uitbreiden binnen het ISM. Het effect van AGK feedback, dat voornamelijk
gerelateerd is aan de expansie van de radio jets die het gas voortstuwen,
is duidelijk aanwezig in dit type bronnen. Geı̈oniseerde gasuitstromen
zijn vaak gedetecteerd in dit soort bronnen en hebben hogere snelheden
vergeleken met gasuitstromen in uitgebreide radiosterrenstelsels. Daarnaast
behoren compacte radiosterrenstelsels tot de weinige sterrenstelsels die
gevallen tonen van uitstromen met meerdere gas fasen en uitstromen van
gas in verschillende fasen vinden tegelijkertijd plaats.
Tot slot zouden compacte radiostelsels inzicht kunnen geven in hoe
uitstromen versneld worden. Schokken die ontstaan door AGK uitstromen/jets die een interactie hebben met het omringende gas zijn een
veelbelovend mechanisme voor het versnellen van uitstromen. De relevantie
hiervan voor het versnellen (en opwarmen) van het uitstromende gas is nog
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niet duidelijk. De nieuwgeboren AGK’s in compacte radiosterrenstelsels
hebben een sterke interactie met het omringende ISM zijn, dit verschaft
de ideale omstandigheden voor het voorkomen van schokken en ze te
bestuderen.

Gas uitstromen
Gas uitstromen zijn een van de duidelijkste manifestaties van het AGK
feedback proces. Ze zijn nagenoeg altijd aanwezig in de meest heldere
AGK’s en zijn waargenomen op verschillende schalen, variërend van het
binnenste deel van een sterrenstelsel tot ver buiten een sterrenstelsel.
Deze zijn aangetroffen in verschillende gas fasen (geı̈oniseerd, atomair en
moleculair gas). Er zijn indicaties dat de energie van een radiosterrenstelsel
nauw gerelateerd is aan de bewegingen van het gas in het ISM en dat de
radio jets een belangrijke of zelfs een dominante rol spelen in het verstoren
van het ISM in van een sterrenstelsel.
De verschillende gas fasen van uitstromen zijn bestudeerd door gebruik
te maken van waarnemingen in verschillende delen van het elektromagnetische spectrum. Geı̈oniseerd gas wordt waargenomen in het optische
domein, atomair gas voornamelijk in het radio regime en moleculair gas
wordt meestal waargenomen in het infrarood en sub-millimeter gebied.
Ondanks waarnemingen die gedaan zijn in deze verschillende gebieden van
het spectrum, is het nog onduidelijk hoe, en of, de verschillende fasen van
het uitstromende gas gerelateerd zijn.
Er zijn maar weinig voorbeelden bekend van AGK’s en die bekend
zijn voornamelijk gerelateerd aan compacte radiosterrenstelsels, waarbij
waarnemingen in verschillende golflengtegebieden aantonen dat uitstromen
kunnen bestaan uit gas in verschillende fasen. Voor andere sterrenstelsels
is de situatie nog onduidelijk en er kunnen nog geen algemene conclusies
worden getrokken. Aan de andere kant zien we dat sommige uitstromen
bestaan uit gas in één fase. Echter, de meest recente studies tonen aan dat
uitstromen van moleculair gas een significante hoeveelheid geı̈oniseerd gas
met zich meenemen. Maar de door het kleine aantal en de verschillende
types AGK’s die bestudeerd zijn is dit resultaat niet definitief en is een
betere kennis van de fysica van uitstromen nodig om dit te bevestigen.
Daarnaast is er de onverwachte ontdekking van uitstromen bestaande
uit koud (atomair en moleculair) gas. Zulke koude uitstromen werden niet
vermoed gezien het ISM opgewarmd wordt door de AGK feedback. Een
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mode dat recentelijk meer geloofwaardigheid gekregen heeft voorspelt dat
het koude gas gevormd wordt in uitstromen door het afkoelen van het gas
dat door AGK feedback opgewarmd is, in plaats van het effect van AGK
feedback te overleven en er door versneld te worden.
Een gas uitstroom en zijn impact op het sterrenstelsel worden meestal
aangeduid door de mate van massatransport van de uitstroom, die een
indicatie geeft van de hoeveelheid gas dat weggedragen wordt door de
uitstroom. Daarnaast geeft het ook een indicatie van uitstroomefficiëntie
die aangeeft hoeveel energie nodig was voor de uitstroom ten opzichte van de
totale energie die opgewekt wordt door accretie van materiaal op het SZZG.
De precieze uitwerking die uitstromen hebben op de mate van stervorming
in sterrenstelsels is nog niet duidelijk. Er zijn gevallen bekend die laten zien
dat uitstomen in staat zijn om starformatie langs hun pad stil te leggen.
Daarnaast weten we nog steeds niet hoeveel gas van een gasuitstroom het
sterrenstelsel verlaat en hoeveel gas terug valt.

Dit proefschrift
In dit proefschrift behandel ik een aantal open vragen met betrekking tot
AGK feedback en de mechanismen die betrokken zijn bij de accretie van
gas op een SZZG. Dit is gedaan door het geı̈oniseerd en moleculair gas in
radiosterrenstelsels te bestuderen met verschillende waarneemtechnieken,
vooral in het optische domein, maar ook in het infrarood. Met name
bestudeer ik nabijgelegen radiosterrenstelsels om het effect dat radiojets
kunnen op hebben op het ISM te begrijpen. Deze sterrenstelsels stelden
mij in staat om de complexiteit en de vele facetten van het AGK feedback
fenomeen te onderzoeken en begrijpen. In het volgende vat ik de open
onderwerpen samen die in dit proefschrift bestudeerd zijn samen met de
belangrijkste resultaten.
• De rol van radiosterrenstelsels in het voortstuwen van
gasuitstromen
Mijn studie van compacte en jonge radiostelsels bevestigt de cruciale
rol die radio jets hebben bij het verstoren van het ISM van een
sterrenstelsel. Ik vind dat de meer krachtige radiosterrenstelsels
de duidelijkste gevallen laten zien uitstromen met meerdere gas
fasen (Hoofdstuk 7). Bovendien zijn er aanwijzingen dat uitstromen
voornamelijk aangedreven worden door radio jets in plaats van
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straling van de AGK (Hoofdstuk 7). Dankzij de studie van Centaurus
A vind ik dat ook de expanderende jets van minder krachtige
radiostelsels het gas in het ISM kunnen comprimeren (Hoofdstuk 2
en 3).
• De accretie van materiaal op het SZZG en hoe de AGK
activiteit gestimuleerd wordt
Door het bestuderen van compacte en jonge radiosterrenstelsels,
waarvan de AGK activiteit onlangs gestart is, laat ik zien dat een
potentieel reservoir van gas dat gebruikt kan worden om de AGKactiviteit te stimuleren voor kan komen in een schijf van moleculair
en geı̈oniseerd gas die om het centrale SZZG roteert in de centrale
gebieden van het sterrenstelsel (Hoofdstuk 5 en 6). Bovendien de
detectie van koud gas waarvan de snelheid niet overeenkomt met de
rotatie van de circum-nucleaire schijf suggereert dat invallende wolken
van koud materiaal een manier is om het SZZG te voeden (Hoofdstuk
5).
• De efficiëntie van AGK feedback
Voor het geı̈oniseerde gas speelt de dichtheid van het uitstromende
gas een belangrijke rol in de berekeningen om de AGK-efficiëntie
te bepalen. Dankzij een nieuwe methode vind ik dat uitstromend
geı̈oniseerd gas hoge dichtheden kan bereiken. Hierdoor kan ik
afleiden dat slechts een klein deel van de beschikbare energie afkomstig
van accretie van gas op de SMBH gebruikt wordt om geı̈oniseerde gas
uitstromen voort te stuwen. Dit betekent dat AGK feedback met een
lage efficiëntie kan werken (Hoofdstuk 6).
• De relatie tussen verschillende gasfasen in een gasuitstroom
Ik gebruik jonge radiobronnen als een klok om verschillende evolutionaire stadia van uitstromen waar te nemen. Door dit te doen vind
ik aanwijzingen ter ondersteuning van het scenario waarin koud uitstromend gas ontstaat in de uitstroom als het schok-geı̈oniseerde gas
afkoelt (Hoofdstuk 6). Dit houdt in dat uitstromen van geı̈oniseerd
gas kenmerkend zijn voor de vroege evolutionaire fasen van een
uitstroom terwijl uitstromen van koud gas een meer geëvolueerd
stadium vertegenwoordigen.
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• De aanwezigheid en de relevantie van jet-geı̈nduceerde stervorming
De studie van Centaurus A heeft mij in staat gesteld te laten zien
hoe stervorming plaats kan vinden onder invloed van de (stralings
en mechanische) energie van de AGK en hoe dit gestimuleerd wordt
door de radio jet. Het aantal nieuw gevormde sterren is klein en
de gestimuleerde stervorming is beperkt tot kleine gebieden, met
nauwelijks effect op het omringende gas. Echter, afhankelijk van de
algehele efficiëntie van dit proces binnen het gebied dat beinvloed
door de jet/AGK, zou dit een belangrijke manier kunnen zijn om
nieuwe sterren te vormen. Dit heeft de potentie om verder te worden
onderzocht met nieuwe waarnemingen en gedetailleerde simulaties van
AGK feedback (Hoofdstuk 4).
• Relevantie van schokken in AGK gedreven uitstromen

Mijn resultaten laten zien dat snelle schokken (met snelheden variërend
van 500 km/s tot wel duizenden km/s) kunnen worden gedreven door
de expansie van radio jets door het ISM van een radiosterrenstelsel en
dat ze een gangbare manier zijn om het ISM te verwarmen en het gas
van uitstromen te versnellen. Dit toont het belang aan van verdere
ontwikkeling van schokmodellen, om het effect van schokken te testen
onder verschillende omstandigheden van het gas, en in het algemeen
in het kader van AGK feedback (Hoofdstuk 6).

• De verschillende fasen van het ISM in radiosterrenstelsels

Ik vind indicaties dat het geı̈oniseerde gas gevoeliger lijkt voor de
effecten van AGK feedback in radiosterrenstelsels dan andere fases
van het gas. Het koudere atomaire gas wordt meestal gevonden in
stabiele configuraties, zoals regelmatig roterende schijven die mogelijk
gerelateerd zijn aan het voeden van het SZZG (Hoofdstuk 7). Dit zou
kunnen suggereren dat voor een uitstroom, de atomaire gasfase alleen
een korte overgangsfase is die zich voordoet wanneer geı̈oniseerd gas
afkoelt en moleculair gas wordt. Door de korte duur hiervan zou dit
dus lastig waar te nemen zijn. Daarnaast lijken radiosterrenstelsels
die de snelste uitstromen van geı̈oniseerd gas hebben, weinig atomair
gas in het ISM te hebben (Hoofdstuk 7). Dit is een mogelijke indicatie
dat AGK feedback in staat is om een significante hoeveelheid atomair
gas te verwarmen in het ISM van een sterrenstelsel.
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L’importanza dei Nuclei Galattici Attivi nello studio dell’evoluzione delle galassie
Nel nostro Universo le galassie si dividono in galassie a spirale - che
stanno attivamente formando nuove stelle - e galassie ellittiche, tipicamente
più massicce e con una trascurabile attività di formazione stellare. Ad
oggi, sappiamo che una galassia a spirale evolve accrescendo materia
dallo spazio circostante e dalle altre galassie, interagendo e fondendosi
con esse. In questo modo una galassia a spirale aumenta la sua massa,
cambia il suo aspetto divenendo una galassie ellittica e, ad un certo
punto, smette di formare nuove stelle. L’esatto processo che sta dietro
alla cessazione dell’attività di formazione stellare è tuttora sconosciuto e,
pertanto, argomento di dibattito nella comunità astronomica.
Ogni galassia ellittica massiccia ospita al suo centro un buco nero supermassiccio (SMBH, dall’inglese SuperMassive Black Hole). Quest’ultimo è
un oggetto estremamente compatto e denso che, con la sua enorme forza di
attrazione gravitazionale, attrae continuamente verso di sé la materia della
galassia che lo ospita. Questo processo, detto accrescimento, rilascia un
grosso quantitativo di energia sotto forma di luce. Questa luce può eccedere
di gran lunga quella della galassia stessa (emessa principalmente dalle stelle
che la compongono) e quando ciò accade diciamo che la galassia ospita
un Nucleo Galattico Attivo (AGN, dall’inglese Active Galactic Nucleus).
I Nuclei Galattici Attivi sono tra gli oggetti astronomici più brillanti
del nostro Universo e la radiazione da loro emessa copre l’intero spettro
elettromagnetico, andando dalla banda radio fino ai raggi γ. Tra gli AGN
a noi noti alcuni sono in grado di dare origine a potenti getti di particelle
relativistiche osservabili prevalentemente nella banda radio. Questi vengono
chiamati getti radio, o più semplicemente getti, e sono una caratteristica
distintiva delle cosiddette radio galassie. Uno degli esempi più famosi
di AGN, che mostra la bellezza e, allo stesso tempo, la complessità di
questi oggetti astronomici è mostrato in Fig.1. Questo AGN è chiamato
Centaurus A ed è tra le sorgenti oggetto di studio di questa tesi.
L’energia che un AGN immette nell’ambiente circostante sotto forma
di luce (energia radiativa) e di getti radio (energia meccanica) interagisce
con il mezzo interstellare (abbreviato in ISM, dall’inglese InterStellar
Medium) della galassia che lo ospita, detta anche galassia ospite. Il mezzo
interstellare è la materia, principalmente gas e polvere, presente tra le stelle
di una galassia e l’interazione tra l’energia emessa da un AGN e l’ISM
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Figura 1 - Pannello sinistro. I cosiddetti filamento interno (pannello in basso) e
filamento esterno (pannello in alto) di Centaurus A costituiti da nubi/filamenti di gas
ionizzato illuminati dalla luce dell’AGN centrale. Credit: ESO. Pannello centrale.
Immagine composita di Cantaurus A che mostra ove è possibile vedere i getti radio
(in color arancio) estesi ben oltre la galassia visibile tramite la sua emissione nella
banda ottica al centro dell’immagine. Credit: Capella Observatory (ottico), con dati
radio di I. Feain, T. Cornwell, and R. Ekers (CSIRO/ATNF), R. Morganti (ASTRON),
e N. Junkes (MPIfR). Pannello destro. Osservazioni in sei differenti dello spettro
elettromagnetico (parte superiore) a immagine composita che mostra l’emissione nella
banda X, ottica, sub-millimetrica e radio delle regioni centrali di Centaurus A (parte
inferiore). Sono evidenti degli ulteriori getti radio estesi su scale più piccole e una
banda di polvere che assorbe la luce della galassia. Credit: Raggi X (NASA/CXC/M.
Karovska et al.); Immagine radio 21-cm (NRAO/VLA/J.Van Gorkom/Schminovich et
al.), Immagine radio continuo (NRAO/VLA/J. Condon et al.); Ottico (Digitized Sky
Survey U.K. Schmidt Image/STScI); Ultravioletto (NASA/JPL/Caltech/SSC); MedioInfrarosso (NASA/JPL/Caltech/J.Keene(SSC/Caltech)). Immagine di Ángel R. LópezSánchez. La scala spaziale indicata in basso a sinistra nelle immagini è espressa usando
l’unità di misura del kilo-parsec (kpc), 1 kpc corrisponde a circa 3260 anni luce.
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circostante e detta AGN feedback. A seconda della sua temperatura e
densità, il gas che costituisce l’ISM di una galassia si trova in differenti stati
fisici, chiamati fasi gassose o più semplicemente fasi, ed in particolare in
forma di gas molecolare, atomico e ionizzato. Il gas molecolare è solitamente
quello più freddo, all’innalzarsi della temperatura si passa alla fase atomica
e poi a quella ionizzata. Il carburante necessario alla formazione di nuove
stelle in una galassia è proprio il gas all’interno dell’ISM e, più nello
specifico, il gas molecolare freddo. Numerosi studi hanno dimostrato
che l’AGN feedback può riscaldare ed espellere gas dall’ISM. Per questo
motivo, e anche grazie alle predizioni di simulazioni cosmologiche (atte a
riprodurre la formazione e l’evoluzione delle galassie nel nostro Universo),
gli AGN hanno assunto un ruolo rilevante nello studio dell’evoluzione delle
galassie. Difatti, oggigiorno l’AGN feedback è ritenuto uno dei principali
meccanismi capaci di fermare la formazione di nuove stelle nelle galassie
ellittiche massicce. Tuttavia, molte sono le domande ancora aperte e le
questioni in corso di indagine da parte della comunità scientifica. Gli esatti
meccanismi fisici alla base dell’AGN feedback sono, infatti, ancora incerti
e spesso difficili da studiare con gli odierni telescopi.
Un modo ottimale di studiare gli effetti dell’attività di un AGN
consiste nell’osservare il gas all’interno del mezzo interstellare della galassia
ospite. Il gas è, infatti, il carburante per l’attività dell’AGN (stimolata
dall’accrescimento di materia da parte del SMBH) e, allo stesso tempo,
la componente della galassie più sensibile all’energia rilasciata dall’AGN
(AGN feedback).
L’accrescimento di gas da parte del SMBH è un processo difficile
da studiare perché avviene su scale astronomiche molto piccole che sono
difficili da osservare con i telescopi oggi a nostra disposizione. Attualmente
riteniamo che una serie di processi redistribuisca la materia all’interno di
una galassia contribuendo alla formazione di una riserva di gas nelle sue
regioni centrali. Questo gas verrà poi risucchiato dal SMBH, stimolando
cosı̀ l’attività dell’AGN. Recenti studi hanno mostrato la presenza di
gas distribuito in dischi attorno al SMBH in alcuni AGN. Questi sono
denominati ‘dischi circum-nucleari’, sono costituiti da gas in differenti fasi
e si pensa rappresentino una delle possibili riserve da cui il SMBH attinge
gas durante le fasi di accrescimento. Tuttavia, l’effettivo accrescimento di
gas sul SMBH è regolato da processi differenti che agiscono su scale ancor
più piccole e sono, ad oggi, poco conosciuti.
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L’AGN feedback è, invece, un processo su cui abbiamo più informazioni
e che conosciamo relativamente meglio. Sappiamo che l’output energetico
di un AGN è capace di influenzare il gas che risiede sia all’interno che
all’esterno della galassia ospite. A seconda che l’energia sia emessa sotto
forma di radiazione/luce o di getti, si distinguono due tipi di AGN feedback:
il feedback radiativo e quello meccanico. La radiazione emessa da un AGN
è in grado di esercitare della pressione sul gas circostante e in questo
modo origina dei venti di materia che sono la principale manifestazione
del feedback radiativo. Si parla, invece, di feedback meccanico quando il
gas viene spinto via dall’espansione dei getti radio di un AGN. Nel quadro
generale dell’evoluzione delle galassie si pensa che l’AGN feedback radiativo
e meccanico abbiano due ruoli distinti. Le osservazioni hanno mostrato che
i venti di materia sono capaci di accelerare e spostare gas nelle differenti
fasi e, in particolare, il gas molecolare all’interno dell’ISM della galassia
ospite. Quando ci si riferisce al gas che viene spostato e accelerato ad alte
velocità dall’AGN feedback si parla dei cosiddetti outflows, ovvero flussi
di gas mosso verso le zone esterne di una galassia. Gli outflows di gas
rimuovono il carburante necessario alla formazione di nuove stelle all’interno
della galassia ospite e, per questo motivo, sono ritenuti il modo più comune
con cui spegnere la formazione stellare e di conseguenza fermare l’evoluzione
di una galassia ellittica massiva. I getti radio degli AGN, invece, sono
comunemente osservati in azione all’esterno della galassia ospite, dunque su
scale più grandi, nell’atto di riscaldare il gas diffuso che le circonda. Questo
previene l’accrescimento di nuovo gas che, una volta incorporato nell’ISM
della galassia ospite, andrebbe a formare nuove stelle. In breve, mentre i
getti impediscono che nuove stelle si formino in futuro, i venti fermano la
formazione di stelle che è in corso in quel dato momento. Tuttavia, abbiamo
evidenze osservative di come anche i getti radio possano agire su scale più
piccole - ovvero all’interno della galassia ospite - e, allo stesso modo dei venti
di materia, causare outflows di gas. Proprio questo ha stimolato interesse
verso i getti radio come un ulteriore e possibile meccanismo che contribuisce
allo spegnimento della formazione stellare.
Come descritto poc’anzi, l’AGN feedback è noto principalmente per
il suo effetto negativo sull’attività di formazione stellare, tuttavia è stato
recentemente scoperto che, in particolari condizioni, i getti radio possono,
al contrario, avere un effetto positivo e stimolare la formazione di nuove
stelle. Questo processo è chiamato ‘formazione stellare indotta dai getti’ e
avviene quando nubi di gas vengono compresse dall’interazione con i getti
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e iniziano a formare nuove stelle. Finora conosciamo pochi chiari esempi di
questo feedback positivo e la sua rilevanza nell’evoluzione di una galassia è
tuttora dibattuta.
Una classe di radio galassie ideale per studiare l’interazione dei getti
radio con l’ISM è costituita dalle cosiddette radio galassie compatte. Si
crede che queste radio galassie rappresentino le prime fasi evolutive delle
classiche e più estese radio galassie a noi ben note. Difatti, le radio galassie
compatte mostrano getti su piccole scale che non superano le dimensioni
della galassia ospite e sono, perciò, tuttora in espansione all’interno del
suo ISM. Studi passati hanno dimostrato che in questa classe di galassie
l’effetto dell’AGN feedback, legato principalmente all’espansione dei getti
radio che spostano il gas, è particolarmente evidente. Infatti, outflows di
gas ionizzato vengono comunemente osservati e hanno velocità maggiori
rispetto a quelli trovati nelle radio galassie più estese. Inoltre, le radio
galassie compatte sono tra le poche a mostrare casi di outflows multifase, vale a dire outflows che contengono gas nelle differenti fasi. Infine,
le radio galassie compatte possono far luce sul meccanismo che accelera il
gas degli outflows. Uno dei candidati più promettenti a tal riguardo sono
gli shocks, ossia onde d’urto che si originano a seguito dell’impatto dei
getti/venti con il gas circostante. Nonostante le numerose osservazioni, la
loro rilevanza nell’accelerare (e riscaldare) il gas all’interno degli outflows
è ancora scarsamente quantificata. Nelle radio galassie compatte i neo-nati
getti radio sono solitamente potenti e interagiscono intensamente con l’ISM
della galassia ospite all’interno del quale sono ancora intrappolati. Questo
fornisce le condizioni ideali per la formazione e lo studio degli shocks.

Gli outflows di gas
Gli outflows di gas sono una delle principali manifestazioni dell’AGN
feedback. Essi sono quasi onnipresenti negli AGN più luminosi e sono
stati osservati in differenti fasi (gas ionizzato, atomico e molecolare) e
su differenti scale, dalle regioni più centrali della galassia ospite sino ad
arrivare a scale super-galattiche. Abbiamo indicazioni in merito al fatto
che le proprietà di un AGN nella banda radio, ed in particolar modo la
potenza della radio galassia, siano intimamente connesse alla velocità del
gas dell’ISM e che, quindi, i getti radio possano avere un ruolo importante,
se non dominante, nel disturbare il gas all’interno di una galassia.
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Le differenti fasi del gas all’interno di un outflow vengono studiate
usando osservazioni in differenti bande dello spettro elettromagnetico. Il gas
ionizzato viene osservato nella banda ottica, il gas atomico principalmente
nella banda radio mentre le osservazioni del gas molecolare vengono
effettuate solitamente nella banda infrarossa e sub-millimetrica. Sebbene
molte osservazioni siano state condotte nelle differenti bande è tuttora
incerto come e se le diverse fasi del gas che costituisce un outflow siano
legate tra di loro.
Sono pochi, e prevalentemente associati a radio galassie compatte,
i casi di AGN ove la sinergia fra le osservazioni nelle differenti bande
ci ha consentito di rivelare che un outflow può essere costituito da gas
in differenti fasi. La nostra conoscenza è, infatti, più limitata quando
cerchiamo di estendere la nostra ricerca ad un numero maggiore di AGN
ed ottenere cosı̀ delle conclusioni più generali. Per citare un esempio, non
ci spieghiamo come mai alcuni outflows sembrano essere costituiti da gas
in una sola fase. Gli ultimi studi in merito mostrano che gli outflows
di gas molecolare trasportano un quantitativo di gas maggiore rispetto,
ad esempio, agli outflows di gas ionizzato. Tuttavia, a causa del numero
limitato delle galassie studiate e delle loro diverse tipologie, questo risultato
non è definitivo e richiede una migliore conoscenza della fisica degli outflows
per essere confermato. Inoltre, l’osservazione di outflows di gas freddo
(atomico a molecolare) nelle ultime decadi è stata una scoperta inaspettata
se si considera che l’AGN feedback che li origina dovrebbe riscaldare il
gas dell’ISM. Uno scenario che risulta sempre più condiviso prevede che il
gas freddo, anziché sopravvivere all’AGN feedback ed essere accelerato, si
formi all’interno degli outflows, quando il gas riscaldato dall’AGN feedback
si raffredda.
Un outflow e il suo impatto sulla galassia ospite vengono solitamente
caratterizzati tramite quello che in inglese è conosciuto come ‘mass outflow
rate’, che indica la quantità di massa trasportata dall’outflow e l’efficienza
dell’outflow la quale, a sua volta, misura quanta energia viene usata
per lanciare l’outflow rispetto all’energia totale a disposizione, che deriva
dall’accrescimento di materia sul SMBH. L’effettivo impatto che gli outflows
hanno sulla formazione stellare della galassia ospite è tuttora argomento
di dibattito nella comunità scientifica. Ci sono casi che mostrano come
gli outflows possano fermare la formazione di nuove stelle lungo il loro
cammino. Tuttavia, sembra che essi non abbiano un grosso effetto sulla
formazione stellare che avviene al di fuori del loro cammino. Inoltre, è
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ancora incerto quanto gas all’interno di un outflow venga effettivamente
espulso dalla galassia ospite e quanto, invece, ne ricada su di essa.

Questa tesi
Questa tesi di Dottorato è volta a rispondere ad alcuni degli interrogativi
ancora aperti riguardo all’AGN feedback e ai meccanismi che regolano
l’accrescimento di gas su di un SMBH. Questo è stato fatto studiando il
gas ionizzato e il gas molecolare all’interno del mezzo interstellare di radio
galassie, grazie all’utilizzo di differenti tecniche osservative, principalmente
nella banda ottica ed infrarossa. In particolare, ho avuto modo di studiare
alcune radio galassie per comprendere l’effetto che i loro getti radio hanno
sull’ISM. Questo tipo di galassie mi hanno permesso di capire e apprezzare
la complessità dell’AGN feedback e delle sue molteplici sfaccettature.
A seguire riassumo gli argomenti studiati in questa tesi sottolineando i
principali risultati da me ottenuti.
• Il ruolo delle radio galassie nell’originare outflows di gas
all’interno della galassia ospite
La mia ricerca nell’ambito delle radio galassie compatte e giovani
conferma il ruolo cruciale dell’AGN feedback dovuto ai getti radio
sull’ISM della galassia ospite. I miei risultati mostrano che le radio
galassie più potenti sono anche associate a chiari casi di outflows
multi-fase (Capitolo 7). Inoltre, ci sono indicazioni per dire che
l’energia meccanica emessa dalle radio galassie nell’ISM sotto forma di
getti sia la principale causa alla base degli outflows in queste galassie
(Capitolo 7). Grazie allo studio del caso di Centaurus A, tuttavia,
ho trovato evidenze del fatto che anche i getti di radio galassie
meno potenti, espandendosi nell’ISM, sono in grado di spostare e
comprimere gas (Capitolo 2 e Capitolo 3).
• Come il SMBH accresce materia stimolando l’attività dell’AGN
Grazie allo studio delle radio galassie compatte e giovani, in cui
l’attività dell’AGN è stata recentemente stimolata, ho dimostrato
che dischi circum-nucleari di gas molecolare e ionizzato che ruota
attorno al SMBH possono costituire una effettiva riserva da cui il
SMBH stesso può attingere gas durante le fasi di accrescimento
(Capitolo 5 e Capitolo 6). Inoltre, l’osservazione di gas la cui velocità
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non è compatibile con la rotazione in questi dischi circum-nucleari
suggerisce che una delle modalità con cui il SMBH accresce materia
consiste nel risucchiare nubi di gas freddo (Capitolo 5).
• L’efficienza dell’AGN feedback
Nel caso di outflows di gas ionizzato la densità del gas gioca un
ruolo cruciale nei calcoli per stimare l’efficienza dell’AGN feedback.
L’applicazione di una nuova tecnica per misurare la densità del gas mi
ha permesso di constatare che il gas ionizzato di un outflow può raggiungere densità molto alte. Questo ha contribuito a dare indicazioni
in merito al fatto che solo una piccola quantità dell’energia derivante
dall’accrescimento di materia sul SMBH viene effettivamente usata
per spingere il gas ionizzato all’interno di un outflow, vale a dire che
l’AGN feedback può operare a basse efficienze (Capitolo 6)
• Il legame tra le differenti fasi del gas all’interno di un outflow
In questa tesi ho usato alcune radio galassie compatte e giovani come
un orologio per monitorare le differenti fasi evolutive di un outflow. I
miei risultati supportano lo scenario secondo il quale il gas freddo che
osserviamo negli outflows si origina all’interno degli outflows stessi
a seguito del raffreddamento di gas riscaldato/ionizzato dall’AGN
feedback (Capitolo 6). Questo implica che gli outflows di gas ionizzato
caratterizzino le prime fasi evolutive di un outflow mentre gli outflow
di gas freddo ne rappresentino le fasi finali.
• La rilevanza della formazione stellare indotto dai getti
Lo studio di Centaurus A mi ha permesso di mostrare come la
formazione di nuove stelle possa avvenire anche sotto l’influenza
dell’energia radiativa e meccanica di un AGN, possibilmente stimolata
da un getto radio. La quantità di nuove stelle formate è irrisoria e la
formazione stellare è limitata a piccole regioni, con un effetto modesto
sul gas circostante. Tuttavia, a seconda dell’efficienza totale di questo
processo all’interno dell’intera zone di influenza del getto/AGN, esso
potrebbe rappresentare un’efficace modalità con cui formare nuove
stelle, che merita ulteriore studio attraverso l’uso di nuove osservazioni
e simulazioni dell’AGN feedback (Capitolo 4)
• La rilevanza degli shocks all’interno degli outflows
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I risultati da me ottenuti mostrano che shocks con elevate veocità (a
partire da centinaia di km s−1 fino ad arrivare a migliaia di km s−1 )
possono essere causati dall’espansione di getti radio all’interno dell’ISM
di una galassia e sono un modo effettivo con cui riscaldare ed
accelerare il gas di un outflow. Questo sottolinea l’importanza di
sviluppare ulteriori modelli di shocks e testare il loro effetto sulle
diverse fasi del gas e, più in generale, nel contesto dell’AGN feedback
(Capitolo 6).
• Le differenti fasi dell’ISM nelle radio galassie

Grazie al lavoro svolto in questa tesi ho trovato indicazioni del fatto
che il gas ionizzato sembra essere più sensibile agli effetti dell’AGN
feedback nelle radio galassie mentre il gas atomico più freddo si trova
solitamente in configurazioni più stabili - come dischi che ruotano
regolarmente - che sono possibilmente collegate all’accrescimento di
materia sul SMBH (Capitolo 7). Questo suggerisce che all’interno di
un outflow la fase atomica del gas sia solo una rapida, e quindi più
difficilmente osservabile, fase di transizione cui il gas va incontro nel
passaggio dalla fase ionizzata più calda a quella molecolare più fredda.
Inoltre, le radio galassie che ospitano gli outflow di gas ionizzato con
le velocità più elevate sembrano avere poco gas atomico all’interno
del loro ISM (Capitolo 7). Questo indica potenzialmente che l’AGN
feedback è capace di riscaldare una parte significativa del gas atomico
nell’ISM di una galassia.
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Acknowledgments

255

Fabio, io e te condividiamo qualcosa di indescrivibile, a partire dalla
consapevolezza che ci saremo sempre l’uno per l’altro. Dagli albori abbiamo
condiviso ansie, aspettative, obbiettivi e tante, troppe risate. Siamo
preoccupantemente simili e sempre piú spesso ci ritroviamo a non dover
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