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Abstract
Active galactic nuclei (AGN) play a fundamental role in the evolution of the host galaxies
and the clusters in which they are embedded. The interplay between the most compact
regions in these galaxies and their environments occurs via outflows and can be studied at
kiloparsec scales, where those outflows generate shocks and get mixed with the interstellar
and intergalactic media. The SKA represents a unique opportunity to study this process in
detail, not only in the Local Universe, but also at high redshift, allowing us to study how
the AGN properties vary with time and their role in galaxy evolution. In this chapter we
collect a number of AGN processes taking place on kiloparsec scales in which the SKA will
certainly provide revolutionary advances, namely, those related with gas distribution around
galaxies that host active nuclei, molecular and relativistic outflows and their impact on the
host galaxy and intracluster medium, and the cosmological evolution of AGN populations.
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Introduction

Besides being among the brightest objects in the universe, AGN are further characterised
by being strong emitters at any range of the electromagnetic spectrum. The power of these
sources is based on the availability of material in their immediate surroundings, host galaxy,
and/or circumgalactic medium. Different processes cause the fall of matter onto the center
(see Sect. 2), eventually fueling the black hole through an accretion disk (e.g., [10]). Yet,
the source of this material, its mere nature and origin remain big questions that make the
unification of the various AGN classes more difficult, in particular of the two more extreme
groups: the radio loud, low luminosity AGN - kinetically very efficient but poor radiators
- and the radio quiet AGN - extremely efficient radiators [57]. Neutral HI gas is the most
abundant element and thus the most important matter reservoir to form molecular complexes,
stars and to fuel supermassive black holes (SMBHs). Most of what we know from HI comes
from single dish aperture with limited angular resolution. Large HI surveys, e.g. ALFALFA,
done with the 300 m Arecibo radio telescope [26], show that HI is ubiquitous in galaxies
(e.g., [24]). Yet, these surveys provide an integrated emission for most cases. Our knowledge
about the precise spatial location, morphology and kinematics of this pervading gas within
a galaxy and its circungalactic medium is limited to a few cases. One of the reasons is the
relatively low column density of this gas, which makes HI mappings with suitable angular
resolution difficult and expensive. Combining its high angular resolution and sensitivity, the
SKA shall produce unprecedented HI spectral 3-D distributions of the AGN circungalatic
medium where massive HI disks, presumably captured from a merger event, seem to orbit
around the host of radio quiet and radio loud AGN (e.g.,[68, 75], see Fig. 1).
In the cm domain, AGN present the most spectacular morphologies, associated with
synchrotron (non-thermal) or bremsstrahlung (thermal) plasma emission and extending from
tens to hundreds of kiloparsecs away from the optical galaxy. These structures, which carry
a non-negligible fraction of the AGN power to be deposited in the galactic and intergalactic
medium (IGM), are of paramount importance because of the role they may play in galaxy
evolution [52]. They will greatly benefit from the continuous frequency coverage from 350
MHz to 20 GHz offered by the SKA. This, complemented with superior angular resolution,
will allow us to get extremely well sampled spectral energy distributions of the various components, core, jet-knots, hot spot, lobes, without inter-contamination and high sensitivity. It
will open the opportunity to test more physically-motivated models of jet production, propagation, their interaction with the interstellar medium (ISM) and IGM, and in turn, a sound
determination of the total power injected by the jet in the medium.
The studies of these regions in the low frequency range, which the SKA offers with much
higher sensitivity than current facilities, will open a new window for discovering previous
periods of AGN activity and cycles. This is possible because the low energy particles suffer
much smaller synchrotron losses. This in turn makes it possible to observe them at low
frequencies, millions of years after their acceleration (which presumably happened in the jet
regions that underwent a surge of activity). The sensitivity of the SKA will allow us to catch
them at their final stage.
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Figure 1: The HI circungalactic medium of a radio quiet AGN, the Seyfert galaxy NGC
5252. The optical image is shown above; in the right panel, the same field traces the ionised
gas (Hα in dark), and the HI in contours. Both gas phases constitute a single rotating disk
with equal column desnity and velocity. The HI mass disk is 108 M . The sensitivity and
angular resolution of the SKA will permit us to investigate the frequency and origin of these
massive HI disks. From [68].

2

Gas distribution around galaxies: AGN triggering

The highly luminous optical, and sometimes also radio, emission of quasars first led to their
use as probes of the high-redshift Universe. It is now widely accepted that SMBHs power AGN
activity and that feedback during the AGN phase may play an important role in regulating
galaxy evolution. However, we still know very little about how and when quasars are triggered
as part of the hierarchical growth of galaxies (see [2] for a review).
The tidal torques associated with galaxy bars, disk instabilities and galaxy interactions
between galaxies are efficient mechanisms to transport the cold gas required to trigger and
feed AGN and star formation to the centres of galaxies. This gas has to lose ∼99.9% of
its angular momentum to travel from the kpc-scale host galaxy down to ∼10 pc radius (see
e.g. [39]). Interferometric CO maps of nearby AGN have been used to quantify this angular
momentum transfer budget. For example, the NUclei of GAlaxies (NUGA) project observed
a sample of 25 nearby low-luminosity AGN in CO with a maximum resolution of 0.5” (∼50–
100 pc) and found that only ∼1/3 of the sample showed evidence for fuelling [30]. However,
there has to be gas fuelling into the nucleus to trigger and maintain nuclear activity and
thus, it becomes necessary to look at smaller scales (<50 pc) to study the gas kinematics and
quantify the gas content of the inflow [47, 50, 29].
Recent studies of samples of luminous radio-quiet and radio-loud quasars (Lbol >
1045 erg s−1 ) revealed a high incidence of tidal features in their host galaxies (see Fig. 3)
compared to control samples of non-active galaxies [69, 6, 87]. This indicates that galaxy
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Figure 2: (a) 3C 445: entire source, 8.4 GHz, VLA C-array; (b) 3C 445 North hot-spot:
8.4 GHz, VLA B-array; (c) superposition of VLA A-array data (contours) and VLT K-band
image (grey), both smoothed to a common resolution of 0.35×0.35 arcsec2 ; (d) 3C 445 North
hot-spot: VLT near-infrared emission in original resolution (0.31 arcsec). From [46].

mergers/interactions likely play a role in the triggering of luminous AGN. On the other hand,
for less luminous AGN (Lbol ∼ 1042−45 erg s−1 , including Seyferts and LINERS), it has been
found that the incidence of disturbed morphologies is not significantly enhanced over the general population of galaxies (e.g., [12]), leaving secular processes as the most likely triggering
mechanism at such luminosities [48]. Thus, it seems that AGN of different luminosities are
triggered in different manners [86], although other factors such as their environment and/or
radio power can also play a key role [70, 76].
Detecting the sometimes faint morphological signatures resulting from galaxy interactions is challenging, and it requires deep and high spatial resolution optical observations with
8-10 m telescopes. These studies are therefore restricted to intermediate-redshift samples
(up to z ∼0.5–0.8), for which cosmological dimming and spatial resolution are not critical.
Alternatively, these tidal features can be easily detected in HI observations [77]. Performing
such studies in HI will bring clear advantages with respect to optical surveys. For example,
they will provide kinematic information that can be used to reconstruct the dynamics of the
interaction. Besides, the tidal features resulting from the interaction between galaxies, which
are sometimes difficult to detect in the optical, will be clearly visible in HI observations.
The good spatial resolution and excellent sensitivity of the SKA will provide key information about the distribution of HI in AGN samples at high and intermediate redshift.
Thanks to the SKA, we will not only be able to understand how the cold gas is accreted in
active and non-active galaxies and how important mergers are in galaxy evolution, but also
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Figure 3: Optical morphologies of powerful radio galaxies in the 2Jy sample [69]. The
morphological features detected include bridges, tidal tails, shells, etc.
to further investigate the triggering of star formation in these merging systems. The SKA
will allow us to trace the amount of cold gas present in those systems and therefore to clarify
whether gas-rich mergers are more prevalent than dry-mergers in the case of luminous AGN.
Using far-infrared Herschel observations of radio galaxy samples at intermediate redshift, it
has been hinted that minor mergers are capable of triggering luminous quasars [85]. The
SKA will definitely confirm if minor mergers provide sufficient fuel for such powerful AGN,
and if so, whether this is also the case at high redshift.

3

Neutral gas outflows

Radiative and mechanical feedback is invoked as a mechanism of self-regulation in galaxy
evolution. Outflows could prevent galaxies from becoming overly massive and help regulate
the fueling of both the star formation and the nuclear activity (e.g., [40, 16, 81, 21, 38, 89]).
Observations of AGN where the distribution and kinematics of atomic and molecular gas can
be spatially resolved are a key to our understanding of how gas accretion can self-regulate
in galaxies. There is growing observational evidence of the presence of gas outflows in a
wide variety of starbursts and active galaxies. Outflows are found in ultra luminous infrared
galaxies (ULIRGs), radio galaxies, quasars and Seyferts, and they are detected in nearly all
the phases of the interstellar medium (ISM), including the ionized gas (e.g., [36, 13, 49, 3]), the
neutral atomic medium (e.g., [58, 74]), and the molecular gas phase (e.g., [23, 59, 14, 11, 31]).
This multi-wavelength based evidence suggests that the global impact of outflows can only
be evaluated if all of their ISM phases are scrutinized. The quantitative balance between the
different ISM phases of outflows is seen to change dramatically depending on galaxy type for
reasons that remain to be fully understood. The dominant phase of the ISM in the central
kiloparsec regions of active galaxies resides in the neutral gas. As argued below, the SKA
will be able to make a significant progress in the study of galaxy outflows by observing the
distribution and kinematics of atomic and molecular gas in different populations of active
galaxies.
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The SKA will permit studying the neutral hydrogen content of galaxies to cosmological
significant distances (z ∼2). A key tool will be the observation of this line in absorption
in front of radio continuum sources. The chances of detecting the HI line at 21 cm in
absorption is virtually redshift-independent, since it is mainly a function of the strength of
the background continuum source. This makes that HI absorption studies become an excellent
tool to probe the neutral hydrogen reservoirs in distant galaxies where the HI emission line
would be way too weak to be detected. The atomic gas producing the absorption can be
used to probe the distribution and the kinematics of gas in circumnuclear disks (CNDs) of
radio-loud AGN on very small scales. In particular, HI profiles can unveil the presence of fast
(> 1000 km s−1 ) atomic outflows, a signature of ongoing mechanical feedback from the AGN
(e.g., [58]). The work presented in [32] and [33] has been instrumental in defining the expected
detection rate of HI absorption associated with radio-loud AGN, which amounts to ∼ 30%
for radio-continuum flux sources of ≥ 50 mJy. As extensively discussed in [60], about 10%
of the HI 21cm absorption detections would show high-velocity components corresponding to
atomic outflows. Furthermore, to trace around ∼ 600 atomic outflows in a survey of radio
continuum sources of ≥ 100 mJy, covering ∼ 10, 000 deg2 of sky, the rms goal required would
approach the 30–150µJy level in channels of 30 km s−1 , taking into account that HI outflows
are characterised by line opacities that typically range from 0.001 to 0.005.
The SKA will also probe the emission of extragalactic mega-masers from a number of
molecular species, which include OH and H2 O lines (see also the Chapter by Pérez-Torres,
Garcı́a-Burillo et al., this book). These lines, seen in emission, are able to trace compact
structures in the CNDs of active galaxies, where they can be used as the best tools to probe
the 2D kinematics of molecular gas down to spatial scales of microarcseconds. Therefore, these
SKA observations represent an ideal complement to interpret HI absorption data of radioloud AGN, which are to some extent limited in their ability to give, mainly, 1D information
along the line of sight in front of the radio continuum sources. It has been discussed if OH
emission can trace the jet-ISM feedback action in the CNDs [28]. The dynamical status of the
CNDs could be heavily influenced by a significant AGN feedback action. AGN feedback can
explain the onset of nuclear warp instabilities or the existence of massive outflows recently
uncovered by the Atacama Large Millimeter Array (ALMA) on similar spatial scales [14],
[31]. As an indication of feasibility, current estimates suggest that a detection experiment for
OH would need a few–to–20 hours per source for modest maser luminosities up to z ∼ 2 [8].

4

Relativistic outflows at kiloparsec scales

Relativistic outflows from radio-loud AGN propagate from the nuclear regions of the galaxy to
hundreds of kiloparsecs away. At the largest scales, radio jets are divided into FRI and FRII
populations [20], depending on their morphology: The former have a lower radio brightness
and an irregular, decollimated morphology, whereas the latter show collimated jets and bright
hot-spots at the terminal shock of the jet flow, where the interaction with the ambient takes
place. In principle, this dichotomy is related to jet power (see, e.g., [71]), the most powerful
showing typically an FRII morphology, but there is a number of open issues related to this
dichotomy. Whereas FRII jets are thought to have high internal mach numbers, FRI jets are
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decelerated along the first kiloparsecs of evolution. There are two main proposed decelerating
mechanisms: entrainment of denser, slower ambient gas (e.g., [42, 64] and references therein)
or entrainment of stellar wind gas from stars embedded within the jet flow (e.g., [66] and
references therein). Another ingredient that has been proposed as causing the dichotomy is
the magnetic field structure and intensity (e.g., [56] and references therein).
The velocity profile of the jets -along the transversal direction to the jet axis- at these
scales can give clues about which of the processes proposed to explain FRI jet deceleration
is more relevant (see, e.g., [43]): If the deceleration is caused by internal entrainment, no
velocity profile across the jet is expected, whereas if the mass-load of the jet is external,
there would be a velocity profile, with slower layers at the jet boundaries. Determining the
magnetic field structure will also be relevant to understand its role on jet dynamics and
stability. These studies require a resolution of the order of 0.1 arcsec at GHz frequencies,
which will be provided by the SKA1-MID, Bands 3-5 (see [44, 1] and the Chapter by Agudo,
et al., this book). The characterisation of the velocity profiles in narrower jets corresponding
to FRII morphologies will require the SKA2 capacities (resolution of the order of 10 mas,
see [44]). In the case of wide FRI jets, the SKA will allow us to obtain Faraday rotation
measures, which can unveil the possible intrinsic helical topology of the magnetic field in
these jets at kiloparsec scales, using the SKA1-VLBI, Band 5.
A significant fraction of FRII galaxies present two pairs of misaligned radio lobes,
the high-brightness and the loss-brightness luminosity ones, forming an X shape [45]. The
peculiar radio morphology of these X-shaped radio galaxies was suggested to be caused by a
recent merger of two SMBHs (e.g., [54]), where the low-brightness lobes constitute the relic
emission of the past radio jets. This scenario was supported by the finding that X-shaped
radio galaxies are hosted by early-type galaxies and present statistically higher black hole
masses and an enhanced star formation and nuclear activity compared to a sample of normal
double-lobed galaxies [55, 56]. The high sensitivity of the SKA will permit us to detect these
sources at higher redshifts (z >0.3), to perform polarimetric and spectral aging studies of
their radio lobes, and thus to study these peculiar sources in great detail.
Finally, the sensitivity of the SKA will allow us to address another of the fundamental
questions in extragalactic jet astrophysics, namely, the existence of a cosmological evolution
of FRII-FRI populations, as it has been suggested by different authors (e.g., [9, 88, 4, 5]). The
detection of high-redshift sources and the possibility to resolve their large-scale structure –for
instance, the presence or absence of hot-spots– will be crucial to develop statistical studies
of these populations depending on redshift. In this same line of research, the SKA will also
help to quantify the intermittency of jet injection along the evolution of an AGN [80, 17], by
making possible to observe radio relics from ancient outflows in currently active radiogalaxies
or even the relics of present radio-quiet active galaxies (see Sect. 5), at the 100-600 MHz
bands.
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Figure 4: The impact of relativistic outflows from AGN on their environment up to hundreds
of kiloparsecs is shown by long-term numerical simulations. The image shows two snapshots
of the rest-mass density and temperature distributions of an evolved two-dimensional axisymmetric jet. The upper panel shows the jet-cocoon-shell structure after ' 2 × 107 yrs, whereas
the bottom panel shows the relic cocoon-shell structure after ' 2 × 108 yrs. The jet injection
was stopped after the time shown at the top panel, thus the bottom panel represents the
long-term evolution after the jet active phase. The jet is surrounded by a region (cocoon) of
low-density and high-temperature shocked jet gas mixed with shocked ambient. The cocoon
is the region that corresponds to X-ray cavities in typical Chandra observations of clusters.
The dense shell of shocked ambient density surrounds the jet and the cocoon. This simulation was performed at Mare Nostrum (BSC) within the frame of the Spanish Supercomputing
Network (RES) [67].
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Feedback and impact on galaxy evolution

A fundamental problem in Astrophysics and Cosmology is the role that AGN can play on
the evolution of the host active galaxy and its host cluster. One of the ways in which
nuclear galactic activity affects its environment can be characterised by the so-called coolingproblem: the gas among galaxies in clusters is X-ray bright owing to thermal emission and
cools down at a rate that implies relatively short cooling times with respect to the age of the
Universe; therefore flows of cooled gas onto the galactic potential well should be expected
(10 − 100 M /yr), as the gas loses energy. However, X-ray observations of clusters with
XMM-Newton and Chandra revealed a lack of such flows in many cases (see e.g., [52, 18],
and references therein). As a consequence, it was postulated that a heating mechanism was
necessary. The main mechanisms that have been proposed are the so called quasar mode
and the radio mode. The former, also known as radiative mode, consists of the cold gas
being pushed away by winds triggered by the nuclear activity [18]. The latter is justified by
the observed anti-correlation between the radio lobes formed by jets and the X-ray emission
from the cluster gas surrounding active galaxies: the interaction between the jets and their
environment could be responsible for the heating. The heating process has been typically
associated to turbulent mixing caused by the gentle buoyancy of bubbles inflated by the jets.
Nevertheless, evidence of weak shocks (Mach numbers M ' 1 − 4) surrounding the radio
lobes in powerful sources has been collected (see, e.g., [61, 83, 34, 15, 84]). The relevant role
of these shocks in the heating process has been confirmed by recent numerical simulations of
long-term evolution of relativistic jets [65, 67]. In addition, those shocks can displace large
amounts of gas from the host galaxy, possibly triggering star formation during the initial
stages [27] and quenching it in the long term [65, 67], see Fig. 4. This whole process has
important implications for the star formation rates in the galaxy and the growth of the central
black hole (e.g., [10]), i.e., regarding the evolution of the host galaxy and its environment.
Moreover, the recurrent activity of radio jets is considered to play a fundamental role in the
lifecycle of the most massive galaxies maintaining them “red and dead” [7], thus providing
a possible explanation for the shape of the luminosity function at the high mass end (e.g.,
[82]).
On the one hand, aged particles injected by jets in the radio lobes and relics (in the case
of exhausted nuclei) and having emitted most of their gained energy at the jet terminal shock
emit at low radio frequencies and can be very dim, depending on the source age and power.
Thus, at the lowest frequencies, the radio data from the aged synchrotron emission will trace
back the history of feedback for 100-300 Myrs. On the other hand, detecting their emission
is necessary to understand the interaction between extragalactic jets and the intracluster
media (see also [35]). The SKA offers the high-sensitivity and resolution at hundreds of
MHz to unveil these regions and show the details of those interactions: SKA1-MID and
SKA1-LOW represent a perfect observational tool for this aim: Angular resolutions on the
order of the arcsecond (∼ 10 arcseconds for the SKA1-LOW), and sensitivities of the order
of the µJy/beam in wide band continuum mode, in 30 min. integrations. Furthermore, low
frequency radio interferometric observations have revealed the presence of extended structures
in galaxy clusters, suggesting the presence of large scale shocks with enhanced magnetic fields
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that play a relevant role in the particle acceleration. The SKA, through the measurement of
the Faraday Rotation in background and embedded radio sources, will permit to study the
magnetic fields in the clusters of galaxies and their exact role in the feedback process.

6

Cosmological evolution of Active Galactic Nuclei

The superb sensitivity and survey speed of the SKA is also perfectly suited to produce an
actual revolution on cosmological studies of large samples of radio loud AGN up to redshifts
z ∼ 10. At such high redshifts, the Universe is still completely unknown, as well as the
evolution of bright radio loud AGN from those early epochs to the Local Universe. There
is therefore still an almost entire new field to explore regarding the cosmological evolution
of AGN. This field needs to answer relevant questions such as: when were the first AGN
formed? How were they formed? What were the properties of their environments and their
SMBH and accretion systems? How did they evolve with time up to z ∼ 0?
A relevant issue regarding the possibility to detect radio loud AGN at very high redshifts (beyond z ∼ 8) was raised because of the strong influence of the dense Cosmic Microwave Background (CMB) at those redshifts [22, 72, 41], which is expected to produce a
dramatic loss of relativistic electrons on the AGN jets via enhanced inverse Compton scattering, therefore decreasing the output synchrotron emission of the AGN/jet by several orders
of magnitude. The huge cosmological distance of these early AGN sources makes the possibilities of detection very small. However, the group of G. Ghisellini has recently shown,
through numerical simulations of jet emission, that the detection of powerful relativistically
beamed radio loud AGN (i.e., blazars) is feasible for LOFAR up to redshifts between 3 and
7 [25], and of course for the SKA even for z > 8 at detection level σ > 10 [1]. For the case
of the SKA, a single 30 min. observation suffices to detect such dimmed and far away radio
sources. This will not only allow for unprecedented cosmological studies of radio loud AGN,
but also for new estimates of the CMB itself, by modeling the impact of the CMB on the
spectral energy distribution of blazars.
Concerning the detection and possible characterization of the first AGN formed in the
Universe, and therefore the characterisation of the basic properties of their putative black
holes, their appearance is highly speculative and there are lots of uncertainties regarding
predictions so far [73, 37, 78]. However, numerical simulations predict that dense clouds are
capable to form massive compact objects (of ∼ 105 M ) containing accretion disks [79]. These
scenarios would naturally lead to the formation of relativistic jets, but the dense environments
on the early-Universe galaxies would frustrate the development of large scale jets. Instead,
small scale radio structures, similar to the GHz-Peaked-Spectrum (GPS, [62]) sources known
in the Local Universe, would form. This is actually favourable in terms of the detection with
the SKA. For small scale relativistic jets, the radio emission is not strongly affected by IC
looses by the dense CMB as it happens for large scale radio lobes from AGN. Falcke et al.
[19] claimed that, for central black hole masses of ∼ 107 M , the compact radio structures
corresponding to this early type of GPS should be visible even at z > 10. Deep searches on
the 100-600 MHz bands of the SKA at arcsecond and sub-arcsecond resolution [19], combined
with ultra-high sensitivity SKA-VLBI [63] (see also the Chapter by Ros, Alberdi, et al., this
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book), are ideal for the eventual detection and study of these sources. This would open a
promising window for studies of the first radio loud AGN and SMBHs, and their evolution
along cosmic time.
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