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200 nJy/beam over 10 — 30 deg® in 2000 hours (deep tier band 1/2), these surveys will directly
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1. Introduction

Galaxies are thought to evolve over time from an initial stage of blue star forming galaxies with
spiral morphology towards quiescent red galaxies with spheroidal morphologies and the highest
stellar masses (e.g., Faber et al. 2007). A galaxy evolves through interspersed episodes of intensive
mass accretion onto the stellar body, as well as the central super-massive black hole (SMBH),
creating a powerful active galactic nucleus (AGN; Sanders & Mirabel 1996). This is consistent
with the ACDM paradigm, in which structure in the Universe grows hierarchically in such a way
that small structures evolve into larger ones. In this context, faint (L; 4gu,< 10 W/Hz) but still
radio-loud AGN remain puzzling.! These faint radio loud AGN are found in red, quiescent galaxies
that would not be identified as AGN at any other wavelength (e.g., Hickox et al. 2009) and they do
not seem to fit into the Unified Model for AGN (e.g., Hardcastle et al. 2007). They often reside
at the bottom of the galaxy cluster/group potential wells and their radio-bright outflows heat the
intra-cluster/group gas and the hot gas halo of the host galaxy (e.g. Fabian 2012; Best et al. 20006).
This heating, deemed crucial in cosmological models of galaxy formation, has been termed ‘radio-
mode’ feedback (Granato et al. 2004; Croton et al. 2006; Bower et al. 2006). However, both on
group/cluster and galaxy scales, feedback is still poorly understood.?

In the context of the most powerful AGN, Type 1 (broad line) AGN (quasars hereafter), are
a population that experiences the most intense SMBH growth. Quasar winds associated with this
intense SMBH growth are thought to quench their galactic star formation by expelling a fraction
of the interstellar gas (so called ‘quasar mode AGN feedback’; e.g. Hopkins et al. 2006). The exis-
tence of two, physically distinct, radio-loud (RL hereafter) and radio-quiet (RQ hereafter)? quasar
populations is a long debated issue that has far-reaching implications for astrophysical models,
including unified models for AGN and the evolution of star formation. Although the quasar radio-
loudness distribution has been carefully studied in many different quasar samples over the past
few decades (e.g. Strittmatter et al. 1980; Ivezi¢ et al. 2002; White et al. 2000, 2007; Cirasuolo
et al. 2003; Balokovic et al. 2012), there is still no definite understanding or consensus. The bi-
modality could imply two physically distinct types of quasars (pointing to e.g. different SMBH
accretion/spin mechanisms or physically different sources of synchrotron emission) or be due to
differing geometries (e.g. Fanidakis et al. 2011). Furthermore, recent studies suggest that, in gen-
eral, radio emission in radio-quiet AGN may arise from star formation related processes (e.g. Kim-
ball et al. 2011; Padovani et al. 2011; Condon et al. 2012; Bonzini et al. submitted). However,

IFor Type 1 AGN we here define radio loudness (R") following White et al. (2000) and Ivezi¢ et al. (2002) as the
logarithm of the ratio of radio-to-optical fluxes: R’ = log [f“& = 0.4(i —r) where i is the optical i-band AB magnitude

optical

andr = —2.5log (fé{f‘};) is the AB magnitude at 1.4 GHz. The adopted radio-loud vs. radio-quiet threshold is R’ = 1.

For Type 2 AGN we define radio-loud sources as those with ¢ = log [(Fgr /3.75 x 10'2) /Fj 4uz] < 1.7, where Frrg is
the far-IR flux between 42.5 um and 122.5 um (e.g., Machalski & Condon 1999; Padovani et al. 2011) .

2We note that powerful (L} 4guz> 10% W/Hz), high-excitation AGN, that fit into the Unified model for AGN, also
can exert feedback through their jets (e.g. Shabala et al. 2011; Zakamska & Greene 2014). However, cosmological
models assume that ‘radio-mode’ feedback is cosmologically important through feedback exerted by galaxies that have
reached their ‘quiescent’ phase of black-hole accretion (e.g. Croton et al. 2006). This ‘quiescent’ galaxy phase is directly
linked to low-excitation radio AGN (Smol¢i¢ 2009) predominantly found at low radio luminosities (e.g. Kauffmann et al.
2008; Best & Heckman 2012).

3We here refer to radio luminous Type 1, broad line AGN as quasars.
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this is contradicted by White et al. (2014), who find evidence for black-hole accretion still mak-
ing a significant contribution to the total radio emission. We note that such studies are subject to
biases in terms of the luminosity and redshift ranges studied. For example, the deep-field work of
Bonzini et al. (submitted) is sensitive to fainter AGN which may be hosted in spiral galaxies which
are likely to have ongoing star formation, whereas the wide-field work of Kimball et al. (2011)
and Condon et al. (2012) detect the more luminous AGN, which are more likely to be hosted by
massive ellipticals (e.g. Dunlop et al. 2003).

In extragalactic radio surveys, two dominant galaxy populations are observed. These are AGN
and star forming galaxies. At the bright end (= 1 mJy), the GHz radio-bright sky consists mainly of
“classical” radio AGN, i.e. radio quasars and radio galaxies. Their radio emission is generated from
the gravitational energy associated with a SMBH and emitted through relativistic jets of particles
as synchrotron radiation. Below 1 mJy there is an increasing contribution to the radio source pop-
ulation from massive star formation. In this case, synchrotron emission is produced via relativistic
plasma ejected from supernovae. However, such star forming galaxies (SFGs) appear not to be the
only component of the faint radio sky, at least down to ~ 50 uly at a few GHz (e.g., Gruppioni
et al. 2003; Jarvis & Rawlings 2004; Simpson et al. 2006a; Smolci¢ et al. 2008; Mignano et al.
2008; Padovani et al. 2009). At the faint radio levels (< 1 mly) the source counts are still well
populated by both RQ and RLL. AGN.

Sensitive radio continuum surveys, as will be provided with the SKA1 wide and deep tier band
1/2 surveys, are of extreme relevance for a variety of reasons: (1) Only deep radio observations
trace AGN hosted by otherwise quiescent galaxies, thought to be the main drivers of the radio-
mode feedback; (2) The least luminous RQ AGN reside typically in spiral galaxies, which are still
forming stars, and therefore are likely to provide a vital contribution to our understanding of AGN
— galaxy co-evolution; (3) Radio observations are unaffected by absorption and therefore sensitive
to all types of AGN, independently of obscuration and their orientation (i.e., Type 1s and Type 2s);
(4) Finally and most importantly, sensitive radio observations, that only the new-generation radio
interferometers can provide, will start to detect the bulk (~ 90%) of the AGN population, currently
missed by the majority of existing radio surveys (e.g. Ivezi€ et al. 2002; Balokovi¢ et al. 2012).

For the remainder of the Chapter we assume the following SKA1 deep and wide tier band
1/2 survey characteristics. For the wide survey we assume an rms of ~ 1 uJy/beam over 1,000
— 5,000 deg? reached in 1 year of observations, and for the deep survey we assume an rms of
0.2 ulJy/beam over 10 — 30 deg? for 2,000 hours of observations at an observing frequency of
1 GHz (see Prandoni & Seymour 2015, for more details on the surveys).

2. AGN activity in the faint radio sky

Radio source counts are the most straight-forward information drawn from a radio survey and
are commonly used to predict source counts in future deeper surveys. They flatten below 1 mly
and are generally expected to decrease again at fainter fluxes (e.g. Hopkins et al. 2000; Wilman
et al. 2008; Condon et al. 2012). In Fig. 1 we show a compilation of various survey results and the
simulated results for presently unreached levels, separated for RL and RQ AGN. Various methods,
all relying on multi-wavelength data, have been employed to separate the radio faint population
into star forming and AGN galaxies (e.g. Smolci¢ et al. 2008; Seymour et al. 2008; Simpson et al.
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Figure 1: A compilation of observed radio source counts and simulated counts, divided into radio-loud
quasars, radio-quiet AGN, and radio galaxies (as indicated in the legend, the data are taken from Guglielmino
et al., in preparation; Ibar et al. 2009; Biggs & Ivison 2006; de Ruiter et al. 1997; Owen & Morrison 2008;
Bondi et al. 2003, 2008; Huynh et al. 2005; Biggs & Ivison 2006; Hopkins et al. 2003; Prandoni et al. 2001;
Seymour et al. 2004; Simpson et al. 2006b; Fomalont et al. 2006; White et al. 1997). The simulated counts
are taken from the SKADS model (Wilman et al. 2008). Also indicated are the 56 SKA1 wide, deep and
Ultradeep limits.

2012; McAlpine et al. 2013; Bonzini et al. 2013). For example, using optical, IR, X-ray and radio
data, Bonzini et al. (2013) disentangle the SFG, RQ, and RL AGN in the Extended Chandra deep
Field South (ECDFS) survey (~ 6 uJy rms noise in a 2.8" x 1.6" beam over 0.3 deg? containing
900 radio sources; see also Miller et al. 2008, 2013; Bonzini et al. 2012; Padovani et al. 2011).
Fig. 2, adapted from Bonzini et al. (2013), shows the relative fractions of the various radio
source classes as a function of radio flux density. As expected, AGN dominate at large flux densities
(2 1 mJy). Above ~ 0.1 mJy RL AGN are the predominant type of AGN, however their fractional
contribution steeply decreases towards lower flux densities. On the other hand, below 0.1 mlJy the
radio sky is dominated by star-formation-related processes, rather than RL and/or RQ AGN. Thus,
deep observations of large areas of the sky are needed to assemble statistically-sound samples of the
faintest RQ and RL AGN and to study their physical properties and cosmic evolution. Such surveys
will be provided by SKA1 and SKA2. At the above assumed depth and area of the wide (5000 deg?,
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Figure 2: Relative fraction of the various classes of E-CDFS sources as a function of radio flux density:
SFG (green diamonds), all AGN (magenta triangles), radio-quiet AGN (blue circles) and radio-loud AGN
(red squares). Adapted from Bonzini et al. (2013).

rms ~ 1 uJy/beam) and deep (30 deg?, rms ~ 0.2 uJy/beam) tier SKA1 surveys, about 3 x 107 and
4 % 10° AGN, respectively, are predicted using the SKADS (Wilman et al. 2008, 2010) simulations
of the extragalactic radio sky based on models of the evolution of the radio luminosity function.
This is orders of magnitude larger than the number of sources detected in the deepest radio surveys
to-date, e.g. COSMOS (rms ~ 10 — 15 uJy/beam, 2 deg?, ~ 2,500 sources, Schinnerer et al. 2007,
2010) and ECDFS (rms ~ 6 ulJy/beam, 0.3 degz, ~ 900 sources, Miller et al. 2008, 2013). For
comparison, MeerKAT-MIGHTEE (rms ~ 1 uJy/beam, 35 deg?, 1.4 GHz) is expected to detect
about 174,000 AGN, while ASKAP-EMU (rms ~ 10 uJy/beam, 30,000 deg2, 1.4 GHz) will detect
~2.8 x 10" AGN.

2.1 Radio emission in radio-quiet AGN

RQ AGN are characterized by relatively low radio-to-optical flux density ratios and radio pow-
ers and, until recently, have been found predominantly in optically selected samples. We note that
the distinction between RQ and RL. AGN is not simply a matter of semantics - the two classes
represent intrinsically different objects. RL AGN emit most of their energy over the entire elec-
tromagnetic spectrum non-thermally and in association with powerful relativistic jets. The multi-
wavelength emission of RQ AGN is dominated by thermal emission and is related to the accretion
disk. The exact mechanism responsible for radio emission in RQ AGN has been a matter of debate
for the past fifty years. Explanations have included, for example, a scaled down version of the
RL AGN mechanism (e.g., Miller et al. 1993; Ulvestad et al. 2005), and star formation (Sopp &
Alexander 1991).

There is still no clear consensus on the existence of a bimodality in the radio-loudness distribu-
tion of quasars. A bimodality would imply two physically distinct types of quasars in the Universe
and would point to, for instance, different SMBH accretion/spin mechanisms, geometries or physi-
cal properties (e.g. Fanidakis et al. 2011; Kimball et al. 2011; Condon et al. 2013). This issue is still
open mainly due to the overwhelmingly high fraction of RQ quasars that regularly go undetected
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in radio surveys. As shown in Fig. 3 all current radio surveys (even the deepest ones) barely sample
even the loudest end of the radio-quiet part of the distribution. Hence, as only ~ 10% of optically
selected quasars are RL (e.g. Ivezi¢ et al. 2002), this means that a major fraction of quasars still
remains undetected and unexplored at radio wavelengths (see also Balokovi¢ et al. 2012). Only
observations of large sky areas to the depths reachable with the SKA1 deep and wide surveys will
directly reveal the radio properties of roughly 90% of optically detected quasars.

Recent studies of radio-quiet AGN suggest different radio emitting mechanisms in RL and RQ
AGN (e.g. Kimball et al. 2011; Padovani et al. 2011; Condon et al. 2013; Bonzini et al. 2013).
For example, investigating the cosmic evolution of RQ AGN and SFGs, the results presented in
Padovani et al. (2011) suggest very close ties between star formation and radio emission in RQ
AGN at z ~ 1.5 — 2. They find that the evolution of RQ AGN is similar to that of SFG (see also
Smolci¢ et al. 2009b, and references therein) and that their luminosity function appears to be an
extension of the SFG LF (see also Kimball et al. 2011; Condon et al. 2013). If RQ AGN were
simply scaled-down versions of RL AGN, it could be expected that they share the evolutionary
properties of the latter and their luminosity function should also be an extrapolation of the RL lu-
minosity function at low powers, however this does not appear to be the case (e.g. Fernandes et al.
2011). This has prompted studies of the emission mechanism of synchrotron radiation from RQ
AGN. For example, Kimball et al. (2011); Padovani et al. (2011); Condon et al. (2013); Bonzini
et al. (2013) suggest that star formation in the host galaxy of RQ AGN may be the dominant con-
tributor to the radio continuum emission, whereas White et al. (2014) compare the radio emission
from a sample of faint radio-quiet quasars with the massive galaxy population, and suggest that the
radio emission in optically-selected radio-quiet quasars is consistent with being due to the AGN.
These studies envelope different luminosity (both optical and radio) and redshift ranges, and some
of the differences may be attributable to to the diversity of the samples. Furthermore, a close link
between star formation and radio emission in RQ AGN is further affirmed by the comparison of
the star formation rates (SFRs) derived from the far-IR luminosities and the radio luminosities, as-
suming that all the radio emission is due to star formation (Bonzini et al. submitted). For RQ AGN
and SFGs, the two SFR estimates are consistent. For RL. AGN, the agreement is poor due to the
large contribution of the relativistic jet to their radio luminosity (Mori¢ et al. 2010; Bonzini et al.
submitted). Another intriguing possibility is that both AGN and SF processes contribute to the total
radio (and IR) emission, in some relative proportion (e.g. Mori¢ et al. 2010). Seyfert 2 galaxies are
a well-established example in the local Universe (e.g. Roy et al. 1998) and recent studies indicate
that composite AGN/SF systems may constitute a significant fraction of the galaxy population at
high redshifts (e.g. Daddi et al. 2007; Gruppioni et al. 2011; Del Moro et al. 2013).

The SKA1 wide and deep surveys, in conjunction with multi-wavelength data will provide
the basis to resolve the long-standing quasar radio-loudness dichotomy, and the possible interplay
between coexisting AGN and star formation phenomena. However, only once star-formation and
AGN activity are reliably separated, and/or their fractional contribution to individual sources is
determined, it is possible to derive unbiased radio luminosity functions and disentangle the con-
tributions of each type of activity over cosmic time via direct radio detections and stacking in the
radio map (e.g. Smolcic et al. 2008; Karim et al. 2011; Zwart et al. 2014).
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Figure 3: Top: i-band vs. 1.4 GHz radio magnitude (¢) distribution for optically selected quasars (i.e. broad
line AGN) drawn from current state-of-the-art surveys: SDSS DR7 - FIRST (~ 9,000 degz, S1.4GHz 2, 1 mly;
Schneider et al. 2010), Stripe 82 (92 deg?, S;.46H; = 260 uJy; Hodge et al. 2011), and COSMOS (2 deg?,
Si4cuz 2 12 ply; Schinnerer et al. 2007, 2010; Lilly et al. 2007, 2009). The bottom panel shows the
distribution of radio loudness, R’ = 0.4(i —1), for quasars in these three surveys.

3. Radio-loud AGN: Relevance for feedback in massive galaxy formation

By now, negative AGN feedback has become a standard ingredient in semi-analytic models
and is required to reproduce the observed galaxy properties (e.g. Granato et al. 2004; Croton et al.
2006; Bower et al. 2006; Sijacki et al. 2007). In the models, this type of feedback, referred to as
radio-mode feedback, is related to radio AGN outflows as the main source that heats the gas halo
surrounding a massive galaxy. This heating thereby quenches the star formation and limits growth,
thus avoiding the creation of overly high-mass galaxies. A detailed description of radio feedback
is given in McAlpine et al. (2015).

The first observational support for AGN feedback was found using the combination of radio
and X-ray data by McNamara et al. (2000), and Best et al. (2006) quantitatively showed that, in the
local Universe, radio outflows may indeed balance the radiative cooling of the hot gas surround-
ing elliptical galaxies. Furthermore, it has been both theoretically postulated and observationally
supported that this ‘radio-mode’ heating occurs during a quiescent phase of black-hole accretion
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(presumably via advection dominated accretion flows) and manifests as low-power radio AGN
activity (L agnz < 10% W/Hz; Evans et al. 2006; Hardcastle et al. 2006, 2007; Kauffmann et al.
2008; Smolcic et al. 2009a; Smolci¢ 2009; Smolci¢ & Riechers 2011). Such low-power radio AGN,
and the evolution of their comoving volume density (i.e. their radio luminosity function) through
cosmic times, can be studied in detail only via simultaneously deep and large radio surveys with
supplementary panchromatic data (Sadler et al. 2007; Donoso et al. 2009; Smol¢i¢ et al. 2009b;
Simpson et al. 2012; McAlpine et al. 2013).

To date, the 20 cm radio luminosity function for low radio power AGN (L; 461, < 10% W/Hz)
has been mostly derived out to z = 1.3 (Sadler et al. 2007; Donoso et al. 2009; Smolci¢ et al. 2009b;
Simpson et al. 2012; McAlpine et al. 2013). This also provided the first direct, radio-based, (albeit
uncertain) observational support for radio-mode AGN feedback beyond the local universe (Smolci¢
et al. 2009b). This is illustrated in Figures 4 and 5. In Fig. 4 we show the 1.4 GHz radio luminosity
functions for red, quiescent galaxies drawn from the COSMOS two square degree survey (Scoville
et al. 2007; Ilbert et al. 2010) out to z = 3 (Smolci¢ et al., in prep). The luminosity functions
were derived from the VLA-COSMOS 1.4 GHz Large Project (Schinnerer et al. 2007) reaching
an rms of 10(15) uJy/beam over an area of 1(2) deg”. Stacking of the red, quiescent host galaxy
population, selected following Ilbert et al. (2010), in the radio map constrained the luminosity
function beyond z = 1.3. The monochromatic luminosity was then converted to a kinetic power
via scaling relations drawn from Birzan et al. (2008) and O’Sullivan et al. (2011). Integrating over
the kinetic power averaged over comoving volume then yielded the heating rate exerted by radio
luminous AGN onto their surroundings as a function of cosmic time out to z = 3, as shown in
Fig. 5 (see e.g. SmolCi¢ et al. 2009b, for details). We stress that the result strongly depends on the
i) knowledge of the low-luminosity end of the RL AGN luminosity function, and ii) conversion
between monochromatic radio luminosity and kinetic power. As shown in the top panel of Fig. 5
when using the Birzan et al. scaling relation to convert between monochromatic radio luminosity
and kinetic power the overall heating curve systematically rises depending on the low-luminosity
boundary applied to the integral. This clearly illustrates the importance of both, i) constraining the
conversion between monochromatic radio luminosity and kinetic power, and ii) constraining the
luminosity functions of low-power radio AGN with high precision, especially at the low-luminosity
end and out to the highest redshifts possible. The first is described in more detail in Kapifiska et al.
(2015), and the latter, a topic of this Chapter, will be possible to resolve with the SKA1 deep and
wide continuum surveys, in conjunction with deep multi-wavelength data-sets. The assumed 5o
limits of the wide and deep SKA1 surveys correspond to a 1.4 GHz luminosity limit of 10?* W/Hz
(wide) and 2 x 10*> W/Hz (deep) at z = 2, and 10°* W/Hz (wide) and 2 x 10> W/Hz (deep) at
z = 6. This will allow a direct examination of the faint end of the radio AGN luminosity function.
Stacking in the radio maps will push this limit even further, while SKA2 will provide an order
of magnitude push in sensitivity and determination of the faint end of the radio AGN luminosity
function, as illustrated in Figs. 6 and 7.

4. Studying AGN activity over cosmic time with the SKA

SKAT1 will provide a vital contribution to the science cases described above. Based on the
SKADS (Wilman et al. 2008, 2010) simulation the SKA1 wide survey (assuming an rms of ~
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Figure 4: Radio luminosity functions (LFs) in five redshift bins out to z = 3 for quiescent galaxies in the
COSMOS field with stellar masses M, > 3 x 10'© M yr~! (Ilbert et al. 2010, filled circles and squares).
The volume densities derived based on a volume limited radio detected sample are shown by the filled black
squares, while those based on stacked data are shown by the filled black circles. The (full and dashed) lines
show the best fit evolution to the COSMOS data in a given redshift range (blue curves) using the Sadler et al.
(2002) local LF (dashed line: pure luminosity evolution; full line: pure density evolution). Various results
from the literature, indicated in the legend, are also shown.

1 uJy/beam over 5000 deg? achieved in 1 year of observations) is expected to detect about 3 x 107,
while the SKA1 deep survey (assuming an rms of 0.2 uJy/beam over 30 deg? for 2000 hours
of observations) is expected to detect 4 x 10° AGN at 1 GHz. SKA2 will provide 10x higher
sensitivities at this frequency. The results discussed above can serve as a path-finder for SKA
survey planning, outlined as follows:

o At flux densities < 100 uJy, most sources will be SFGs and most AGN will be of the radio-
quiet type. Since the radio emission of these two classes may be powered by the same
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Figure 5: Comoving volume averaged heating rate (2) performed by quiescent massive galaxies in the
COSMOS field as a function of redshift. Q was derived by integrating the kinetic power per comoving
volume over radio luminosity (see Smolcic et al. 2009b, for details). The COSMOS data points were derived
by assuming pure density (filled circles), and pure luminosity (open squares) evolution best fit to the data
in a given redshift bin. The upper and lower panels show Q when using the relation between kinetic and
1.4 GHz radio luminosity from Birzan et al. (2008) and O’Sullivan et al. (2011), respectively. The (dotted
and dashed) lines in the upper panel illustrate the discrepancy in Q if various lower limit integral values are
assumed (indicated in the panel). No such discrepancy is present when using the O’Sullivan et al. (2011)
relation. The thick solid line in both panels shows the ‘radio-mode feedback’ heating rate drawn from the
Croton et al. (2006) cosmological model, and required to reproduce observed galaxy properties.

mechanism pure continuum radio observations alone will not be able to distinguish between

these populations;

e The classification of SKA radio sources will require ancilliary, multi-wavelength informa-
tion. The location of the SKA surveys will therefore need to be planned carefully, in con-

junction with existing and planned multi-wavelength surveys;

e The radio band, at sensitivities that will be provided by the SKA, carries the potential of
becoming the optimal band to study the evolution of the most common types of AGN (the
radio-quiet ones) given that radio emission is simultaneously insensitive to dust and provides

high angular resolution, contrary to most other wavelength regimes;

o The SKAT1 wide and deep surveys, in conjunction with multi-wavelength data will provide
the basis to resolve the long-standing quasar radio-loudness dichotomy, unambiguously de-
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Figure 6: Radio AGN luminosity functions in various redshift bins (indicated in the panels) predicted for
the wide SKAT1 tier based on the SKADS simulations (Wilman et al. 2008, 2010).

termine the source of radio-emission in RQ AGN, and study the cosmic evolution of faint
radio AGN out to the highest redshifts (z ~ 6);

e Radio surveys have reached such depths that they are now dominated by the same galax-

ies detected by IR, optical and X-ray surveys. As a result, the SKA radio surveys will be

an increasingly important component of multi-wavelength studies of galaxy formation and

evolution and will therefore be useful to a very broad community.
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Figure 7: Radio AGN luminosity functions in various redshift bins (indicated in the panels) predicted for
the deep SKAI1 tier based on the SKADS simulations (Wilman et al. 2008, 2010).
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