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It has become apparent that active galactic nuclei (AGN) may have a significant impact on
the growth and evolution of their host galaxies and vice versa but a detailed understanding of
the interplay between these processes remains elusive. Deep radio surveys provide a power-
ful, obscuration-independent tool for measuring both star formation and AGN activity in high-
redshift galaxies. Multiwavelength studies of deep radio fields show a composite population
of star-forming galaxies and AGN, with the former dominating at the lowest flux densities
(S1.4cHz <100 uly). The sensitivity and resolution of the SKA will allow us to identify, and
separately trace, the total star formation in the bulges of individual high-redshift galaxies, the
related nuclear activity and any star formation occurring on larger scales within a disc. We will
therefore gain a detailed picture of the apparently simultaneous development of stellar populations
and black holes in the redshift range where both star-formation and AGN activity peak (1<z<4).
In this chapter we discuss the role of the SKA in studying the connection between AGN activity

and galaxy evolution, and the most critical technical requirements for such of studies.
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1. Introduction

A wide range of theoretical and observational considerations point to a close connection be-
tween star-formation and AGN activity and yet a clear understanding of this complex relationship
and its true role in shaping galaxy evolution remains elusive. From a theoretical perspective galaxy
formation models require a mechanism to prevent the formation of cooling flows and thereby in-
hibit star-formation in massive early-type galaxies, otherwise gas is channelled to the centre of the
galaxy triggering star formation. Consequently the models predict overly massive and actively star-
forming galaxies at low redshifts, in contrast to observations (e.g. White & Frenk 1991). A related,
similar problem is encountered on a larger scale in observations of the intracluster medium (ICM)
of galaxy clusters where the X-ray emitting gas at the centre of clusters is observed to be much
hotter than expected given the radiative cooling times of the system (see Voit & Donahue 2005, for
a review). A variety of semi-analytic (Granato et al. 2004; Bower et al. 2006; Croton et al. 2006;
Somerville et al. 2008) and hydrodynamic simulations (Gabor & Bournaud 2014; Dubois et al.
2013; Puchwein & Springel 2013) have thus included ‘feedback’ from the central AGN as a means
to disrupt the predicted cooling flows and are subsequently able to better reproduce the bright end
of the galaxy mass function as well as the emergence of the red sequence. Observationally the ex-
istence of correlations between the mass of the central black hole and properties of the host galaxy
such as the stellar mass of the central bulge (MpH-Mpuige; Magorrian et al. 1998; Hiring & Rix
2004; Scott et al. 2013) and its velocity dispersion (Mpg-0; Gebhardt et al. 2000; Tremaine et al.
2002) seem to confirm the possibility of a link between AGN and star-formation activity.

1.1 ‘Quasar’ Feedback

There are two proposed modes of AGN ‘feedback’, the first, often referred to as ‘quasar’
mode feedback, is associated with classical luminous quasars as well as less powerful optical and
X-ray bright AGN. In this mode the AGN is powered by radiatively efficient accretion of cold gas
via an accretion disk and emits powerfully across a wide range of the electromagnetic spectrum
(UV through to X-ray). A dusty torus structure surrounding the black hole and accretion disk
obscures the emission at some wavelengths at large polar angles (Antonucci 1993, and references
therein). The majority of optically selected AGN are faint at radio wavelengths and are referred to
as radio quiet (RQ) AGN, but a small fraction are radio-loud and emit large scale, relativistic radio
jets. The radio-loud fraction depends on mass (Best et al. 2005, 2007), accretion type (Janssen et
al. 2012) and redshift (Donoso, Best, & Kauffmann 2009). In the local universe (0.03 <z< 0.3)
‘quasar’ mode accretors increase their radio-loud fraction as a shallow function of host galaxy mass
(80 M%), from approximately ~0.002% at 10'7M., to 0.1% at 10''"M,, (Janssen et al. 2012).

Feedback occurs as a result of high-velocity winds accelerated by the AGN, either as a result
of thermal heating of gas or radiation pressure on dust, which remove gas from the galaxy. Star
formation will cease abruptly once the available fuel supply is removed. It is typically assumed that
the amount of energy supplied to this wind ‘feedback’ is proportional to the mass and luminosity
of the central black hole, thus feedback will only become effective above a certain mass threshold,
where the momentum of the outflow is large enough to overcome the gravitational potential of
the black hole and halt accretion. Observationally there is little direct evidence that typical AGN,
(e.g. Seyferts) in the local universe produce the required large-scale outflows. However, more
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promisingly, high-velocity winds have been detected in a small number of very powerful AGN,
>10% erg s7!, in both ionised (Maiolino et al. 2012; Pounds & King 2013; Liu et al. 2013) and
molecular gas (Sturm et al. 2011; Cano-Diaz et al. 2012; Cicone et al. 2014). These have typical
speeds of 400-1000 km s~! which, with some assumptions, translates to outflow rates of 700-
1000’s M, yr~!, which may be capable of producing the required feedback effect. The inferred
outflow rates in these more powerful AGN systems are very impressive but some recent simulations
suggest that they may still have little overall effect on the gas in the galactic disk. This is due
to the highly variable nature of AGN activity, such that the time-averaged outflow rates may be
significantly lower than instantaneously observed outflow rates (Gabor & Bournaud 2014). More
observations are thus required to understand the prevalence and/or longevity of these outflows, as
they have only been detected in a small number of objects thus far, as well as to establish how their
influence varies as a function of accretion rate, black hole mass, stellar mass and cosmic epoch.

1.2 ‘Radio’ Feedback

A second model of feedback suggests that energy injected from AGN in the form of jets is
responsible for switching off cooling at the centre of massive halos. A fairly large fraction, ~ 10%,
of massive galaxies (particularly galaxies near the centers of groups and clusters) are seen to emit
radio synchrotron emission from lobes powered by jets (Best et al. 2005, 2007) . Most of these ra-
dio sources have characteristics which suggest they are experiencing a mode of accretion which is
distinct from that powering traditional optical quasars. Specifically they do not have emission lines
characteristic of classical optical or X-ray bright quasars (Best et al. 2005; Kauffmann et al. 2008),
there is no evidence of accretion related X-ray or optical emission, nor any mid-infrared emission
associated with a dusty, obscuring torus (Hardcastle et al. 2007). They are radiatively inefficient
with accretion rates that are believed to be much lower than in typical quasar mode accretion, i.e.
they typically accrete at <1% of Eddington compared to 1-10% of Eddington for efficient accre-
tors. These AGN are often labelled ‘radio’ mode or ‘jet’ mode accretors. The fraction of ‘radio’
mode accretors increases very sharply with host galaxy mass (fﬁ}‘_dio o«M?-) and appears to saturate
at ~10% at M1 (Best et al. 2005; Janssen et al. 2012). The total energy output from these AGN
is lower than in the radiatively efficient case. However, depending on how efficiently the kinetic
energy in the jets is converted to heat in the interstellar gas, these AGN may still have considerable
potential to influence the star-formation properties of the galaxies they inhabit. Observationally the
strongest direct evidence in support of ‘radio” mode AGN feedback is the presence of bubbles and
cavities in the diffuse X-ray halos of clusters, groups and individual elliptical galaxies (e.g. Pedlar
et al. 1990; McNamara et al. 2000; Fabian et al. 2003; Birzan et al. 2004; Rafferty et al. 2006; Cros-
ton et al. 2008; Cavagnolo et al. 2010) which appear to be aligned with the axis of an AGN radio
jet. Further evidence of the interaction between radio galaxies and their immediate environments
is provided by radio polarization studies of such jet-cavity systems. These studies demonstrate that
this interaction affects not only the density distribution of the ICM/IGM but also the magnetisation
of the surrounding plasma, draping the magnetic field lines around the leading edge of the radio
lobes. There is thus a clear response in the external medium linked to the direction of the radio
source expansion (Guidetti et al. 2011, 2012).

Estimates of the amount of energy required to inflate these bubbles can be used to infer the
mechanical heating power of radio jets. Best et al. (2006) demonstrated that the inferred time-
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averaged energetic output of ‘radio’ mode accretors, from such cluster observations, should indeed
be sufficient to counter cooling losses in massive, red galaxies. Simpson et al. (2013) find evidence
to suggest that this balance is still in effect at z> 1, implying that ‘radio’ mode feedback is already
suppressing star-formation at moderate redshifts.

1.3 ‘Quasar’ versus ‘Radio’ mode

The reason for the fundamental differences between the two classes of AGN activity is still
uncertain. It has been argued that it may arise from differences in the fuelling gas, where the
radiatively inefficient ‘radio’ mode accretors are fuelled by hot gas found in the halos surrounding
the galaxy or cluster either directly via Bondi accretion (Allen et al. 2006; Hardcastle et al. 2007),
or via indirect chaotic accretion of molecular gas clumps which cool out of the hot gas phase
(Pizzolato & Soker 2010; McNamara et al. 2011; Gaspari et al. 2013). In contrast ‘quasar’ mode
accretors are fuelled predominantly by cold gas, supplied either by mergers or by non-axisymmetric
structures within the galaxy which drive disk gas to the galaxy centre (Kormendy & Kennicutt
2004; Kim et al. 2012). Alternatively, the two modes may largely arise due to the differences in
their Eddington-scaled accretion rate onto the black hole.

There are still many unanswered questions regarding the role of both ‘radio’ and ‘quasar’
mode accretors in galaxy evolution and their relative importance as a function of both epoch and
environment. Current simulations suggest that *quasar’ mode accretion may be the dominant feed-
back mechanism at high redshifts (z >1) where the supply of cold gas for fuel is greater. ‘Radio’
mode feedback appears to be relatively more important at late times, where it is essential to sup-
press star-formation in massive elliptical galaxies in order to reproduce their observed colours in
the local universe (e.g. Somerville et al. 2008).

2. The AGN, star-formation, merger connection

Many theoretical models suggest that radiatively efficient ‘quasar’ mode AGN are triggered
by mergers which can drive rapid inflows of gas which fuel both intense star-formation and rapid
black hole accretion (e.g. Barnes 1992; Barnes & Hernquist 1996; Springel et al. 2005; Di Mat-
teo et al. 2005). However the majority of moderate luminosity AGN, with X-ray luminosities
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Lx < 10* erg s~!, show no evidence of merger activity and are associated with disk host mor-
phologies (Cisternas et al. 2011; Schawinski et al. 2012; Kocevski et al. 2012). Several studies
have concluded that AGN activity appears to increase in merging systems only as a result of un-
derlying correlations between mergers and star formation activity and between star-formation and
AGN activity. In other words AGN activity remains fixed at a given specific star-formation rate
while star-formation activity generally increases as a result of mergers (Reichard et al. 2009; Li
et al. 2008a,b). These results suggest that secular processes may be much more important in driv-
ing black hole growth than previously assumed, even at high redshifts (z~2) and that the only
requirement for AGN triggering is an abundant supply of central cold gas, regardless of its origin.
Recent simulations have successfully produced stochastic, secularly evolving AGN where accre-
tion is triggered by random collisions of interstellar gas clouds with the central black hole, the
accretion rate and lifespan of the AGN in this scenario is strongly influenced by the gas fraction of
the galaxy (Gabor & Bournaud 2013).

Major mergers do appear to be important for triggering the highest luminosity AGN with the

~! are hosted

highest accretion rates. The majority of AGN with X-ray luminosities Lx > 10* erg s
in galaxies with evidence of disturbed morphologies (Urrutia et al. 2008; Treister et al. 2012).
Furthermore post-starbust systems, whose starbursts are possibly induced by mergers, appear to
host the highest luminosity AGN (Wild et al. 2007). As the incidence of mergers and detections
of potential AGN ’quasar’ feedback winds are both higher in more powerful AGN it has been
speculated that merger triggered AGN may be associated with stronger AGN feedback effects than
AGN accreting via secular processes (e.g. Heckman & Best 2014). The high sensitivity of the SKA
to both obscured AGN and star-formation activity will allow us to investigate where, in terms of
accretion and star-formation rate, this change in the dominant mode of black hole growth occurs
and whether it is associated with a change in the interaction between star-formation and AGN

activity.

3. Jet induced star-formation

The majority of theoretical models require that AGN activity results in an overall suppression
of star-formation activity however there is observational evidence suggesting that AGN jets may in
fact induce or enhance star-formation in some objects (i.e. positive ‘feedback’). This jet induced
star-formation has been observed directly in only a few objects, locally in Minkowski’s object
(Croft et al. 2006) and Centaurus A (Mould et al. 2000), at intermediate redshifts in PKS2250-41
(Inskip et al. 2008) and high redshifts in 4C 41.17 (Dey et al. 1997; Bicknell et al. 2000; Steinbring
2014) and can take place in both FRI and FRII objects. There is also some indirect evidence of
young stellar populations and cold molecular gas being associated, and in some cases aligned, with
radio jets (Klamer et al. 2004; Emonts et al. 2014).

Simulations suggest that shocks generated by the jet propagating through a clumpy, homo-
geneous medium can trigger the collapse of overdense clouds resulting in actively star-forming
regions (Fragile et al. 2004; Gaibler et al. 2012). It has been suggested that particularly in the early
Universe, when galaxies were still forming and gas densities were much higher, jet-induced star
formation may have been more common. The resolution and sensitivity of the SKA, in combination
with other instruments such as ALMA, will allow detailed studies of the interaction of radio jets
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with the clumpy ISM and IGM of galaxies and clusters to gain clearer insights into this feedback
mechanism and its relevance to galaxy evolution.

4. Jet induced outflows

An interesting object, which presents an alternative model of AGN feedback, is the ULtralu-
minous Infrared Galaxy (ULIRG) 4C12.50, which hosts a young AGN. In this object a very fast
outflow, 1000 km s~ has been detected in HI, as well as in ionized (Holt et al. 2011) and molecular
gas (Dasyra & Combes 2012). High resolution VLBI observations of HI demonstate that the out-
flow is, in projection, cospatial with a bright, highly polarized, hotspot in radio continuum located
at the edge of the radio AGN jet (Morganti et al. 2013). This argues that the outflow is driven by
the interaction between the radio jet and a dense cloud in the ISM rather than by an AGN wind.
The energy of this outflow is less than required by most ‘quasar’ feedback models, but may be con-
sistent with a "two-stage’ model of feedback whereby an initially weak wind expands and dilutes
dense gas clouds in the ISM making them more susceptible to secondary radiative feedback from
the quasar (Hopkins & Elvis 2010).

5. The role of the SKA

Radio surveys in the SKA era are ideal tools to investigate the SF-AGN connection for four
main reasons: i) radio surveys are sensitive to emission from star-forming galaxies (see e.g. Con-
don 1992), and the contribution from these star-forming galaxies increases significantly at puJy flux
densities; ii) they can detect radio emission from both ‘quasar’ and ‘radio’ mode accretors, (see e.g.
Best & Heckman 2012); iii) they can provide sub-arcsec resolution essential for disentangling emis-
sion from star-formation and AGN activity; iv) radio waves offer the advantage of being unaffected
by dust extinction and obscuration by circumnuclear gas, thus they are able to detect star-formation
and AGN activity which would be largely obscured at optical, near-infrared and X-ray wavelengths.
The true prevalence of obscured AGN activity at moderate to high redshifts is still largely unclear.
X-ray stacking of sources with excess mid-infrared Spifzer emission has revealed a population of
largely unknown, heavily obscured AGN at z~2, indicating that obscured AGN activity may be
much more common at high redshift than previously thought (Daddi et al. 2007). There is also
evidence of a large contribution from obscured AGN activity in recent multiwavelength studies of
Herschel sources (Delvecchio et al. 2014). The SKA will thus be extremely valuable in revealing
the true incidence and relevance of such obscured AGN activity for ‘feedback’ models at a crucial
epoch of massive galaxy formation.

At frequencies of ~1 GHz radio emission can be used to provide a reasonably accurate mea-
sure of galaxy star-formation rate (SFR) via the Far-Infrared Radio Correlation (FIRC; Yun et al.
2001). The relation holds over nearly 5 orders of magnitude in star-formation rate, although both
observations (Bell 2003; Jarvis et al. in prep) and theory (Lacki et al. 2010) suggest that the rela-
tionship between star-formation rate and both radio and far-infrared emission becomes non-linear
at low stellar masses and/or low star-formation rates (see also Beswick et al. this volume). It has
been confirmed that the correlation holds out to redshifts of z~1 (Garrett 2002; Appleton et al.
2004; Beswick et al. 2008; Mao et al. 2011; Murphy 2009), and even as high as z~2 (Sargent et al.
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2010; Bourne et al. 2011; Thomson et al. 2014) there is little evidence of strong evolution in the
relation. However, towards higher redshifts theory predicts that the non-thermal emission from
radio galaxies will be suppressed due to inverse Compton (IC) losses off the cosmic microwave
background (see e.g. Murphy et al. 2009; Lacki & Thompson 2010), reducing the reliability of the
FIRC as a star-formation estimator.

The radio-loud AGN population, which dominates at flux densities greater than a few mly,
is comprised of both ‘quasar’ and ‘radio’ mode accretors. Radio jets are associated with a small
fraction of optically selected, radiatively efficient AGN and radio emission is the most reliable way
of selecting samples of ‘radio’ mode, radiatively inefficient AGN as their emission at UV and X-ray
wavelengths is much weaker than in the radiatively efficient case. The ‘quasar’ and ‘radio’ mode
AGN dominate the radio-loud AGN population at high and low luminosities respectively. However
there appear to be examples of both types of objects at all radio luminosities; the local luminosity
function for radio-loud ‘quasar’ and ‘radio’ mode accretors are presented in figure 1. Separating
the contributions of the ‘radio’ and ‘quasar’ accretors will thus require data at other wavelengths as
neither jet morphology nor luminosity are reliable discriminants in the radio.

At uly levels, there is an increasing contribution to the radio population from radio-quiet
(RQ) AGN (e.g. Simpson et al. 2006; Smolci¢ et al. 2008; Padovani et al. 2009; Bonzini et al.
2012). RQ AGN are ’quasar’ mode accretors which don’t display the large, kiloparsec scale radio
jets detected in radio loud AGN. Hence they show the presence of AGN activity in one or more
bands of the electromagnetic spectrum (e.g. optical, mid-infrared, X-ray), but their radio emission
is much fainter, relative to the optical than in the traditional radio-loud case. There is intense
debate regarding the dominant mechanism generating radio emission in these objects, as discussed
in detail in Orienti et al. (this volume) and SmolcCi¢ et al. (this volume). The radio emission from
most RQ AGNs is unresolved or barely resolved at few arcsec scales, indicating that the radio
emission is confined in small regions (at most comparable to the host galaxy size). RQ AGNs
may be scaled down versions of radio loud AGNs displaying mini radio jets, either associated
to systems with very low accretion rates (e.g. Giroletti & Panessa 2009; Prandoni et al. 2010)
or to efficiently accreting quasar-like systems (see modelling work by Jarvis & Rawlings 2004).
In the local universe AGN core and jet structures have been observed at very high resolutions in
a small number of RQ AGNs, while others find evidence to suggest that the radio emission is
generated primarily by star formation in the host galaxy (e.g. Kimball et al. 2011; Padovani et al.
2011; Bonzini et al. 2013), particularly at high redshifts. In the local universe both radio-quiet and
radio-loud ‘quasar’ mode accretors are associated with ongoing star-formation, making it difficult
disentangle the contribution from star-formation and AGN activity in these objects. The SKA will
enable us to establish whether/if radio-quiet AGN influence the gas of their host galaxy primarily
via the ’quasar’ wind mode of feedback, or whether small-scale radio jets in these systems also
contribute some measure of 'radio’ mode feedback.

5.1 Resolving AGN and SF with the SKA

The power of the SKA in unravelling the AGN/SF connections lies in its ability to trace the
contribution from star-formation and AGN activity in individual galaxies out to high redshifts with-
out any need to correct for poorly characterized selection effects induced by dust obscuration or
orientation effects (e.g. Type 1 or Type 2 AGN). Morphological classification using high resolu-
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Figure 2: Radio emission at 1.4 GHz
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tion radio observations is essential to determine the relative fraction of the emission generated by
star-formation activity and nuclear activity. At faint, uJy levels the majority of radio AGN are unre-
solved thus reliably separating the SF and AGN contributions depends on our ability to distinguish
compact AGN cores and inner jets at Skpc scales from star-forming disks and bulges with typical
sizes ranging from 1-10’s kpc. Figures 2 and 3 are examples which illustrate the exceptional poten-
tial of high resolution (mas) radio observations as a discriminant between AGN and star-formation
activity. In figure 2 two intermediate/high redshift galaxies in the HDF North have been observed
at 1.4 GHz from arcsec to mas scales. At VLBI scale an AGN core is detected in the first galaxy,
while no VLBI detection is found for the second, supporting a merger scenario, over a core and
jet one. This implies that in this object star formation processes are at work. Figure 3 shows a
distant (z ~ 4.4) ultra-luminous infrared galaxy identified in the GOODS-N region, and interpreted
as a dusty star-forming galaxy with an embedded weak AGN (Waddington et al. 1999). eMERLIN
and global VLBI observations (> 1000 km baselines) were ultimately able to confirm the presence
of an embedded AGN by resolving a jet and core structure separated by ~70 pc. This may be
an example of a high redshift ultra luminous infrared galaxy in which the high star-formation rate
and the efficiency are enhanced by AGN jet activity (e.g. Silk 2005). This radio morphological
identification is particularly valuable in cases of highly obscured AGN activity which goes largely
undetected at other wavelengths. High resolution radio observations have revealed highly compact
AGN cores in submillimeter galaxies whose emission at near-infrared and X-ray wavelengths were
completely devoid of AGN signatures (Casey et al. 2009).
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While high resolution observations at mid frequency (e.g. 1 GHz) will detect the extended
steep spectrum emission from star-forming regions in an unbiased manner, these frequencies are bi-
ased against detecting the contribution from AGN with inverted or Gigaherz Peaked Spectra (GPS)
whose spectra turn-over at lower frequencies due to either synchrotron self absorption or free-free
absorption from an inhomogenous screen (O’Dea 1998; Marr et al. 2014; Orienti & Dallacasa
2014). High resolution multifrequency observations are thus vitally important for unambiguously
separating star-formation and AGN emission in the presence of absorption effects.

6. SKA surveys

The SKA continuum science reference surveys are outlined in Prandoni and Seymour (this
volume), which have been designed to meet a wide variety of science goals. Of the four proposed
reference surveys those which are most relevant to the goal of understanding the star-formation
AGN interplay is the three tier survey in band 1/2 at ~1 GHz at high resolution with SKA1-MID
and the two tier survey at band 5 at 10 GHz. The three tiers at ~1 GHz range in depth (10)
from 1, 0.2 and 0.05 ply over areas of 1000-5000, 10-30 and 1 square degrees with a resolution
of 0.5”using SKA1-MID. The luminosity functions for star-forming galaxies and AGN for these
surveys are presented in Jarvis et al., (this volume) and Smol¢ic et al. (this volume). The luminosity
functions demonstrate that these three tiers will probe star-formation rates of 0.5 M, yr—! at z~0.5
and 10 M., yr~! at redshifts z~1-2 and z~3—4. They are also shown to be sensitive to both radio
loud and radio quiet AGN with luminosities of 1022 W Hz ! at z~0.5, 1-2 and 34 in tiers 1, 2
and 3 respectively, thus probing the co-evolution of AGN and galaxies from the local universe to
the early stages of galaxy evolution. Furthermore the area surveyed is sufficiently large to study the
variation in the AGN star-formation connection as a function of all the variables of interest which
include the black hole and stellar mass, AGN accretion rate, star-formation rate, accretion mode,
merger status and environment.

In the case of radio-quiet AGN the luminosity limits refer to the compact emission generated
by nuclear activity. As discussed earlier, there is much debate as to the relative contributions of
star-formation and AGN activity to the total radio flux in these objects, if the AGN core constitutes
a very small fraction of the total emission this will have important implications for our ability to
probe the star-formation AGN connection down to the limiting star-formation rates of the proposed
surveys. However recent work by White et al. (2014) indicates that the AGN contributes a non-
negligable radio flux in radio-quiet AGN.

With 200 km baselines the SKA1 should achieve a minimum angular resolution of between
0.3-0.5” at 1.4 GHz (SKAI1 band 2), which should be sufficient to resolve ~ 4 kpc structures at
z2 1. High resolution observations have already been used, with some success, to identify AGN
and SF emission in the uJy radio population in the Hubble Deep Field North (Muxlow et al. 2005;
Guidetti et al. 2013). MERLIN observations with resolutions of 0.2-0.5” reveal that the majority
of these sources have subgalactic sizes, typically ~1-1.2”, and that very few, 2%, have double
lobes surrounding a compact core (2/92). These sizes have now been confirmed for larger samples
with recent e-MERLIN observations (Wrigley et al., in prep), while stacking experiments suggest
similar size distributions down to levels of a few uJy (Muxlow et al. 2007). Unambiguous classifi-
cation of the dominant emission mechanism (AGN/SF) at these resolutions still frequently relies on
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infrared or spectral index information, thus even in the era of the SKA multiwavelength data will
be essential to studies of continuum radio sources. Multiwavelength SED modelling, spectroscopy
and information from X-ray, optical and infrared surveys will all aid in decoupling the contribution
to the bolometric output from AGN and star-formation. These complementary datasets will enable
us to fully exploit radio observations from SKA1. The key surveys at other wavelengths that will
complement the radio continuum surveys with the SKA are thoroughly explored in Prandoni and
Seymour (this volume), Jarvis et al. (this volume) and Ciliegi et al. (this volume).

The higher resolution and spectral index information provided by higher frequency observa-
tions by SKA1 in bands 3,4 and 5 would also be extremely valuable for identifying AGN activity
either via the presence of flat spectrum compact core emission or compact emission whose bright-
ness temperature exceeds that of starbursts. The two proposed tiers at higher frequencies are nec-
essarily limited to small areas due to the smaller field of view and reduced sensitivity of the array
in band 5. We are proposing a shallower, high resolution (0.05”) survey over 0.5 square degrees to
0.3 uJy/beam, and a deeper, lower resolution (0.1”) survey to 0.03 uJy beam~! over 30 square ar-
cminutes. The depths are chosen to match the two shallower 1 GHz surveys assuming sources with
spectral indices Sy o< v~!. These high frequency observations provide a means to morphologically
or spectrally identify AGN cores which may be obscured at other wavelengths and are difficult to
distinguish from star-formation in lower resolution radio observations. The observations will also
be able to resolve individual star formation and accretion-related emitting components to allow
detailed investigations of their interactions. Higher frequency observations also probe the thermal
(free-free) emission dominated region of the radio spectrum of high redshift galaxies (z>2). This is
a more direct indicator of SF activity than the synchrotron emission used at lower frequencies and
can thus provide essential complementary information about high redshift star-formation activity
and its relationship to AGN activity. The value of high frequency observations are discussed in
more detail in Murphy et al. (this volume).

Our science goals require sufficient resolution to separate the AGN cores from star-forming
disks and this will require much higher resolution, of the order of <0.1”, than currently planned
with SKA1 at mid frequencies (~1 GHz). Only by combining high sensitivity with high (mas)
resolution is it possible to disentangle the AGN and SF contributions at high redshifts. Studies
along these lines will be conducted in the near future over small deep fields by combining deep
uJy observations at sub-arcsec resolution carried out with the JVLA at 5 GHz (Guidetti et al. in
prep) with e-MERLIN observations, allowing angular resolutions on spatial scales of 50-100 mas
(eMERGE survey, Muxlow et al. 2008). Sub-uly sensitivities will be routinely reached by SKA
on similar spatial scales, as baselines up to ~ 100 km (SKAT1) and ~ 1000 km (SKA) will be
incrementally implemented, according to the current design. However, as shown in Figs. 2 and 3,
only VLBI-like observations allow us to securely pinpoint AGN cores in sources at cosmological
redshifts which calls for 10x longer baselines (> 1000 km) for the full SKA. In the interim, VL.BI
capability with SKAT1 would greatly improve our ability to pinpoint embedded AGN emission in
high resolution follow-up observations.

The increased resolution and sensitivity of the full SKA will vastly improve our abilities to
morphologically separate the contributions from star-formation and accretion processes within in-
dividual galaxies. At 1.4 GHz a survey to 3 nJy (10) at ~0.03” resolution could detect resolved
star formation at 50 M, yr~! out to z~2. The increased sensitivity at higher frequencies will also
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make it feasible to obtain high resolution spectral index information over larger areas of the sky,
which can further aid in the AGN/SF decomposition. A deep SKA survey at 10 GHz to 3 nlJy (10)
could detect resolved star formation taking place at z~2 at 50 M, yr—! at a resolution of 0.1”, or
to 100 Mg, yr—! at 0.07”. At 3 nJy we could detect low luminosity AGN cores of 10'° W Hz™!
at z~0.5, these luminosities are comparable to radio cores detected in faint Seyferts in the local
universe (Nagar et al. 2002; Giroletti & Panessa 2009).

As resolution is key to the science goals laid out in this chapter, the usefulness of a 50% SKA1
depends strongly on its maximum available baseline. Earlier progress could thus be achieved by
deploying some fraction of the longest baselines at an earlier stage of construction. Alternatively,
if the 50% SKAI1 has only maximum baselines of 50 km the resolution at 1 GHz is ~1.5”, which
is less than the planned resolution of the deep tier of the VLASS survey of 0.65” at ~3 GHz
(Murphy et al, 2014). Greater scientific gains could be made by conducting a high frequency, band
5, counterpart to the VLASS deep tier which could provide resolved spectral index information
at a matched, or slightly higher resolution. The planned VLASS depth is 1.5 uJy over 10 square
degrees, a comparable depth at 10 GHz equates to 0.6 uJy beam™!, assuming a spectral index of
Sy o< v797. A 50% sensitivity SKA1 could survey to this depth at 10 GHz over 1 square degree in
~1000 hours.

Due its unique combination of high resolution imaging and sensitivity to obscured star-formation
and AGN activity the SKA will be the leading facility to clarify the interplay between AGN and
star-formation over a large fraction of cosmic time and thoughout the epoch of peak star formation
and AGN activity.
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