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1. Introduction

Large-scale radio surveys compiled over the past 50 yeaesreaealed a multitude of source
types that we term ‘radio-loud AGN’ (Peacock & Wall 1982; WHD94). These objects will be
the dominant population of bright sources detected by thA.SKie deep SKA radio surveys will
allow detailed and complete analysis of most, if not alljeddud AGN populations and provide
the basis to resolve some of the most critical questionsisrettea.

The radio emission from radio-loud AGN is synchrotron emisgroduced by a population
of electrons, transported in a relativistic outflow from thanity of the central supermassive black
hole, and accelerated to high energies as the jet expandieanterates to sub-relativistic speeds.
This is the dominating source of radio emission from radigdl AGN down to luminosity densities
of ~ 1072 W Hz ! at 1.4 GHz; below this luminosity density AGN are referrecisoveakly radio-
emitting and it is under debate whether their radio emissatill dominated by an active nucleus
rather than star formation. The subject of weakly radiotengi AGN is covered elsewhere in this
volume (Orienti et al. 2015, see alsp §6.1). Based on uritficamodels (e.g. Barthel 1989; Urry &
Padovani 1995; Jackson & Wall 1999), radio-loud AGN areroftestinguished as radio galaxies,
radio-loud quasars and BL Lac-type objects (dependent®mprilentation to the observer). Radio
galaxies and radio-loud quasars are further broadly divid® unresolved or compact symmetric
objects, FR I and FR 1l type sources (including peculiar rhotpgies) and giant radio galaxies
(see §2]1; classification of different life stages and rad@phologies). Here, we consider all of
these radio-loud AGN, with no selection on multi-waveldngtoperties of their hosts.

The physics of, and physical conditions in, the radio-@ngttplasma are of great interest
in themselves, but radio-loud AGN are important for a numiseother reasons. Firstly, they
provide an obscuration-independent method of selectinyl 4Gt to the highest redshifts, and in
some cases, e.g. radiatively inefficient, low accretide-#GN radio emission gives us tlomly
method of measuring the output and accretion rate of themsysSecondly, radio-loud AGN are
now routinely invoked in models of galaxy formation and exmn, where they provide a so-
called ‘feedback’ mechanism. AGN feedback is now thougHhidane of the main mechanisms
preventing the cooling of large-scale gas and the conséaguewth of the host galaxies (Bower
et al. 2006; Croton et al. 2006). Finally, we expect the SKAvsys to reach nJy levels, detecting
statistically significant numbers of sources across thewahge of the radio luminosity function
(RLF) at all cosmic epochsWhen coupled with sufficient angular resolution and mutiveband
data, it will be possible to separate the contribution ofo@&nission due to an active nucleus from
that due to ongoing or bursting star formation (SF; McAlp&t@l. 2015).

In this Chapter we primarily focus on how the SKA will revelaétevolution of the radio-loud
AGN populations characterised by their radio morphologied luminosity densities, and at the
same time directly provide the necessary radio data foliefuaf the radio source physics for the
first time. There are a number of key questions that these sheaples can address.

e What is the RLF at all cosmic epochs?

There is a huge range of radio AGN luminosity densities; elttal Universe this extends
from 107 to 10?” W Hz™! at 1.4 GHz (Mauch & Sadler 2007). Due to the Malmquist
effect, deep samples are highly biased towards high luritinesurces near to the limiting
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magnitude at each epoch. The result is that RLFs derived ftomplete’ small-area radio
samples are limited in accuracy and fail to fully probe thesoith of the full RLF. Although
it is well established that the RLF evolves steeply for therall radio-loud AGN population
(note the steepness is luminosity dependent, e.g. Dunlopa&dtk 1990; Sadler et al 2007;
Donoso, Best & Kauffmann 2009; Rigby et al 2011; McAlpinervim & Bonfield 2013;
Best et al. 2014, among many others), it is still not cleartiweit is sources themselves or
number of sources that become brighter.

e Is there a link between the evolving radio-loud AGN RLF ang ¢ivolution of galaxies and
galaxy clusters? Are feedback processes inherent to adi-tadd AGN, or to just a subset
of them, and what does this reveal about the physical presesthin these populations?

Although interaction between the radio lobes and the hoti@minedium is directly observ-
able in X-rays in the local Universe, it is still an open gimstwhether the physics of radio
galaxies is consistent with the role they are thought to pldlge models of galaxy formation
and evolution (Cattaneo et al 2009; McNamara & Nulsen 20%8)dies of radio-loud AGN
populations in the local Universe (e.g. Best & Heckman 2@h2)w that there is a fundamen-
tal dichotomy between hosts of high- and low-excitatiorigaghlaxies, and that it is the low
luminosity radio sources that drive the AGN activityzat 0.2 (e.g. Shabala, Kaviraj, & Silk
2011). A number of authors attempted to implement AGN feeklliato galaxy evolution
models (e.g. Shabala & Alexander 2009), but deep radio-l@8l samples of wide range
of luminosity densities and at> 0.5 are required to validate the models.

e What is the kinetic luminosity function (KLF) for AGN?

The radio luminosity density is the detectable sighatura mafdio-loud AGN, but, as we will
discuss in this paper, this bears only a weak relationshihedntrinsic kinetic luminosity
(jet power) of AGN. By providing multi-frequency, high-m@stion images for large samples
of radio-loud AGN, the SKA will give us the best possible cbarto break the luminosity
density/kinetic power degeneracy and therefore undatdtapower input by AGN to their
host environments and supermassive black hole growth amamic time (for population
studies see e.g. Kamska & Uttley 2013, for a case study see Hardcastle et al 2012)

e What drives the AGN evolution? Is the ‘radio-loud AGN’ adtyva singular phase for a
galaxy, either long- or short-duration, or is it cyclic? Whiggers the fuelling cycle?

At present we know of a number of radio-loud AGN that show atgres of previous activity
episodes (Schoenmakers et al. 2000), but it is still notr eldeether all radio sources are re-
triggered or only some fraction of them (e.g. Saikia & Jamra209), or even what triggers
radio activity. A number of authors have attempted to tathie problem via both statistical
population as well as case studies at low-redshifts (foemeworks see e.g. Shabala et al.
2008; Janssen et al 2012; Kaviraj et al. 2014; Maccagni €0dl4). However, deep radio-
loud AGN samples of a wide range of luminosity densities at0.5 are required to extend
these studies to higher redshifts (e.g. Karouzos, JarvBoifield 2014).

In what follows we assume that continued progress in wideds®g optical/IR imaging and
spectroscopic surveys will be such that it will be possibligléntifya large fraction of the observed
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radio galaxy population and assign redshifts to the sourcasprecondition for any study of a

population and its physics. Further discussions of radimlAGN hosts must involve a discussion
of the expected optical survey coverage by the start of SKénse operations — this is discussed
elsewhere in this volume (Antoniadis et al. 2015; Bacon.€2@l5; Kitching et al. 2015).

The chapter is composed as follows. In Secflon 2 we preserdustent view of the lifecycle
of a radio galaxy, and our current observational and theadeinderstanding on the radio source
evolution as it ages throughout its lifetime. In SectiphsBwe separately discuss each stage of a
radio-loud AGN life, from a radio galaxy birth, through itsd¥life, to its death; in each of those
sections we consider the necessary SKA1 and SKA receiveeati of the radio source class (i.e.
life phase) observations. In Sectign 6 we take a broader orethe radio-loud AGN populations,
and discuss them in terms of AGN duty cycles, AGN unificatinod eosmological studies. A brief
summary of the SKA elements for this study is given in Secffonwe assume a flat Universe
with the Hubble constant dfig = 67 km s Mpc™t, andQy = 0.685 andQu = 0.315 (Planck
Collaboration et al. 2013) throughout the paper.

2. Lifecycles of radio-loud AGN

The typical timescales of AGN radio activity are estimateté~ 0.1 Gyr (e.g. Wan, Daly, &
Guerra 2000; Kapiiska, Uttley & Kaiser 2012; Antognini, Bird, & Martini 2012)Dnce the radio
activity is triggered, the launched jet expands throughhibst galaxy and ambient medium until
the jet supply ceases and the radio source slowly fadediragl@way the remaining energy stored
in radio lobes. A series of these events is what we refer tolde@/cle’ of a radio source.

2.1 How complete is our current picture?

The observed populations of radio-loud AGN fall into reasay well defined classes distin-
guished by radio morphology, luminosity density and phgiséize (the latter of which is generally
interpreted to be proportional to age). The smallest sid@rgalaxies, the so-called Compact
Symmetric Objects (CSOx 500 pc; Wilkinson et al. 1994), Gigahertz Peaked SpectruPJG
< 1 kpc with turnover broadband radio spectra; Blake 197 @tallini et al. 1990; O’'Dea, Baum
& Stanghellini 1991) and Compact Steep Spectrum (GS$0 kpc; Peacock & Wall 1982; Fanti
et al. 1990; O’'Dea 1998) sources are compact radio souraepletely embedded in the host
galaxy. They are believed to be predominantly young, ‘sipitor ‘baby radio-galaxies’, approxi-
mately 1& — 10° years old (Sectiof] 3). These sources may be resolved at \fidkilar resolutions,
where they often reveal morphologies similar to those ofarextended, of the order of 100-kpc,
sources (e.g. Readhead 1995; Snellen, Schilizzi & van haatde 2000). At kiloparsec scales,
the Fanaroff-Riley (1974) class | and Il (FR I, FR Il respeely) are distinguished (Sectidi 4).
According to unification models (Urry & Padovani 1995; Owéedlow & Keel 1996; Wall &
Jackson 1997; Jackson & Wall 1999), these can be observeatiatls angles disguising them-
selves at times as, for example, core-dominated quasarlarar lsub-populations. FR I and FR I
type sources are found to be typicallyl0’ years old (Sectiofy 6).

A radio source is thought to evolve through these phasesage#: from young, compact
and luminous CSO/GPS and CSS sources, the jets of whichgstrorieract with dense inter-
stellar medium (ISM) as they try to leave the host galaxyhwlarge-scale FR | and FR 1l stage
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at which the relativistic jets extend into the inter-gala¢tGM) and intra-cluster medium (ICM).
This paradigm was first proposed by Phillips & Mutel (19824 &arvalho (1985), and further
refined by Readhead (1995), Readhead et al. (1996) and See¢ld. (1999, 2000), and is based
on high resolution observations of young radio sourceshiii¢ recent observational advances we
can now extend these evolutionary tracks to the very lagestaf radio source evolution which
include giant & 1 Mpc; Komberg & Pashchenko 2009), dying (Parma et al. 2067, re-started
radio galaxies (Schoenmakers et al. 2000, Segtion 5).

Whilst simple and appealing, this widely accepted evohary path may represent just one of
many possible evolutionary tracks of radio-loud AGN — peshthe longest, main lifecycle path.
Alternative paths may include sources that do not reachiire ghase stage, the FR I/FR |l stage,
or even the CSS stage (e.g. Marecki, Spencer & Kunert 2008ce observational evidence
for such alternatives comes from the existence of so-caltethg faders (Kunert-Bajraszewska,
Marecki & Spencer 2004; Kunert-Bajraszewska et al. 201@Jass of compact, low radio lumi-
nosity density and small-scale CSS sources that resemigle-daale dying radio galaxies. It is
still not clear what causes the radio activity to cease ang iivinay happen on a wide range of
timescales, with some radio sources becoming long-livadtgiand others dying in their infancy.
For example, in the discussion on why only some FR Is and FBvidéve to Mpc scales, longer
lifetimes, more powerful engines, or under-dense enviremsihave been suggested as a solution,
but no consensus has yet been reached (Machalski & JamrOgy 2&mrozy et al. 2008; Komberg
& Pashchenko 2009; Kuzmicz & Jamrozy 2013).

A true over-abundance of a young class of radio sources waidcate the view that some
radio activity is indeed terminated prematurely. Our cofriradio source population counts suffer
from well-recognised selection biases. Deep, sensiticecampleteN(z) measurements of each,
well defined radio source type are required. However, detectiteria for the samples must ensure
inclusion of all types of radio source at the same time tovafior the lifecycle analyses. Such
deep measurements have also a potential to help us to oetesthe weakly radio-emitting source
population (weak-radio AGN), analyses of which are pivatathe investigations of AGN duty
cycles (Sectiofi]6).

2.2 Our theoretical understanding of radio-loud AGN evoluion

Building on the seminal work undertaken in the 1970s (Blarili& Rees 1974; Scheuer
1974), tremendous progress has been made especially imsh@® years towards an analytical
understanding of the physics and evolution of extragalaetilio sources. Semi-analytical approx-
imations developed for classical double FR Il radio soultesser & Alexander 1997; Kaiser,
Dennett-Thorpe & Alexander 1997; Blundell, Rawlings & Will 1999), are being extended to
both young GPS/CSS (Snellen et al. 2000; Alexander 20006;280 & Baan 2012; Maciel &
Alexander 2014) and dying radio galaxy stages (Komissaro@ubanov 1994; Kaiser & Cot-
ter 2002). The latter has been supported by observationavitfess in X-ray brightness maps of
galaxy clusters (considered to be signatures of radio saagtivity; Birzan et al. 2004; McNamara
& Nulsen 2007), as well as the discovery of so-called dodlneble (re-started) radio galaxies
(Schoenmakers et al. 2000). The most recent developmeritslnanalytical modelling of re-
started radio sources (Kaiser, Schoenmakers & Rottged0@;2Brocksopp et al. 2011) that can
account for multiple activity episodes. Very few radio stag with signatures of re-started radio
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Figure 1: The evolution of radio luminosity density as a function ofisze physical size as seen in 3D MHD
simulations. The different coloured lines show the evolutf a radio source of treamget power (188 W)

in different plausible group/cluster environments, whatwedashed lines represent poor environments, solid
lines intermediate and dashed lines rich environmentsttamdolours denote the steepness of the density
profile in the3-model (King 1962, blue represent the steepest and red tiesfiprofile). Note the wide
scatter in the luminosity densities at late times and theifstgnt difference between the early luminosity
densities and those in the ‘plateau’ phase at a few hundred gpandard estimates of jet kinetic power
(based on scaling relations) would assign a wide range tdrdift kinetic powers to the source simulated
here, depending on the part of the lifecycle observed anénkizonment it inhabits. Figure adapted from
Hardcastle & Krause (2014).

activity have been observed to date — the semi-analyticdietsare based on fewer than 30 known
cases of re-started radio galaxies and on only one sourbeclgiar signatures of two episodes of
previous activity (Brocksopp et al. 2007, 2011). Howevieg, ¢xistence of these sources and un-
derstanding of the physics involved is crucial in identifyithe radio AGN activity (re)triggering
processes and determining duty cycles of radio sources.hé\same time, numerical models
involving realistic environments are now reaching the stapere they can be used to produce es-
timates of the evolution of integrated and resolved souropgaties that complement, and in some
cases improve upon, those available from analytic modg(kng. Figurg]1).

On the other hand, FR | sources are notoriously difficult talet@nalytically or numerically
because of their complex, turbulent and often heavily disd radio structures. A number of
attempts have been made (Laing, Canvin & Bridle 2003; Luo &1&a2010), but no general an-
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alytical model exists that can predict properties of the FfRass as a whole. This is particularly
important, as FR Is are thought to be much more numerous adulmnosity densities; it is pos-
sible that they will comprise the majority of the radio-loA&GN population at high redshift, low
luminosity density radio samples; however, evidence feirthigh numbers is currently limited to a
few studies in deep fields (Simpson et al. 2012; McAlpineyida Bonfield 2013). Numerical ap-
proaches to the problem of modelling FR | radio galaxies heeen so far focusing predominantly
on dynamical evolution of their radio structures (e.g. Eeou& Marti 2007; Perucho et al. 2014).
Sensitive, deep SKA observations that will be availableddarge number of such sources are
required for further theoretical advances [detailed dismn on this subject is covered elsewhere
in this volume; see Agudo et al. (2015); Laing (2015)].

However, analytical models investigating the plausibéasition of FR Il sources into FR Is
have been developed (Wang et al. 2011; Turner & Shabala 28h8)it is also thought that all
radio sources start off with the FR Il morphology. Furtherenave have also discovered a curious
class of hybrid radio morphology objects, which show préperof both FR | and FR Il sources
(Gopal-Krishna & Wiita 2000; Kajiska et al. 2015). This has direct implications for studiebe
AGN host types, environments and their evolution acrossn@msime, especially in terms of the
observed FR dichotomy (Saripalli 2012), and are alreadynatig us to statistically model young
radio sources, FR lls and the FR transition populations.

Clearly, observational advances drive our theoreticakewstdnding of radio sources; only by
combining both can we study the physical properties of raliol AGN that cannot be measured
directly (Blundell, Rawlings & Willott 1999; Kajfiska, Uttley & Kaiser 2012), but are crucial in
the studies of galaxy and galaxy clusters evolution, and A&back and activity.

3. The birth of radio galaxies

Young, compact radio sources are expected to be very nus¢ramnti et al. 1990), but are
generally poorly studied in large samples. The observedhtata flux density limited parent sam-
ples often impose significant constraints on the populadioradio galaxies that can be detected,;
most samples are biased towards middle-aged radio soutwa® whe radio luminosity density is
expected to be the highest for a given jet kinetic power (Fiffl). There is also a strong bias of
GPS/CSS sources to higher redshifts as compared to 100ckfe mdio galaxies (Snellen et al.
2000). In recent years, a number of faint GPS and CSS samalestieen constructed probing
lower intrinsic luminosities of these objects (Snellen t1899; Tschager et al. 2003; Kunert-
Bajraszewska et al. 2010); but it is important to bear in ntimat such samples are often con-
structed in a very different way than typical, complete sk®pf extragalactic radio sources, thus
making it difficult to compare them to larger, and more evdlvadio galaxies.

CSO/GPS and CSS sources are considered to be predominantilg yadio galaxies, with
typical ages of 19— 1P years (Owsianik & Conway 1998; Murgia et al. 1999; Polat&li€on-
way 2003). However, it is often difficult to distinguish tyuyoung sources from objects whose
expansion is ‘frustrated’ by interaction with a dense ISMr(\Breugel, Miley & Heckman 1984;
O’Dea, Baum & Stanghellini 1991; An & Baan 2012). There i®afgreasing evidence that young
double radio sources can have a substantial effect on theof$hir hosts (Croston, Kraft & Hard-
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castle 2007; Croston et al. 2009; Heesen et al 2014); thmsézbe also true for the small radio
sources associated with canonically radio-quiet AGN (Miegal. 2012).

Estimation of the ratio of young to older, large radio gaéaxgives crucial constraints on the
lifetime distribution of such objects (i.e. what fractiohtbem survive to the ages of 1§ears
implied by dynamical and spectral ageing studies of 100dqade radio galaxies), and hence on
the accretion history of supermassive black holes that ptiaean. It seems very plausible that
there is substantial ‘infant mortality’ in radio galaxié. that many do not last long enough to
reach the largest sizes and highest luminosity densitiaag¢K-Bajraszewska, Marecki & Spencer
2004; Kunert-Bajraszewska et al. 2010; An & Baan 2012; Makidlexander 2014). This has
been theoretically discussed by Reynolds & Begelman (1997 fading CSS as well as GPS
sources with re-started activity have also been observadr(Bet al. 1990; Kunert-Bajraszewska
et al. 2010). Deep and completdz) measurements are crucial here to answer question whether
all these small scale radio galaxies are progenitors oétesgale FR | and FR Il sources and to our
overall understanding of the AGN lifecycles and the agtipiatterns of their central engines.

3.1 Required SKA elements and the SKA surveys

With the SKAL1 baseline design (Dewdney et al 2013), surveyttdewill be such that we
have a realistic chance of detecting the small-scale couentis of all radio galaxies of even the
lowest jet kinetic power (13 W; Hardcastle, Evans & Croston 2006) outzte 0.6 using all-sky
surveys with SKA1-SUR or SKA1-MID (Band 2, 1.4 GHz) and deedfiobservations with high
frequency receivers on SKA1-MID (Band 4 and 5, 4 GHz and 9.Z @&4$pectively). Assuming
the jet kinetic power — luminosity density scaling relatmmillott et al. (1999) holds, and scaling
down the resulting luminosity density by a few orders of magte to account for evolution during
the radio source growth (Figuf 1) we estimate luminositysitees of~ 10°2 W Hz~! for young
radio sources which could be progenitors of the weakest F&dib galaxies. Given the numbers
of FR lls, we would expect at least of order one of these youngces per square degree on the
sky, and possibly many more if many FR ll-power jets turn @fdse they reach 100-kpc scales.

The main limitation of SKA1 for the study of CSS/GPS sourcdéshe angular resolution; if
we assume .05 arcsec resolution at the highest frequencies (SKA1-M#nd5), then az = 0.3
we will resolve only sources with linear sizes0.66 kpc, and> 1.35 kpc at higher redshifts
(assuming source size at least e beam size). Lower frequencies (and especially SKA1-)OW
will not be useful for detailed radio morphology analyseswdver, the high frequency capabilities
will still allow an almost complete survey of the whole of tlog- and midz radio galaxy popula-
tion down to the smallest sizes and lowest powers. Using dowtion of angular resolution and
in-band spectral information we will be able to distinguiglung objects (steep spectrum, double
lobe structure) from beamed, core-dominated systems (fdtum). The broad-band spectral
coverage of SKA1-MID, -SUR and -LOW, especially when congirwith each other, is crucial
for selection of the GPS sources and investigation of theysjgs (Callingham et al. 2015). Early
science can be carried out by aiming to be complete to somsealabitious combination of jet
kinetic power lower limit and redshift upper limit, which Mstill give valuable insights into the
properties of the lower-power sources.

All of these observations will provide a large number of sesrtoo small for the SKA1 to
resolve but which can be followed up by longer-baselinerimsents such as the EVN, which
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Figure 2: Largest angular size (LAS) and 151 MHz surface brightneB3 {& FR Il radio galaxies from
the SKADS SEX simulations (Wilman et al. 2008). Colour cagiindicates redshift, from dark blue £ 0)
tored g~ 6).

are expected to provide an important complementary fadititthe SKA era, unless the SKA
VLBI facility is incorporated from the beginning of the telepe operations. Furthermore, detailed
polarimetric studies of individual objects remain crug@mboth understanding the relativistic jet—
ISM interaction on parsec scales (An et al. 2010; Agudo e2@l5; Dehghan et al. 2015), and
establishing the fraction of young vs. frustrated CSO/GREG@SS sources.

In the final SKA stage we would expect to be able to see esigrdizery source with jet
kinetic power> 10%° W, independent of its age except for sources less than a fedréd years
old, out toz=0.5—1.0 (Bands 2 and 5), and all FR Il-powes (L0°® W; Rawlings & Saunders
1991) start-up galaxies out #o~ 3, well into the regime where cosmological evolution of thdio
source population becomes important. Assuming the angesatution will be improved to at least
0.005 arcsec, we will be able to resolve sources of linear siz&S0 pc at all redshifts.

4. Radio galaxies in their mid-life: evolution, jet power ard environmental impact

4.1 Detailed physics of jets and radio lobes

Large radio galaxies, with physical sizes of tens to hurelakpc, are the best-studied class
of radio galaxy and have the best-understood effects ondah@ient medium — the hot phase of the
IGM/ICM; these are the sources generally thought to be resipte for the ‘radio-mode feedback’
that prevents the hot phase from cooling out onto the mossireagalaxies (Birzan et al. 2004;
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McNamara & Nulsen 2007). As shown in Figdite 1, the brightriéske radio emission is expected
to peak in this phase of a source’s evolution, so these arelifeets predominantly selected in
large-scale flux density-limited surveys, and will be theiest to detect and image with the SKA.

Traditionally, radio galaxies detected in surveys havenbdw®aracterized on the basis of an
integrated flux density, and thus an estimate of radio lusiipadensity — this can be directly
used to construct RLFs of radio-loud AGN. However, for AGNKdback or radio source studies
what one really wants to know is the jet kinetic power — thdantaneous or time-averaged rate
at which radio-loud AGN are transferring energy to theiriemvments. The relationship between
the observed radio emission and the jet kinetic power is g-ktanding problem (Rawlings &
Saunders 1991; Willott et al. 1999; Kaégka, Uttley & Kaiser 2012, see also Sectfon 2.2) and
it is increasingly clear that the answer is not expected tsitmple. At low radio luminosities, a
substantial scatter in the relation between radio lumtgat@nsity and jet kinetic power is observed
(Cavagnolo et al. 2010; Godfrey & Shabala 2013); this is etgmeon theoretical grounds, since the
radio luminosity density should be a function of the jet kin@ower, the age of the source (Kaiser,
Dennett-Thorpe & Alexander 1997), radio morphology, andgially, the source’s environment
(Barthel & Arnaud 1996; Hardcastle & Krause 2013) which wewrio differ widely from source
to source even at a fixed redshift (Ineson et al. 2013). In #se of weakly radio-emitting AGN,
we can assess the interaction with their host environmestsly measuring a luminosity density
in some band and applying a bolometric correction. The probldescribed above mean that, for
radio-loud AGN, no comparable correction exists.

The jet kinetic power-environment-age degeneracy candieehrwith observations that char-
acterize not just the radio luminosity density but also thgsical size, aspect ratio and spectral
age of the source; in principle, this can allow not just thekjeetic power but also the properties
of the environment (possibly including an estimate of thatimg rate) to be determined directly
from radio observations. Spectral age measurements cambe hy fitting to the spatially re-
solved broad-band spectrum of the source (Harwood et aB)2ahd so to apply these techniques
we need high spatial resolution (to image the lobes) as wdligh spatial dynamic range (so that
the largest scales are also well mapped). For this methoektdtrin robust measurements, large
samples of the order of hundred — thousand sources areedquir

4.2 The role of SKA

To illustrate the potential of the SKAL baseline design (dieay et al 2013) in this area
we consider the FR 1l radio sources in the SKADS simulatiohthe extragalactic sky (Wilman
et al. 2008). These simulations are probably not accurateginto give reliable estimates for
the properties of the young source population discussectich|[B, but should be adequate to
consider the well-resolved FR Il population. We focus on R lIs here since the dynamics
and particle content of these ‘classical double’ sourceqralatively) well understood (Kaiser &
Alexander 1997; Celotti 2003). Figufk 2 shows the mean 15X Bikface brightness of all FR Ils
in the simulation as a function of source largest angular; slzeir surface brightness at 5 GHz is
expected to be a factor 6 to 30 lower. With 0.05 arcsec bearA{SHID Band 5) we can achieve
modest levels of resolution (at least 5 beams across thegedaale sources) for most FR lIs in
the simulation, and do a lot better for the bulk of the popatat While theuJy sensitivity and
exceptionaliv-coverage of the projected surveys will allow the typicaface brightness of all but
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Figure 3: L — zlimits of planned SKA1-LOW and SKA-LOW continuum all-skyrseys (solid lines; deep
field observations are not feasible, confusion limited). &¥sume SKA-LOW will reach 90 km baselines
(arm-core, X SKA1-LOW) and angular resolution of 3arcsec. For comparison, the current SKA-LOW
pathfinders and precursors are plotted (dashed lines) nt@img MWA all-sky survey (7 mJy rms) and deep
LOFAR Surveys observations (expectedud® rms for Tier 1). The horizontal line (dotted, black) marks
the traditional FR I/FR Il divide (Fanaroff & Riley 1974) ded to 160 MHz (assumin§ v—°79).

the faintest lobes to be imaged. Although at lower resafytibe SKA1-SUR in Band 2 (1.4 GHz)
will be also very useful for this application as it will pralé us with large, wide-field surveys of
FR Is and FR lls compiled within only 2 years on-sky time (F&gi); we will still be able to
resolve over half a population of these sources.

Good constraints on spectral age require broad-band negaeuats, ideally including low-
frequency observations which would measure the un-agedespectrum of the electrons, the
so-called injection index, which is known to vary signifidgracross the source population (Konar
& Hardcastle 2013). The reference design for SKA1-LOW (Deydet al 2013), with a beam at
best a few arcsec, will not resolve the bulk of these sourmasplicating the experiment. How-
ever, samples constructed from such low-frequency obsemgawould be the base samples in our
analyses of the AGN lifecycles and RLFs as they present teegrebe of observing radio-loud
AGN unbiased by the effects of relativistic beaming andragdéon. At MHz frequencies, obser-
vations preferentially select jet and lobe emission dudstanherent injection spectral signature
(i.e. very steeply rising spectra towards lower radio feagties). The SKA1-LOW all-sky survey,
completable within two years on-sky time, is expected t@heans noise levels of 28]y (con-
fusion limited) at angular resolution ef 9". This translates to luminosity densities of x 1073
WHzlatz=2 (Figure[3) allowing us to detect the vast majority of CSS,IFRd FR Il sub-
populations out to very high redshifte{ 4—5 and beyond), but only at a modest spatial resolution

11



The lifecycles & physics of radio-loud AGN Anna D. Kaphska

of 20— 75 kpc depending on the redshift.

While the SKAL reference design (Dewdney et al 2013) witha@limany thousands of FR Il
sources to be imaged to high redshift at high-to-moderatelugon, providing an essential test-
bed for this technique, the final stage of the SKA will be neaeg to obtain well-resolved low-
frequency images; this would require baselines>0800 km. Such baselines will allow us to
resolve (3—- 5x beam size of 1.3 arcsec) over half of the population of FRtlihese low radio
frequencies (Figurf] 2). This would also extend the studyéonhuch fainter, high-redshift FR |
population, and thus allow full analysis of the FR dichotoatwall epochs. Ideally, one would like
to reach angular resolutions of 0.4 arcsec as this wouldvali® to resolve almost whole FR I
population; this however, would require baselines as latg 4000 km for SKA-LOW.

5. Death, relics and activity re-triggering

5.1 The population of relic radio galaxies

The prominent features of radio sources (core, jets, htaypoe fed by the continuous sup-
ply of energy from the active nucleus; once the jet activityps, these features will disappear
relatively quickly, and the lobe plasma will continue to erd and to cool via synchrotron and
inverse-Compton losses, leaving a ‘relic’ radio galaxy r@dey 1987). During this fading phase
very strong spectral evolution of the source occurs, wighhigh radio frequency part of the spec-
trum developing an ultra steep, exponential cut-off, amdgpectral break shifting to lower radio
frequencies. Although every galaxy must go through thigestanly a handful examples of true dy-
ing radio sources is currently known (Parma et al. 2007; @keamath & Kale 2009). Reasons for
the rarity of such sources may be their low surface briglsteesl relatively short time they spend
in the fading phase as compared to the average lifetime oflia smurce; at GHz frequencies a
source will fade away within T0- 10° years, while at MHz frequencies this may takd 0’ years.
Identification of genuinely dying radio galaxies will givaportant information about lifetimes and
duty cycles of extragalactic radio sources. Fading radlaxigs have also implications for AGN
feedback since large amounts of the energy supplied by threrjgins stored in the lobes at the
end of the active jet phase, and it remains an open questiethet) and on what time and spatial
scales, that energy is imparted to the ICM.

As discussed in Sectidn P.1 the cessation of the jet enepplysaeems to happen at any stage
of radio source growth, and so we need to be searching fogagitio galaxies at all spatial scales,
from pc to Mpc scales. Luminosity densities of lobes of fadiadio galaxies are.8—40x 1073
W Hz ! at 1.4 GHz (Parma et al. 2007; Dwarakanath & Kale 2009), whibse of low-luminosity
CSS sources, a significant number of which is believed to badimg phase, to reach as low as
2 x 107 W Hz 1 at 1.4 GHz (Kunert-Bajraszewska et al. 2010). With the culyeavailable all-
sky surveys (e.g. FIRST, NVSS; Becker, White & Helfand 1998ndon et al. 1998) we are able to
probe only the ‘tip of the iceberg’ of this population, atatlely low redshifts - 6 x 1073 W Hz 1
up toz~ 0.3 at 1.4 GHz) assuming the sources are not resolved out.

This is the biggest problem we are presently struggling witrery few instruments can de-
tect such low surface brightness sources, radio structifresich are often spread over multiple
telescope’s beams. One of the most spectacular recent esoifphidden imprints of previous
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Figure 4: L — zlimits of planned SKA1-SUR and SKA1-MID (Band 2) continuultigky and deep surveys.
We assume SKA-SUR will reach ¥0the sensitivity of SKA1-MID. For comparison, the FIRST seyvthat
have been serving us well over the past 20 yeadb(thJy rms at 1.4 GHz) and the planned ASKAP-EMU
all-sky survey (anticipated 1Jy) are plotted (dashed lines). The horizontal line (dottdack) marks the
traditional FR I/FR Il divide (Fanaroff & Riley 1974) scaléal 1.4 GHz (assuming 0 v—075).

activity (fading lobes) is 3C 452, which up to now was belidte be a classical FR Il radio galaxy
(Sirothia, Gopal-Krishna & Wiita 2013). How many radio sces have previous activity signatures
hidden in such a way? Clearly, there is a hidden world of $dimes of radio-loud AGN we are
just starting to uncover. Presently advances and new disissvare being already made with the
existing and new facilities such as Murchison Wide-fielda3r(MWA; e.g. Hurley-Walker et al.
2014), Giant Metrewave Radio Telescope (GMRT) and Low Feaqy Array (LOFAR).

5.2 What will SKA see?

As an EoR driven instrument, SKA1-LOW will have tremendoudace brightness sensitivity
capabilities, and so will be well adapted to searches fgelaiaint objects with little compact struc-
ture, although it may be difficult to identify them with thdiost galaxies. In principle, the number
of large-scale fading radio galaxies should be comparatilest number of ‘alive’ large-scale FR Is
and FR lls, but the fading radio galaxies will have much steegpectra and considerably lower
radio luminosity density; surface brightness sensitiigtgne of the crucial aspects of the new radio
telescopes if we want to obtain large samples of this rass@é&radio source.

To demonstrate capabilities of the SKA and its precursetsjs assume a fading radio source
of an observed luminosity density>61073 W Hz~! at 160 MHz and 500 kpc total physical size.
This luminosity density and physical size can be easilydliatad to a brightness temperature per
telescope’s beam and an angular size once a redshift imessighs shown in Figurf] 5, SKA1-
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Figure 5: Brightness temperature capabilities of SKA1-LOW and iescpirsors (MWA, LOFAR) for detect-
ing fading radio source of 500 kpc physical size and totalihasity density 6< 10?3 W Hz ! at 160 MHz.
Solid lines indicate the brightness temperature sensitdfieach instrument for a given set of flux density
limit and angular resolution; & values are plotted. Dashed lines indicate the observedatirightness
temperature per beam of the assumed source, as a functpraind are drawn only to a point where the
angular size of the sourceis3x the beam size of the instrument with which we want to deteesthurce.
Both solid and dashed lines of the same colour refer to theesastrument. For a comparison, capabili-
ties of SKA1-SUR/SKA1-MID Band 2 (1.4 GHz) in detecting suelsource are plotted; predicted Band 2
all-sky survey sensitivity of 1Jy has been scaled to 160 MHz using an assumed steep sped&alof a
fading radio sourcey ~ 1.8. For discussion see Secti@S.Z. Note that the surfachthegs sensitivity of
an instrument depends on both its sensitivity (flux dengityt) and angular resolution.

LOW will be invaluable in searches for such radio sourcewdable to detect and resolve them (at
least with the modest-8beam size) up ta~ 0.4. Furthermore, we attempted to verify capabilities
of higher frequency receivers of SKA for this applicationssdiming a steep spectral index of the
considered fading radio sourae~ 1.8, its total luminosity density at 1.4 GHz would b&% 10?2

W Hz ! spread over many telescope’s beams, but the high sensah&KA1-SUR/-MID will still

be able to detect such a source out400.2. Those higher frequency receivers will be able to detect
less extreme sources at higher redshifts; for instancediagaadio galaxy of a total luminosity
density 6x 10?* W Hz ! at 1.4 GHz will be detectable out i~ 1.6, and although SKA1-LOW
will detect sources of such luminosity density at 160 Mtz 2 and beyond, the former receivers
will provide us with much higher resolution. A combinatiohlmth arrays may provide us with
versatile range of images of dying radio sources.
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6. Evolution of the AGN population, radio-loud AGN unification and cosmology

6.1 Duty cycles of radio activity

Duty cycles, the relative times a radio source spends inciiseaand quiescent phases, is
a crucial piece of information in our understanding of AGkdycles and their impact on the
evolving Universe. To constrain these, we need to establfsht causes radio sources to shut off
and re-trigger, and whether all radio sources go throughetigggering phase, or only a fraction
of them. We need to construct representative RLFs not onthetadio-loud AGN in the midst
of their activity (Section§]3}5), but also of those in quéste that are composed of the weakly
radio-emitting AGN; these samples need to be well definedrimm$ of black hole accretion levels
(e.g. Falcke, Kérding & Nagar 2004; Merloni & Heinz 2008).

It remains an open question as to whether there are undgnyipsical distinctions between
the radio-loud/weak-radio AGN populations, or if therestxia continuum of radio activity which
extends to the nuclear radio-quiescent galaxies, dondratective or evolved star formation (see
e.g. Broderick & Fender 2011; Kimball et al 2011; Mahony et28l12, for recent analyses). The
sensitive SKA continuum surveys will, for the first time, pide us with large samples of the
largely unexplored weakly radio-emitting AGN 0- 10?2 W Hz~! at 1.4 GHz). During the
SKA1 stage, with SKA1-SUR/SKA-MID (Band 2) all-sky surveyse will be able to detect the
weak-radio AGN population down to luminosity densities of 30°* W Hz! (50 detection) at
z=0.5. With deep SKA1-SUR/SKA1-MID (Band 2) and SKA1-MID (Bang{l &urveys we will
go much deeper reaching<110?1 W Hz 1 atz= 0.5 and 4x 10 W Hz1 in the local Universe
(z~0.1). SKA1-MID Band 5 receivers will also allow us to resolvese sources on linear scales of
0.3 kpc atz~ 0.5. For detailed discussion on the physics of the weak-ra@dlAand observations
during the SKA era see Orienti et al. (2015).

6.2 Radio-loud AGN unification

The deep SKA surveys will sample all radio-loud AGN populati (Sectio]1) with a subset
of these being resolved in suitable detail to model theiaitkd internal physical processes. How-
ever, another view of the radio-loud AGN lifecycles is towithem in terms of populations that
manifest themselves as quasars, radio galaxies, and &lasgrending on their orientation on the
sky. Clearly, the detailed studies of these sources asidedan this paper will improve our view
of the radio-loud AGN populations and provide direct tedtsimple unification models which
extrapolate sparse RLF information with evolutionary sc@s to fit deep source count data (e.qg.
Owen, Ledlow & Keel 1996; Wall & Jackson 1997; Jackson & W&ID®). As discussed in Sec-
tion 2.2 we model AGN lifecycles assuming that FR Is and FRutésphysically distinct classes of
radio source. This view is supported by simple unified moftelsadio-loud AGN where the FR |
and FR Il populations are the ‘parent’ populations of mareobbserved classes of sources (e.g.
Urry & Padovani 1995; Jackson & Wall 1999). In adopting thaeadied models, we can probe
both the gross evolution of these populations and diselgahg effects of the AGN lifecycle, as
well as map the contribution from weakly radio-emitting A@Nd SF sources at least upzte 0.5.
Angular resolutions of the order of arcsec are sufficienthiese studies (e.g. McAlpine, Jarvis &
Bonfield 2013).
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Whilst testing the radio-loud AGN unification models we vabtain a simplified method to
map the evolution of the radio-loud AGN population by expla the deep source counts, radio
luminosity functions and populations under test. Thesdyana are best done from samples and
source counts at low frequencies (<800 MHz); at these frecjas the sources are dominantly
steep-spectrum and uncontaminated by relativistic begqmifects. For instance, following the
methodology of e.g. Jackson & Wall (1999) or McAlpine, Jar§i Bonfield (2013) we will be
able to determine the evolution scenarios that fit best toobwerved complete samples. These
analyses may be used to provide insight into AGN duty cyc®es(ior{6.]1), and the prevalence of
certain types of sources such as GPS/CSS and dying radidegldJsing a range of deep counts
at a range of observed frequencies (100 MHz — few GHz) we caret@lutionary and lifecycle
scenarios as well as explore the radio-loud / radio-quieNAlide.

6.3 The SKA era precision cosmology

Oneof the important aspects of the science described héhatisve will identify different
populations of AGN, and as presented in Ferramacho et al4j2@ho showed that if one can
separate out the various populations, which in turn sanm@eihderlying dark-matter density dis-
tribution with a different bias, then the effects of cosmicignce may be overcome in determining
the angular power spectrum. This is critical for studying thniverse on the largest scale (Camera
et al. 2015). Powerful radio-loud AGN, provide a unique shngpof the underlying dark mat-
ter distribution as they are, generally, the most highlyséthtracers of the density field, and are
detected up to the highest redshifis~(6). Therefore, when combined with less biased tracers,
e.g. star-forming galaxies (Jarvis et al. 2015), they mayipe a unique way to understand the
largest scales in the Universe, given that the ability tacowee the cosmic variance is dependent
on the difference between the bias of the two populationguodnsideration. The key issue here
is to separate AGN from star-forming galaxies, and the hégolution of SKA1-MID can enable
the separation of AGN and star-forming galaxies on eithempmalogy for jet sourcesX 0.5 arc-
sec) or through pure brightness temperature measurententeermore, knowledge of thé(z) is
also crucial and the detailed follow-up that would be caroet for this science case, in particular
obtaining redshifts, will also be valuable for cosmologj®eence.

7. Concluding remarks

A combination of the SKA arrays and their receivers at a walege of frequencies and an-
gular resolutions are necessary to address the sciencelisagesed in this chapter. In particular,
the SKA1-LOW array with its 300 MHz bandwidth, which we ass&ahhere to be centered on
160 MHz, is an indispensable tool for searching for old, dyiadio sources, and for the construc-
tion of complete, flux density and volume limited samples adio-loud AGN unbiased by the
effects of relativistic beaming. SKA1-SUR and SKA1-MID BhA (centered on 1.4 GHz, with
800 MHz bandwidth) will provide us with deep, wide-field seyg at a reasonable resolution of
1— 2 arcsec. This will allow for morphological identificatiofilarge radio-loud AGN samples, as
well as it will provide us with large weak-radio AGN samplestihe local Universe. SKA1-MID
Band 2, with angular resolution-35x better (03— 0.5 arcsec), can be used as a follow up for a
number of deep fields. Finally, SKA1-MID with its Band 4 andriBlab (centered on 4 GHz and
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9.2 GHz, with 2.4 GHz and 2 2.5 GHz bandwidths respectively) is particularly useful faghh
resolution (0.05 arcsec) imaging of jets and lobes of botlngoand evolved radio galaxies for
detailed physics analyses. It will be also useful for digtilshing sources within our radio samples
that are truly relativistically beamed. The SKA-VLBI faity if incorporated from the beginning of
the telescope operations, will be invaluable for detailegsics investigations of most of radio-loud
AGN.

A combination of these SKA arrays and frequency bands wiNjate us with broad-band radio
spectra of the sources — this is crucial for selecting aetiges of radio source; e.g. GPS sources
are distinguished by their turn-over spectra, while dyiagio galaxies are extreme steep spectrum
sources @ > 1.8). Furthermore, such broad-band spectra will allow forctpé age estimates of
the radio sources so important for the radio-loud AGN pls/aied lifecycle studies.

With such rich data sets we will be able to not only to investtigradio-loud AGN and their
engine and model radio source detailed physics, but alsate the AGN activity (triggering
and feedback) up to the hightJniverse and advance the galaxy formation and evolutionetsod
Progress in these crucial science areas is currently laddey the lack of wide-field, deep radio-
loud AGN samples that extend to highand so is limited only to the local Universe.

Advances are now being made with the SKA pathfinders and mers) such as MWA, LO-
FAR, MeerKAT and ASKAP. SKA1 will be much faster than any oédle precursors and pathfind-
ers, completing all-sky surveys 7§3sr) within only 2 years on-sky time. It is, however, the full
SKA that may revolutionise our understanding of the radiadl AGN lifecycles and physics, by
reaching the unexplored flux density depths of the radio sky.
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