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Abstract

This thesis presents a detailed study of the impact of radio-AGN on star for-
mation and the interstellar medium (ISM) of galaxies across cosmic time. To
do this, this thesis uses far-IR / sub-mm data from the Herschel Space Observa-
tory. I create a well-selected sample of 1599 radio sources using the NRAO VLA
Sky Survey (NVSS) and Faint Images of the Radio Sky at Twenty-Centimeters
(FIRST) data in combination with the UKIRT Infrared Deep Sky Survey - Large
Area Survey (UKIDSS - LAS) data. I find that the far-IR luminosities and dust
temperatures of radio galaxies are lower in comparison to those of non-radio-
detected galaxies. This luminosity deficit grows with increasing stellar mass.
I argue that the reasons for these differences is probably due to indirect radio-
AGN feedback, i.e. radio jets mechanically heat the halo-environment, prevent-
ing external sources of cold gas from entering the host and forming stars. The
far-IR luminosity and dust temperature is found to decrease as a function of ra-
dio source size. I find the most likely explanation for this is jet-induced star
formation while the jets are confined to the ISM. Finally, a method for identi-
fying reliable high-z, star-bursting radio sources in the H-ATLAS is described
with which statistically significant studies of radio-jet induced star formation

may be undertaken.
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Chapter 1

Introduction

1.1 Preamble

Approximately half of all the energy emitted since the Big Bang by all the objects in the
Universe has been absorbed by dust and then reradiated between 60-500 pm (Dwek et al.
1998; Fixsen et al. 1998; Dole et al. 2006; Driver et al. 2008). The source of this emis-
sion is thermally radiating dust grains (made principally of amorphous silicates and some
form of carbonaceous materials; Li & Draine 2001; Draine & Li 2007) which are gener-
ally produced in three ways: (1) by condensation in the winds of low/intermediate mass
evolved-asymptotic giant-branch stars, (2) by condensation in ejecta from supernovae, and
(3) by accretion in dark clouds (Gehrz 1989). Dust is only expected to contribute between
0.01 to a few percent of the total baryonic mass of a galaxy (Dunne et al. 2011; Bourne et al.
2012; Rowlands et al. 2012). Naively, this might lead one to believe that the dust content of
a galaxy plays a negligible role in the field of galaxy evolution. However, a large amount of
information concerning the growth and evolution of galaxies is contained within this wave-
length regime. The star-formation rate (SFR) of a galaxy is one of the most informative

parameters because it allows one to determine the growth in stellar mass. Star formation



results in copious amounts of ultra-violet (UV) radiation, emitted primarily from short-lived
high-mass stars (e.g. OB stars). This radiation excites atomic/molecular transitions at a
wide range of wavelengths, allowing hydrogen recombination lines (e.g. H, and Hp), opti-
cal forbidden lines (e.g. [O II] and [O III]) and FIR cooling lines (e.g. [CII]i55), amongst
other indicators, to be used as tracers of star formation (see Kennicutt 1998a and Calzetti
2012 for reviews of SFR indicators). However, SFR indicators at optical/ UV wavelengths
suffer from extinction by the dust which surrounds and envelops these star-forming regions.
The dust grains which absorb the UV radiation re-process the light, and emit it at FIR wave-
lengths (the 60-500 ym regime) which is on the whole, optically thin. This means that, in
principle, one can use the FIR luminosity to estimate the SFR without needing to account for

extinction, a difficult quantity to measure especially at high redshift (see Kennicutt 1998a).

The processes which govern the growth and evolution of galaxies involve many complex
phenomena. Models which seed and evolve galaxies in accordance with the growth of their
dark matter haloes lead to an over-prediction of the number of faint galaxies (i.e. low mass)
and/or bright galaxies (i.e. high mass) in the local Universe (e.g. Cole et al. 2000; Benson
et al. 2003; Springel et al. 2005 and references therein). The over-production of low mass
galaxies at the faint end of the galaxy luminosity function has largely been resolved by the
introduction of photo-ionisation and supernova feedback into the models (e.g. Benson et al.
2002). The net effect is to eject gas and dust from low-mass dark matter haloes, which
host the least luminous galaxies. However, at the bright-end of the luminosity function,
which traces the most massive systems, a problem remains. The ejected gas in systems
embedded in higher-mass haloes cannot escape and therefore cools back onto the central
galaxy, eventually stimulating star-formation and by extension, galaxy growth. An additional
source of energy is required, either to eject the gas or prevent its accretion onto the galaxy in

the first place. This motivates the need to tap into the vast energy released by the accretion of



gas onto super-massive black-holes (SMBH) (e.g. Granato et al. 2004; Di Matteo, Springel
& Hernquist 2005; Sijacki & Springel 2006; Bower et al. 2006; Croton et al. 2006; Bower,
McCarthy & Benson 2008; Merloni & Heinz 2008; Martizzi et al. 2012; Vogelsberger et al.
2013). Objects which show signs of emission due to this accretion process are commonly
referred to as active galactic nuclei (AGN).

Radio-loud AGN are an important subset of the general AGN population. The source
of the radio emission is high-energy electrons, launched by the SMBH, gyrating in inter-
galactic magnetic fields. The radio AGN activity of the most massive galaxies has been
used in models to induce the sharp cutoff in the optical luminosity function of low-redshift
galaxies (see above references). The fraction of galaxies showing radio-loud activity is also a
very strong function of stellar mass (e.g. Sadler et al. 2002; Best et al. 2005; Mauch & Sadler
2007), providing a natural selection function for solving the bright-end problem. Radio jets
deposit large amounts of energy into the halo, preventing the hot gas from cooling and so
from providing fuel for more star formation. The result should be less gas and dust in the
hosts of radio AGN, a prediction which could be tested observationally. However, recent
studies of the dust properties of an unbiased sample of radio galaxies has been restricted
by the absence of large area surveys with deep photometry between 100-500 ym. Targeted
surveys of the most powerful radio galaxies show that the FIR/sub-mm luminosity is a
strong function of redshift (see Archibald et al. 2001; Reuland et al. 2004), although this is
also thought to be true of the general galaxy population (e.g. Eales et al. 2010b; Dunne et al.
2011). Thus, placing these results in context is difficult. To help facilitate a study of the
effects of feedback, the ideal case involves comparing the FIR properties of radio galaxies
and ‘normal’ galaxies (i.e. non-radio-detected) using a single FIR survey with a uniform
depth. This allows for the use of much better statistics and for biases to be more easily
accounted for.

The successful launch of the Herschel Space Observatory (HSO; Pilbratt et al. 2010)



in May 2009 provided the platform for such a survey. The largest Open Time survey, the
Herschel-Astrophysical Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010a) has
mapped 550sq. degrees at 100, 160, 250, 350 and 500 pm, allowing the FIR properties of

the radio sources which fall into this area to be studied in unprecedented detail.

This thesis offers an in-depth investigation into the FIR properties of radio AGN. This
is done by selecting both large and small samples of galaxies, by targeting the low- and
high-redshift regimes, by using statistical / stacking methods and observations of individual
sources. In short, this thesis reveals the FIR properties of radio galaxies with a focus on

illuminating the role of radio-jet feedback across cosmic time.

1.2 Cosmology

1.2.1 A brief history of the Universe

After the Big Bang, the Universe was in an extremely hot and dense state which then un-
derwent rapid expansion from a singularity to its present size, some 13.8 billion years ago.
As the Universe expanded, it cooled, allowing the first nuclei to form. After approximately
370,000 years, the Universe had cooled sufficiently to produce electrically neutral atoms. At
this point, photons de-coupled from electrons and were thus able to travel unimpeded, form-
ing what we now call the Comic Microwave Background (CMB). As the Universe continued
to cool, random fluctuations began to create structure. Areas with slightly lower tempera-
tures began to condense due to the gravitational forces between atoms. This runaway process
eventually formed the first stars, and as they coalesced, the first galaxies. In the following
section, I discuss the overall structure of the Universe and how to compute some basic pa-

rameters.



1.2.2 Redshift and distances

The expansion of the Universe causes light travelling through space to be stretched from its
emitted wavelength \.,,;;, to its observed wavelength \,,s. The redshift, z, is a measure of
this shift and is defined as follows,

/\obs - /\emit

2= — (1.1

/\emit
The measured cosmological redshift is related to the scale factor, R(t) which describes

the expansion of the Universe at time ¢, and can be re-written as,

R(tobs)

(1+2)= Rltons)

(1.2)

From Eq. 1.2 it is clear that the redshift of an object is directly related to the scale factor.
Therefore, if one knows the values of the cosmological parameters which determine the scale

factors, distances may be calculated.

The comoving distance is the distance between two objects after factoring out the expan-
sion of the Universe. The proper distance is the distance one would measure between two
objects using a set of rulers. The comoving and proper distance are defined as equaling each
other at the present time (i.e. the comoving distance has been ‘normalised’ to the present
day - R(ty) = 1), although for distances between sources in the past, the proper distance
is the comoving distance divided by a factor of (1+z). We can define the present comoving

distance D), as,

c [7 dz
n HO/O \/QM<1+Z)3+Q]€(1+Z)2+QA7

Dy (1.3)

where €2/, {2k and €2, are density parameters (the ratio of the observed density to the



critical density in a Friedmann Universe; Hogg 1999).

In many ways, the comoving distance is the fundamental distance measure, as all other
distances are derived in terms of it. For a flat Universe (k = 0) such as ours, the transverse
comoving distance does not differ from the ‘line-of-sight” comoving distance. This allows
us to write the angular diameter distance D4, which is the ratio of an object’s physical

transverse size to its angular size (in radians), in terms of D,

Dy

D=
A 1+ 2

(1.4)

In this thesis, D4 is used to calculate e.g. the sizes of radio sources. The luminosity

distance, Dy, is simply defined as,

| L

where S is the bolometric flux. Eq. 1.5 can be re-written in terms of Dj,; and D4 as

follows,

Dy = (14 2)Dy = (14 2)*Dy (1.6)

Direct measurement of the H, using Cepheid variables suggest Hy, = 74.2 + 3.6 km
st Mpc~! (Riess et al. 2009). In combination with the CMB and supernovae results, these
measurements imply the Universe is flat (or very close to it) with Q,;, = 0.3, 2, = 0 and
Qa = 0.7 (Planck Collaboration et al. 2013b). Throughout the thesis I use a concordance

cosmology with Hy = 70 km s~ Mpc™!, Q,, = 0.3 and 2, = 0.7.
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Figure 1.1: All-sky picture of the Universe created from the Planck survey’s second data re-
lease (Planck Collaboration et al. 2013a). The image reveals temperature fluctuations (shown
as colour differences) that correspond to the seeds that grew to become galaxies.

1.3 Galaxy evolution

The formation and evolution of galaxies is a complex story, the details of which are not yet
fully understood. In this section, I attempt to summarise the current state of our knowledge
and provide the necessary background to place the work of this thesis into context. First, I
describe how the first stars and galaxies are thought to have formed, followed by a discussion
of the major factors which affected their evolution. Next, I give a brief overview of the
evolution of super-massive black-holes. In the last section, I concentrate on what can be
learnt from the luminosity function of galaxies, and how well current models fit the data.
The success and failures of galaxy evolution models form the basis for our understanding of

the need for AGN feedback in the galaxy population as a whole.

1.3.1 Fluctuations, the first galaxies and their early evolution

The temperature / density fluctuations observed in the CMB (see Fig. 1.1) are thought to

have a quantum mechanical origin. With the passage of time, those regions of space which



were slightly colder encouraged a rapid density build-up of dark-matter particles which in
turn formed the first haloes. The evolution of these fluctuations is well described by N-
body simulations (e.g. Springel et al. 2005; Springel, Frenk & White 2006) which show
that haloes are gathered into filamentary structures, creating the ‘cosmic web’. Inside the
first dark-matter haloes, the first stars were born. These stars would have been composed
entirely of hydrogen and helium and, as a result, they would have been extremely massive
(perhaps > 100 M; for reviews of the ‘first stars’, see Bromm & Larson 2004 and Glover
2005). When they exploded as supernovae, they spread metals across a wide area imme-
diately altering the nature of the subsequent stellar population. In mini dark-matter haloes,
the mechanical and radiative energy associated with these first stars also had the effect of
either delaying or completely suppressing the formation of further stars. Recent simulations
seem to suggest that dark-matter haloes containing a mass of ~ 10% Mg by 2z ~ 10 were the
hosts of the first bona-fide galaxies (Wise & Abel 2007, 2008; Greif et al. 2010, 2008). The
evolution of such haloes is shown in Fig. 1.2 (see Bromm & Yoshida 2011 for a review of

early galaxy evolution).

By z ~ 10 most of the first galaxies were in place. In order to grow, sources of cold
gas were necessary. This is because cold gas (i.e. < 30K) is the fuel for star formation.
There are two primary modes for acquiring cold gas. The first is through ‘wet’ (i.e. gas rich)
major-merger activity and the second through simple cold gas accretion from the IGM. At
high-z, major mergers are thought to have played a significant role in the build up of stel-
lar mass (Bournaud et al. 2011), which is supported by the prevalence of morphologically
distorted galaxies at high redshifts (e.g. Wang et al. 2012 and references therein). However,
simulations (e.g. Cattaneo et al. 2011) show that the importance of major mergers is a strong
function of stellar mass, implying that only in massive galaxies (M > 101! M) do major

mergers contribute to the bulk of stellar-mass growth. At lower masses, the frequency of
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Time
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Dark matter halos

Figure 1.2: Assembly of the first galaxies. At z ~ 20, the first stars are formed, but clear
their haloes of gas through stellar feedback mechanisms. By redshift 10, many of these mini-
haloes have coalesced and a new population of stars is created, creating the first galaxies (Fig.
1 from Bromm & Yoshida 2011).

major mergers declines rapidly, limiting their ability to be responsible for mass growth. For

low-mass galaxies, the bulk of their growth must come through gas accretion.

At intermediate / low redshifts the situation changes. Massive galaxies, which as we will
see tend to host radio AGN, experience major mergers less often and are therefore thought to
acquire most of their mass through cold flows (see Keres et al. 2005; Dekel et al. 2009; Daddi
et al. 2010 and references therein). Cold flows are streams or filaments of cold gas which
penetrate the halo environment. The gas temperature of the most massive haloes can exceed
105K as a result of the deep potential-well which accelerates in-falling gas. Once the gas
exceeds the sound speed it is shock heated. This makes simple, uniform spherical accretion
onto the host difficult as the gas must first have time to cool. In addition, AGN feedback
processes, which will be discussed in more detail in Section 1.3.3, can effectively delay gas
cooling for times comparable to the current Hubble time. However, shock heating of the gas
is only a problem for massive dark-matter haloes (> 10'' M,)) (see Fig. 1.3). Throughout

this period, galaxies hosted in lower mass haloes will continue to grow via standard cold-gas
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Figure 1.3: An analytic prediction for the regimes dominated by cold flows and shock-heated
gas in the plane of halo mass and redshift. Also shown is the characteristic Press-Schechter
halo mass M*(z); it is much smaller than Mg, at z > 2 (Fig. 5 from Dekel et al. 2009).

accretion and (possibly) merger activity.

1.3.2 The evolution of black holes

Super-massive black-holes are thought to inhabit the central region of nearly every galaxy
in the Universe. Indeed, the masses of these objects are correlated with either the mass (e.g.
Magorrian et al. 1998; McLure & Dunlop 2002; Marconi & Hunt 2003) or velocity disper-
sion (e.g. Merritt & Ferrarese 2001; Tremaine et al. 2002; Giiltekin et al. 2009) of spheroids,
demonstrating a direct link between the origins of galaxies and SMBHs (note, these relations
have been empirically verified only for the nearby Universe due to the resolution needed to
carry out the measurements). However, the origin of the SMBHs which power the lumi-
nous quasars observed at high redshifts remains unknown. Spectroscopic observations of

these quasars suggest that SMBHs with masses up to 10'° M, were already in place a bil-
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lion years after the Big Bang (e.g. Fan et al. 2001; Willott et al. 2003). Such high-mass
SMBHs require a rapid formation time scale and thus might pose a problem to current theo-
ries describing the formation of these objects. There are two favoured ideas for the origin of
SMBHs.

Population III stellar remnants: The first uses the black-holes of ‘dead’ Population III
stars as seeds which then grow via gas accretion (Madau & Rees 2001; Volonteri & Rees
2006; Li et al. 2007; Tanaka & Haiman 2009). In this case, the initial seed mass would
be around 100M. Even if the black-hole accreted at or near the Eddington luminosity,
growing to the mass required to power high-z quasars observed in large area surveys such
as the Sloan Digital Sky Survey (SDSS; Ahn et al. 2012) would be difficult. In addition, a
significant impediment is the radiative stellar feedback and the subsequent supernova which
accompanies the formation of the black hole. As we have seen, these feedback effects effec-
tively clear out the surrounding environment of gas leading to inefficient black-hole accretion
for at least the free-fall time of the dark-matter halo (Johnson & Bromm 2007; Pelupessy, Di
Matteo & Ciardi 2007; Alvarez, Wise & Abel 2009). In addition, radiative feedback from
subsequent accretion may inhibit gas cooling, exacerbating the problem. This early bottle-
neck poses a serious challenge to the Population III stellar remnant scenario; however, it
should be noted that not all the SMBHs need to grow rapidly to account for the observation
of relatively rare, massive high-redshift SMBHs.

Direct collapse: The second idea involves the collapse of massive primordial gas clouds
directly into black holes (LLoeb & Rasio 1994; Eisenstein & Loeb 1995). In theory, such
clouds should fragment and form individual stars due to local thermal instabilities; however,
if Hy and metal cooling could be suppressed (and thus shut off this avenue for low tempera-
ture cooling) massive gas clouds would collapse isothermally without any sub-fragmentation.
As mentioned above, this mechanism need only be realistic for a small number of haloes in

order to reproduce the observations. Whether such a mechanism is at all realistic requires
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Figure 1.4: K-band luminosity function of galaxies. Circle, square and star points are from
Cole et al. 2001, Kochanek et al. 2001 and Huang et al. 2003 respectively. The dashed line
shows the result of converting the dark-matter halo mass function into a galaxy luminosity
function by assuming a fixed mass-to-light ratio chosen to match the knee of the luminosity
function (Fig. 1 from Benson et al. 2003 with adjustments).

more modelling in a cosmological setting. Nevertheless, by 2 ~ 10 most galaxies are ex-

pected to have SMBHs in their centre and, as we shall see, their activity can shape the

properties of their host systems profoundly.

1.3.3 The luminosity functions of galaxies

A luminosity function is simply the number density over the absolute magnitude of some set
of objects. The optical /NIR luminosity function is one of the most basic properties of the
galaxy population and it contains many valuable clues to the process of galaxy formation
and evolution. This is because the luminosity function does not simply trace the dark-matter
halo mass function, implying that baryonic mass assembly involves physical processes which
counteract the influence of gravity.

The measured K -band luminosity function of galaxies is shown in Fig. 1.4. It is clear that

the halo mass function over-predicts the number of faint and bright-end galaxies, meaning
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that we need physical mechanisms which reduce the number of low and high luminosity
galaxies. These processes, which have the effect of preventing/delaying galaxy growth,
are collectively termed negative feedback. Originally, it was thought that the shape of the
luminosity function was regulated by the rate at which gas was able to cool in the parent dark-
matter halo (Rees & Ostriker 1977; White & Rees 1978). In this picture, the sharp cutoff
observed in the luminosity function was due to the long cooling times of gas in high-mass
haloes. While the inclusion of such physics into the models was an improvement over the
halo mass function, the overall fit was still poor. The introduction of photo-ionisation (which
suppresses the formation of potential dwarf galaxies), stellar winds and supernovae feedback
(which stunt the growth of small galaxies) were remarkably successful in reproducing the
faint-end of the luminosity function (see Cole et al. 2000 and Benson et al. 2002). However,
solving the faint-end problem in this way exacerbated the problem at the bright end; the
ejected gas in massive haloes would eventually cool and lead to an excessive number of
bright galaxies. Processes that would keep the gas from cooling, such as heat conduction
near the centre of the halo or superwinds, had to be unrealistically efficient to account for
the observations and were thus discarded (Benson et al. 2003). The conclusion was that
the bright end could only be solved by tapping into the energy released by accretion onto
SMBHs.

A mechanism which takes this idea further involves the use of the energy in radio jets
to keep the halo environment hot and prevent gas cooling (e.g. Best et al. 2006). The sharp
break at bright luminosities also suggests a preferred physical scale at which feedback would
take place. Such a scale arises naturally from the interplay of two timescales: the time it
takes for a gas particle to cool and the sound crossing time. If the sound crossing time is
higher than the cooling time, then the gas particle is directly accreted onto the central host
system. However, if the sound crossing time is lower than the cooling time, then the gas

will be shock heated and transition into a state of hydrostatic equilibrium. This transition is
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Figure 1.5: K-band luminosity function of galaxies in the local Universe (Fig. 3 from Bower
et al. 2006). The solid and dashed red lines are the models with and without AGN feedback.
thought to occur at halo masses of ~2x 10" h™* M, (e.g. Dekel et al. 2009). Binney [2004]
argued that the heat input from a central source can only be effective in the hydrostatic case.
Therefore, this phase transition is believed to be the physical basis for understanding the
break in the luminosity function, as radio-jet feedback is only effective in the presence of hot
ionised gas.

In Fig. 1.5, a model which includes AGN feedback from Bower et al. [2006] is shown in
red, against the measured K -band luminosity function in the local Universe. It is clear that
the model does a good job of reproducing the observations (see also Bower, McCarthy &
Benson 2008). However, AGN feedback is inserted in an unphysical way; if the Eddington
luminosity from black-hole accretion is sufficient to offset gas cooling, the cooling flow is
simply assumed to be quenched (in the hydrostatic case only). While the success of these
models is encouraging, it is clear that a physical explanation supported by observational
evidence will be needed in order to discover how the feedback mechanisms are working in

reality.
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1.4 Active Galactic Nuclei

1.4.1 A description of Active Galactic Nuclei

Active Galactic Nuclei are a class of object which reside in the centre of galaxies and con-
tribute large amounts of power to the luminosity output at a wide range of wavelengths.
Depending on the specifics of gas accretion onto the SMBH, excess emission may be ob-
served in a wide variety of combinations, making a universal definition of AGN features
difficult. However, it is still possible to distinguish two classes of AGN, defined roughly by
the accretion efficiency; radiatively efficient and inefficient AGN may be crudely defined by
whether the luminosity output due to AGN activity is above or below ~ 1% of the Edding-
ton luminosity (defined as the maximum luminosity output a massive body can achieve in
radiative equilibrium).

In the radiatively efficient case, an accretion disc forms which is optically thick, geomet-
rically thin and surrounded by what is often referred to as a dusty ‘torus’ (e.g. Shakura &
Sunyaev 1973; Novikov & Thorne 1973; Lynden-Bell & Pringle 1974). These sources fit
into the unified scheme (see Fig. 1.6) in which the different properties exhibited by AGN are
mainly due to the obscuring effect of the dusty torus (see Antonucci 1993, Urry & Padovani
1995 and Bianchi, Maiolino & Risaliti 2012 for reviews). Observational evidence suggests
that a small fraction of these (~15-20%) are ‘radio-loud’, meaning that they have ratios of
radio-to-optical (e.g. 5-GHz to B-band) flux above 10 (Kellermann et al. 1989). In all ra-
diatively efficient AGN, the energy output from the accretion disc is radiated over a very
broad range of frequencies and is expected to couple strongly to the gas inside the galaxy.
Large-scale outflows and/ or heating of gas and dust may be the result of such coupling (e.g.
Cattaneo et al. 2009). This implies a quenching of star formation which then naturally sets up
the tight relationships between galaxy properties such as the velocity dispersion/bulge mass

and black-hole mass. In addition, the radio activity of radiatively efficient AGN may inject a
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Figure 1.6: Schematic representation of our understanding of the AGN phenomenon in the
unified scheme. The type of object we see depends on (1) the viewing angle, (2) whether or
not the AGN produces a significant jet emission, and (3) how powerful the central engine is
(Fig. 1 from Beckmann & Shrader 2013).

large amount of energy into the hot phase of the intergalactic medium (IGM), fundamentally
changing the halo environment, and possibly, the nature of subsequent AGN activity (e.g.
Rawlings & Jarvis 2004).

For radiatively inefficient AGN, accretion onto the black hole leads to very little radiated
energy. However, those hosting jets and lobes may be identified at radio frequencies. These
are thought to be fuelled by advection-dominated accretion flows (ADAFs; see Narayan,
Mahadevan & Quataert 1998 for a review) which are optically thin and geometrically thick.

However, the exact reason why some AGN are radio-loud and others are not is not well

understood.
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Fig. 1.6 is a good summary of the Unified Model. Blazars are a class of radio galaxies
which are observed precisely ‘face-on’, appearing as bright point-like radio sources. Blazars
may be split into two categories defined by whether they have strong emission lines: BL
Lac’s have weak emission lines while Flat Spectrum Radio Quasars (FSRQ) have strong
emission lines. FSRQs will tend to appear like radiatively efficient accreting quasars if
viewed at any other inclination angle, whereas BL Lacs will appear as radiatively inefficient
AGN.

Broad and narrow line (BL and NL) AGN are defined by the line of sight to the broad
and narrow line regions. BL regions are clumps of gas rotating rapidly around the accretion
disc but not beyond the dusty tours. As such, the broad line profile observed in the optical
spectra of AGN indicate either the absence of a dusty torus or an approximately ‘face-on’
line of sight. Such galaxies are often referred to as “Type I QSOs’. NL regions are slower
orbiting clumps of gas beyond the torus. Observations of exclusively narrow lines in the
optical spectra of AGN suggest that the torus is obscuring the emission form the BL region.
Such galaxies are often referred to as “Type II QSOs’. Seyfert galaxies are a class of lower
luminosity AGN which tend to be hosted by spiral galaxies. Although their accretion mech-
anism may be classified as radiatively efficient, the small amounts of gas accreted leads to
less AGN emission than standard quasars. They are a relatively well studied population due
to their ubiquity at low redshifts.

The Unification Scheme represented by Fig. 1.6 differentiates between high and low
power radio sources. This division is more than just taxonomical, as it is thought to be
related to the accretion efficiency which defines most of the AGN’s emission profile. In the

following section we discuss the evolution of AGN.
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Figure 1.7: Schematic representation of the ‘cold mode’ and ‘hot mode’ cycle for AGN
formation and evolution.

1.4.2 AGN evolution

The presence of SMBHs in the centre of most galaxies implies that nearly all galaxies have
undergone a period of AGN activity. If this is the case, what are the details of the processes
which transform quiescent galaxies to AGN and back again? Providing a unified picture of
the evolution of any given AGN is difficult as the process is heavily reliant on the host’s
properties / formation history. Nevertheless, there are two scenarios which help explain this
evolution in terms of repeatable ‘cycles’; referred to here as the ‘cold mode’ and the ‘hot
mode’ (see Marconi 2006; Croton et al. 2006; Hardcastle, Evans & Croston 2009).

In the case of the ‘cold mode’ (see left-hand side of Fig. 1.7), a triggering mechanism
(possibly a gas-rich merger or the result of some disc instability) funnels cold gas into the
central region, leading to radiatively efficient accretion. The initial phase of the accretion
process is hidden from view by the large amounts of gas and dust covering the central region.
During this period, the galaxy hosts an obscured AGN (e.g. Sanders et al. 1988). As the
accretion rate increases, so does the radiative pressure. This makes it progressively more
difficult for cold gas to continue fuelling the AGN, and eventually the fuelling is completely
quenched. With the obscuring gas and dust cleared, the host now holds a ‘naked quasar’.

In the absence of fuelling gas, the quasar rapidly declines in brightness until it disappears
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completely returning the host to a quiescent state. A host’s AGN may be viewed at any point
in this cycle and at any redshift below z ~ 10, although quasar activity is more prevalent
at higher redshifts (peaking at 2z ~ 2; Boyle & Terlevich 1998). The ratio of obscured
to unobscured quasars as inferred from the hard X-ray background may be as high as 4:1
(Comastri et al. 1995; Gilli, Salvati & Hasinger 2001; Gilli, Comastri & Hasinger 2007)
and is probably due to the greater availability of gas and dust at high redshift and the longer
lifetime an AGN is in the obscured state (e.g. Hopkins et al. 20006).

In the case of the ‘hot mode’ (see right-hand side of Fig. 1.7), no external triggering
mechanism is required. Hot gas from the halo is believed to fuel radiatively inefficient AGN
activity, which predominantly produce radio jets. As the AGN accretion intensifies, a similar
pressure-fuel cycle is thought to occur, albeit at much lower luminosities and with a much
lower amplitude (Allen et al. 2006). The radio jets and lobes help keep the halo gas hot,

preventing the AGN from being fuelled by large amounts of condensed gas.

1.4.3 Radio galaxies

Radio galaxies are a class of object whose source of emission between 10 MHz and 100 GHz
is predominately due to AGN activity. The dominant emission mechanism is synchrotron
radiation; charged particles (mainly electrons, protons and positions) travelling at relativistic
velocities gyrating in weak galactic / intergalactic magnetic fields. The precise details of the
physical mechanisms which accelerates these particles are not well understood. As Fig. 1.6
suggests, radio AGN activity comes in many guises. Although the Unified Model provides
a good picture of the parts which make up an AGN, it does not tell us which type of activity
dominates at different masses and redshifts, or how radio AGN activity might evolve. It
has long been known that radio galaxies tend to inhabit massive elliptical galaxies which are
often characterised as having low star-formation rates and red optical colours (e.g. Matthews,

Morgan & Schmidt 1964; Jarvis et al. 2001; Dunlop et al. 2003; Willott et al. 2003; Floyd
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Hotspots

Figure 1.8: Left: Radio image at 4.8 GHz of Cygnus A, an FR II type source. Right: Radio
image at 1.4 GHz of 3C31, an FR I type source. Both images were obtained using the Very
Large Array and can be found at http://www.nrao.edu/imagegallery courtesy of NRAO/AUI.
et al. 2004; Best et al. 2005; El Bouchefry 2009). However, radio AGN activity has also been
associated with slightly lower mass galaxies with much higher SFRs, blue optical colours and

quasar-like emission features (e.g. Baldi & Capetti 2008). Understanding why and how the

radio AGN population is divided is the topic of this section.

1.4.3.1 The structure of radio galaxies

The structure of radio sources may be split into two morphological classes: Fanaroff-Riley
(FR) type I and type II (Fanaroff & Riley 1974). Examples of both types are shown in Figure
1.8. The radio emission from FR I type sources consist of a core and two bi-polar jets. These
jets are poorly collimated becoming more diffuse further out. On the other hand, FR II type
sources consist of highly collimated jets which terminate with hotspots at either end. These
hotspots are what seed the lobes with plasma.

Observations of the cores of many AGN show a flat radio spectrum, in the sense that for
the flux density as a function of frequency, we observe F,, oc v with a ~ 0. How may a flat
spectrum be produced? The usually assumed jet acceleration mechanisms (i.e. shocks Fermi
accelerating electrons) are very unlikely to produce flat spectrums. However, if the core is

assumed to be optically thick, then the standard power-law distribution from synchrotron
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emission is altered by radiating electrons re-absorbing some of the emitted photons. In other
words, a turn over is observed towards lower frequencies resulting in each shock or knot
producing a ‘peaked spectrum.” If the plasma conditions are such that each knot peaks at
roughly the same level, then summing the contributions from these knots produces a flat
spectrum. This has become the standard model for interpreting the observations of flat radio
spectra from jetted sources.

Radio lobes follow the much simpler synchrotron power-law spectrum, as the surround-
ing environment is usually optically thin. The exact slope of the spectrum depends on several
factors, such as the age of the plasma (i.e. high energy electrons will radiate their energy at
a higher rate than lower energy electrons) and the size of the lobes (i.e. as the lobes expand,
the magnetic field decreases lowering the energy of the emitted photons), amongst others.
Hotspots, which seed the lobes with plasma, usually have an SED which has a spectral index
between that of the core and the lobes. Orientation also plays a part in what is observed. As
one moves closer to looking down the jet, greater relativistic boosting of the core versus the
lobes results in flat spectra being observed. Thus, angle at which a radio source is viewed

can explain many of the observed spectral features.

1.4.3.2 Mass-dependencies of radio AGN and the /-2 relation

The fraction of galaxies which show evidence for radio AGN activity is a strong function of
stellar mass (see left-hand side of Fig. 1.9). It is interesting to ask whether this is simply the
result of more massive galaxies hosting larger black-holes which then naturally produce more
luminous radio-emission. On the right-hand side of Fig. 1.9 is a plot from Best et al. [2005],
which shows the fraction of radio AGN activity as a function of stellar mass, where ‘radio
loud’ is defined as radio luminosity per unit of stellar mass for a sample of radio galaxies
with z < 0.3. If the mass-dependence of the radio emission is simply due to a linear relation

with black-hole mass, one would expect a horizontal line; that the strong mass-dependence
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Figure 1.9: For sources z < 0.3; (left) the fraction of radio AGN as a function of stellar mass
and (right) the fraction of radio-loud AGN as a function of stellar mass (left and right-hand
side figures from Fig. 2 and 3 of Best et al. 2005, respectively).

remains suggests that either the mechanism responsible for radio emission does not scale
linearly with black-hole mass or that a different accretion mechanism is responsible for radio
emission in massive galaxies. Additionally, duty cycle and radio source size arguments have
allowed rough lifetimes of radio sources to be calculated. These are thought to range between
1078 years (e.g. Bird, Martini & Kaiser 2008; Antognini, Bird & Martini 2012) for typical
FR II type sources, and somewhere below this for typical FR I type sources.

Deep near-infrared surveys of radio galaxies indicate that at high redshift, they are also
the most massive systems of their epochs (De Breuck et al. 2002). Remarkably, a tight
relation exists between the apparent A -band magnitude of radio galaxies and redshift (see
Fig. 1.10; note the sample of radio galaxies used is flux density limited and complete). Such a
relation is only possible if the luminosity of a class of object remains approximately the same
over several billions of years. The near-infrared K-band emission from radio galaxies is
dominated by old stellar light (Best, Longair & Rottgering 1998; Simpson, Rawlings & Lacy
1999), implying that the stellar mass of the most powerful radio AGN remains approximately

constant. In other words, most of the stellar mass build up in massive radio galaxies is
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Figure 1.10: K'-band magnitude versus redshift for several complete samples of radio galax-
ies. The solid black line is the best-fitting second-order polynomial for all the data (Fig. 2
from Willott et al. 2003).

thought to have occurred at very high redshift (z = 5; Willott et al. 2003; van Breugel
et al. 1998). Although, perhaps a more realistic interpretation involves massive ellipticals
migrating onto the K-z relation after reaching the limit of their stellar mass growth, a point
determined by feedback mechanisms. The solid line in Fig. 1.10 is the best-fitting second-

order polynomial for all the data, the result of which is shown below.

K = 17.37 + 4.53log,, z — 0.31(log,, z)* (1.7)

The dashed line in Fig. 1.10 is the K -magnitude evolution of a galaxy of local luminosity
3 L* which forms all of its stars instantaneously at 2 = 10. The remarkable agreement
between the solid and dashed lines reinforces the idea that powerful massive radio galaxies

produced the majority of their stars at high redshift.
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1.4.3.3 High and low excitation radio galaxies

The optical spectra of radio galaxies was split at a very early stage into two classes: Class
A contained high-ionisation lines while Class B contained absorption-lines and/or very
weak emission-lines (Hine & Longair 1979; Heckman et al. 1986). This classification has
evolved into what is now referred to as ‘High Excitation Radio Galaxies’ (HERGs) for Class
A and ‘Low Excitation Radio Galaxies’ (LERGs) for Class B (Jackson & Rawlings 1997;
Buttiglione et al. 2010; Cid Fernandes et al. 2010; Baldi & Capetti 2010). Details of what
constitutes a LERG/HERG differ but generally rely on the values of a combination of line
ratios (e.g. H,, Hg, [OIII], [OI], [NII] and [SII]; see Buttiglione et al. 2010), and equivalent
width measurements of key lines such as [OIII] (c.f. Tadhunter et al. 1998). The presence
(or lack thereof) of high-ionisation lines is indicative of the type of nuclear activity in the
host. HERGs/LERGs are thought to contain radiatively efficient/inefficient AGN respec-
tively. HERGs have lower 4000 A break strengths, bluer optical/ UV colours and higher
FIR luminosities than LERGs, all suggesting higher SFRs (Baldi & Capetti 2008; Herbert
et al. 2010; Best & Heckman 2012; Janssen et al. 2012; Hardcastle et al. 2013). LERGs also
tend to be hosted in the most massive galaxies, while HERGs tend to be hosted in galaxies
with a much broader range of masses (e.g. McLure et al. 2004). LERGs dominate the radio
luminosity function to 1 x 102 W Hz™! (at 1.4-GHz), after which HERGs begin to dominate
(Best & Heckman 2012). It must be noted that many of the differences between HERGs
and LERGs have been shown for large samples at relatively low redshifts. Large fractions
of HERGs have also been associated with disturbed morphologies indicating recent galaxy
interactions (e.g. Ramos Almeida et al. 2011). These differences, taken together suggest that
HERGs and LERGs are objects with very different galaxy properties and formation histories.

Understanding the source of this difference is the subject of the next section.
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1.4.3.4 The environment and fuelling mechanism of radio AGN

Radio-loud AGN tend to be found in denser environments (Best 2000; Best et al. 2005;
Galametz et al. 2012a; Wylezalek et al. 2013). This is partly due to the fact that clustering is
a strong function of stellar mass (Worpel et al. 2013). In addition, the hot-hydrostatic shock-
heated environments of massive galaxies/clusters of galaxies are good at confining radio
lobes, boosting the observed flux and therefore the detection rate (e.g. Barthel & Arnaud
1996; Tadhunter et al. 2011). However, the importance of a radio galaxy’s environment
may be more fundamental; it may determine the fuel source, and therefore the accretion
mechanism of radio AGN (Hardcastle, Evans & Croston 2007).

The phase transition in the environment of galaxies (e.g. between the non-hydrostatic
and hydrostatic cases) fundamentally alters the properties of the gas in the halo. In the non-
hydrostatic case, cold gas is able to flow largely unimpeded into the host and therefore to
the SMBH, triggering bright quasar-like activity. However, in the hydrostatic case the cold
gas is shock heated. This restricts the fuel source of SMBHs to very hot gas (> 10° K) pre-
venting radiatively efficient accretion from occurring. Only relatively inefficient spherical
Bondi / ADAF accretion of hot gas is possible unless cold gas is carried into the centre of
the cluster by a major merger or some other secular process. This type of accretion has been
associated with radio lobes which are subsequently confined by the halo gas, shock-heating
it and preventing strong cooling flows from developing after approximately the free-fall time
of the halo gas. Much of the recent observational work on radio galaxies attempts to eluci-
date aspects of this feedback cycle. For example, it has been shown that the time averaged
mechanical energy output from the radio jets of most early-type galaxies is sufficient to bal-
ance gas cooling from the hot phase of the IGM (Best et al. 2006; Best et al. 2007). In
addition, there is evidence for a tight correlation between the Bondi accretion rate (inferred
from X-ray data) and the power emerging from these systems in relativistic jets (e.g. Allen

et al. 2006); this suggests that, in at least some massive galaxies, the fuelling mechanism is

25



10'4§'|""" T T T T
2 05 _
E‘ 10 3 E
:? C
" C
g‘ B %

10_5 E ) 1 e =
2 T -
= .

c L
@ N ;
= 10—? - h 3 —
= : 3
a u
£ - --4-- Low-excitation
g . " —@— High-excitation #“‘
10” & o High-excitation + unclassified E
Co by v v v b v v v vy by v v v v v by v v by L
22 23 24 25 26

log(Lyyss / W Hz_1)

Figure 1.11: The number density as a function of radio luminosity for a sample of HERGs
and LERGs below z = 0.3 (Fig. 4 from Best & Heckman 2012).
linked to the AGN activity.

Merging galaxies, which form a second important source of cold gas are likely to have
their cold gas and dust content stripped by hot gas environment en route. Thus, the type of

environment a radio galaxy inhabits may determine many of the host’s properties.

1.4.3.5 A model for the describing the properties of radio AGN

It is clear that the properties of the hosts of radio AGN are varied and complex, yet a clear
synthesis of these properties is now possible. At low radio luminosities, radio galaxies are
dominated by LERGs (see Fig. 1.11). These have inefficiently accreting black holes with
the central region contributing little from the X-ray to the far-infrared. LERGs are argued
to be fuelled by the hot phase of the IGM via ADAF / Bondi accretion (Hardcastle, Evans
& Croston 2007). This limits LERGs to the hottest, densest and richest environments most
easily provided by the halos of massive ellipticals (Keres et al. 2005; Dekel & Birnboim
20006).
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Figure 1.12: The local 1.4-GHz luminosity function for star-forming galaxies and radio AGN
in the local Universe (left; Fig. 12 from Mauch & Sadler 2007). The observed radio/FIR
spectrum of M82 (right). The solid line is the sum of the synchrotron (dot-dashed line),
free-free (dashed-line) and dust (dotted line) components (Fig. 1 from Condon 1992).

At higher radio luminosities (> 1x10%° W Hz ™! at 1.4-GHz), the radio-source popula-
tion is dominated by HERGs, although there is still significant overlap with LERGs. The
high-excitation lines in the optical spectra of these galaxies imply a fundamentally differ-
ent type of accretion mechanism (i.e. quasar-like) activity from that of LERGs. HERGs
are fuelled by cold gas transported to the central regions by what are, presumably, on-going
gas-rich mergers or cold flows. The nature of the fuelling mechanism allows HERGs to oc-

cupy a much broader mass range than LERGs, and in particular they are not expected to be

restricted to the most massive galaxies.

1.5 Radio-selected star-forming galaxies

Star-forming galaxies dominate the radio luminosity function below P, 4 = 1 x 102 W Hz !
(Sadler et al. 2002; Mauch & Sadler 2007; see left-hand side of Fig. 1.12). They are char-

acterised by their blue optical colours which are indicative of a young stellar population and
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their high level of far-infrared emission. In terms of radio emission at ~1 GHz, around 90%
comes in the form of synchrotron radiation with the other 10% coming from thermal free-
free emission originating from Hj; regions (see right-hand side of Fig. 1.12). The relativistic
electrons needed for synchrotron radiation are accelerated in the supernova remnants of the
most massive stars (M > 8M)) and therefore trace relatively recent star-formation (the life-
time of such massive stars is < 3 x 107 yr and these relativistic electrons have lifetimes of
< 108 yr; Condon 1992). Radio surveys will therefore select the most actively star-forming
galaxies, although the sensitivity of the current generation of all sky surveys (e.g. NVSS and

FIRST) are such that only low redshift (z < 0.2) star-forming sources are detected.

1.6 Infrared astronomy

The IR regime covers wavelengths from ~ 1-1000 um. Within this spectral range, the near-
IR (NIR) covers wavelengths of 1-5.0 um, the mid-IR (MIR) covers wavelengths of 5-25 pm,
the far-IR (FIR) covers wavelengths of 25-500 ym and the sub-mm covers wavelengths of
500-1000 pm, although these are not strict definitions. In the following section, we discuss

the characteristics of IR sources through the advances made by key IR telescopes.

1.6.1 The Infrared Astronomical Satellite (IRAS)

The first all-sky survey at mid and far-IR wavelengths was carried out in 1983 by the Infrared
Astronomical Satellite (IRAS) at wavelengths of 12, 25, 60 and 100 um with a sensitivity of
a few hundred mJy. The maps provided by /RAS led to the detection of tens of thousands
of galaxies, the majority of which had not been observed before. The discovery of so many
far-IR sources led to the development of the terminology and classification scheme shown
in Table 1.1 (see Sanders & Mirabel 1996 and references therein for an early review of IR

galaxies). The major conceptual advance from /IRAS came from the realisation that the spec-
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Fro 1.26x10 1 {258 oo + fioo} [Wm 2]

F, 1.8 x 10~ { 13.48f15 + 5.16 fos + 2.58f60 + fro } [Wm~2]
L, L(8-1000 pum) = 47 D% Fi [Lo)]

LIRG Luminous Infrared Galaxy, L;, > 10" L,

ULIRG  Ultra Luminous Infrared Galaxy, L;. > 10" L,

HyLIRG Hyper Luminous Infrared Galaxy, L;, > 10'* L,

Table 1.1: Common, although not exclusive abbreviations and definitions for some IR param-
eters. fio, fo5, fgy and figo are flux densities from the IRAS bands (from Sanders & Mirabel
1996).

tral energy distribution (SED) of most galaxies were well fitted by a black-body spectrum
indicating that thermal dust was the origin of the emission. A modified version of the Planck
law was introduced to model these SEDs and took the following form,

2h3t8 1
= o ) (1.8)

B, (T)

where 7' represents the isothermal temperature of the source, k is the Boltzmann constant
and h is the Planck constant. The model varies from the traditional Planck law as it contains
the parameter, 3, which encodes information relating to the dust grain composition and size.
Although TRAS managed to constrain dust temperature for the first time, the wavelength
coverage meant that warm-IR sources were preferentially selected (i.e. > 60 K). In addition,
IRAS was only sensitive to relatively bright sources which limited the source population to
low redshifts (i.e. z < 0.1).

Having established the ubiquity of IR sources, attention soon turned to the mechanism
responsible for heating the dust. It became clear that the luminous IR sources were associ-
ated with indicators of high SFRs, suggesting that star formation played a key role in heating
the dust (e.g. Soifer et al. 1987; Sanders & Mirabel 1996). Star formation provides a plau-
sible mechanism for heating interstellar dust, as UV photons are approximately the same
wavelength/size as dust grains. This allowed for the first conversions of IR luminosity to

SFR (e.g. Kennicutt 1998b and more recently Kennicutt et al. 2009; Calzetti 2012). Such
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conversions were only appropriate for non AGN dominated galaxies because the accretion
discs of AGN are known to heat the surrounding dusty torus. This dust can be heated to a
thousand kelvin which results in strong emission at mid-IR wavelengths; this means that the
derived SFRs would be biased upwards if the AGN component was not taken into account.
The lack of coverage at wavelengths > 100 um made the separation of both components

difficult.

IRAS observations of radio galaxies were limited by their high redshifts. Nevertheless,
early results showed that high-powered radio galaxies tended to be detected at far-IR wave-
lengths whereas low-powered radio galaxies were not (e.g. Golombek, Miley & Neugebauer
1988; Impey & Gregorini 1993). In addition, the IR luminosity seemed to correlate well
with the presence of strong optical emission lines, consistent with the current view that such

galaxies have the properties generally associated with HERGs.

1.6.2 IS0 and Spitzer

The Infrared Space Observatory (ISO; Kessler et al. 1996) was launched in 1995 and carried
high resolution spectrometers and photometers which were many times more sensitive than
those carried by IRAS. In total, the wavelength range extended from 2.5 to 240 um. Results
from targeted observations of radio galaxies continued to support the view that unification
schemes could successfully explain the FIR properties of quasar-like radio galaxies, whereas
more traditional massive elliptical radio galaxies continued to show low levels of FIR emis-
sion (Meisenheimer et al. 2001; Haas et al. 2004; Miiller et al. 2004).

In 2003, the Spitzer Space Telescope (SST, but commonly referred to as Spitzer; Werner
et al. 2004) was launched. It carried three instruments; the Infrared Camera Array (IRAC;
3.6-8.0 um; Fazio et al. 2004), the Infrared Spectrograph (IRS; 5.3-40.0 ym; Houck et al.

2004) and the Multiband Imaging Photometer for Spitzer (MIPS; 24-160 um; Rieke et al.
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2004). The IRAC bands were particularly useful for the characterisation of the rest-frame
optical/NIR SED of high-redshift radio-galaxies (e.g. Seymour et al. 2007). In addition,
radio sources which were not detected in deep /K -band surveys (e.g. Reuland et al. 2003)
could be targeted with IRAC, allowing an extremely obscured population of radio galaxies
to be selected and studied for the first time (e.g. Martinez-Sansigre et al. 2005; Martinez-
Sansigre et al. 2006a,b). The properties of a similarly selected sample of radio sources is the

focus of Chapter 5 of this thesis.

1.6.3 The Herschel Space Observatory (HSO)

The data which have enabled the far-infrared properties of radio galaxies to be constrained
(the main subject of this thesis) came from the Herschel Space Observatory (HSO). There-
fore, in this section I will describe the instrumentation aboard the HSO in so far as it pertains
to this thesis. I will also describe the survey details whose data have been used throughout

this thesis. Initial results from the HSO will also be covered.

1.6.3.1 HSO instrumentation and the Herschel-ATLAS

The HSO was launched in May 2009 reaching the second Lagrangian point two months
later. The HSO carried three instruments; the Photo-detecting Array Camera and Spectrom-
eter (PACS; Poglitsch et al. 2010), the Spectral and Photometric Imaging REceiver (SPIRE;
Griffin et al. 2010) and the Heterodyne Instrument for the Far Infrared (HIFI; de Graauw et al.
2010). In this thesis, no data from HIFI is used; therefore we will not discuss its instrumen-
tation. PACS and SPIRE have both cameras and spectrometers. PACS covers wavelengths
from 55-210 ym. The imaging camera can image simultaneously in two bands (centred ei-
ther on 70/100 ym and 160 pm). SPIRE instrumentation covers the wavelength range from
194-672 pym. The imaging bands are centred at 250, 350 and 500 pm.

The Herschel-Astrophysical Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010a)
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was submitted for consideration as part of the Guaranteed Time Key Programmes process.
The proposal was successful and data was taken for the project soon after launch. Prior
to the HSO, most of the wave-band between 100-500 um was uncharted. This meant that
knowledge of cold low-to-medium redshift (z < 0.5) sources was virtually non-existent.
Therefore, the primary goal of the H-ATLAS was to provide a census of the dust in the low-
to-medium redshift Universe. This was only possible through a relatively high-resolution,
unbiased large-area-survey utilising the wavelength coverage offered by PACS and SPIRE.
The programme aimed to map ~ 150 sq degrees of the northern sky (known as the Northern
Galactic Plane; NGP), ~ 262 sq degrees of the southern sky (known as the Southern Galactic
Plane; SGP) and 138 sq degrees of equatorial sky (known as the GAMA! or Phase 1 area),
giving a total coverage of 550 sq degrees. These fields were mapped at 100 and 160 ym
using PACS and 250, 350 and 500 xm using SPIRE with sensitivities of 132, 121, 33.5, 37.7,
44.0 mJy, respectively (Pascale et al. 2010; Ibar et al. 2010). In this thesis, I only use data

from the equatorial fields.

1.6.3.2 Some relevant results from the HSO

In this section I discuss some of the initial results from the HSO which relate to this thesis.
Most of the results discussed here are derived from two extra-galactic surveys; the Herschel-
ATLAS and the Herschel Multi-tiered Extragalactic Survey (HerMES; Oliver et al. 2012)
which is a deep survey of ultra-deep fields.

As stated above, the primary goal of the H-ATLAS was to provide a census the dust
properties of the nearby Universe. Dunne et al. [2011] studied a large sample of So detected
sources at 250 ym with SDSS counterparts and found that the dust mass function shows
strong evolution out to z = 0.4 — 0.5 (See Fig 1.13). In terms of dust mass, this corresponds

to a factor of 4-5 increase in the dust masses of the most massive galaxies.

!Galaxy Mass And Assembly survey; Driver et al. 2009
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Figure 1.13: Dust mass function split into 5 redshift bins (left). Integrated dust mass density
as a function of redshift for H-ATLAS detected galaxies (right). The best fitting line (which
excludes the last data point due to completeness issues) is pg o< (1 + z)*5. Fig. 9 and Fig.
17 from Dunne et al. 2011.

A thorough study of the submm properties of optically-selected galaxies below redshift
0.35 was performed by Bourne et al. [2012]. Some of the results are listed below. (1) All but
the most massive galaxies are below the formal 5o detection limit in the H-ATLAS maps.
(2) The sub-mm luminosity is a strong function of optical colour, with red galaxies being
up to an order of magnitude less luminous at 250 pm than blue galaxies of the same stellar
mass. (3) Dust temperatures for blue galaxies are a strong function of stellar mass (rising
from 11K to 28 K) whereas red galaxies are clustered around ~ 16 K for all masses. The
temperature variation can account for much of the luminosity difference seen between red
and blue galaxies.

The addition of photometry beyond 100 pm resulted in the detection of a population of
galaxies with very cold dust temperatures missed by /RAS (Amblard et al. 2010; Hwang et al.
2010; Magdis et al. 2010). In addition, little temperature evolution was observed, consistent

with the results presented by Smith et al. (submitted).
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1.6.3.3 The far-infrared-radio correlation

There is a remarkably tight correlation between the FIR/sub-mm output of star-forming
galaxies and the radio luminosity (Helou et al. 1988; Helou, Soifer & Rowan-Robinson 1985;
Appleton et al. 2004). It is generally defined in terms of a constant value of the logarithm of
the ratio of the infrared and radio luminosity. The origin of this relation is thought to be due
to massive stars heating interstellar dust and accelerating electrons to relativistic velocities
when they eventually explode as supernovae (Harwit & Pacini 1975). The real significance
of the far-infrared-radio-correlation (FIRC), that it is so tight and so universal, was not appre-
ciated until the advent of IRAS. Condon [1992] suggested that this tight FIRC could be used
to distinguish star-forming galaxies from radio AGN. Such an approach is used throughout
this thesis to distinguish between both populations.

The FIRC has been investigated using Herschel. Jarvis et al. [2010] selected a sample
of radio galaxies with z < 0.5 in the H-ATLAS Science Demonstration Field (a subset of
the 9" equatorial field) and found that it held at 250 zzm. Moreover, no evolution was found
for the redshift range under study. This is consistent with the results of Ivison et al. [2010]
who studied the FIRC in the HerMES fields. For an in-depth study of the FIRC using PACS
and SPIRE data for a single galaxy, see Tabatabaei et al. [2013]. The initial Herschel results

concerning AGN are deferred to the introduction of Chapter 3.

1.7 QOutline of thesis

The primary aim of this thesis is to characterise the FIR properties of radio galaxies across
cosmic time. This involves probing the low, medium and high-redshift epochs and investigat-
ing which parameters control the FIR luminosities and dust temperatures of radio galaxies.
As mentioned above, radio galaxies are thought to play a fundamental role in the evolution

of the galaxy population, particularly at the bright end of the luminosity function. The FIR
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offers us a unique view into the general properties of the ISM which the radio jets must alter,
either directly or indirectly, if radio AGN feedback is at least partly responsible for downsiz-

ing.

In Chapter 2, I describe the construction of the radio catalogue from which the subsequent
chapters draw their radio sources. I detail which surveys were used and why, as well as the
biases present in the sample. In Chapter 3, I investigate the low-to-medium redshift radio-
source population and attempt to determine which parameters control the FIR luminosity
output of radio galaxies. I also search for observational evidence of radio-AGN feedback
on the ISM via the FIR luminosity. In Chapter 4, I perform an in-depth study of the dust
temperature distribution and evolution of the same radio sources and attempt to link the
results with the presence of radio jets. In Chapter 5, I present a method for finding high-z,
star-bursting radio AGN, which will be useful for determining the existence, frequency and
nature of direct radio-AGN feedback. Finally, in Chapter 6, I summarize the main results of

this thesis and end with a discussion of where the field can move on from here.
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Chapter 2

The 1.4-GHz radio catalogue

In this chapter, I present the radio catalogue that forms the basis of the work presented in
Chapters 3, 4 and 5. The radio catalogue was created over the Herschel-ATLAS phase 1 area
(see Fig. 2.1) using a combination of 1.4-GHz continuum radio data and near-IR photometry.
The goal was to match any observed radio emission to counterparts in the /K -band; if this
was not possible, then a best estimate of the positional origin of the radio emission was used.
This was done in order to create a radio sample with which the H-ATLAS datasets could be
exploited. This chapter is structured as follows. In Section 2.1, I describe which data were
used and why. In Section 2.2 and 2.3 I describe the matching method, followed by some
examples in Section 2.4. Finally, in Section 2.5 and 2.6 I describe some general catalogue

statistics and the robustness of the catalogue.

2.1 The data

In this section, I describe how the radio catalogue was built. I started with three sets of survey

data:
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Figure 2.1: Coverage of the H-ATLAS in the northern and equatorial fields. The three equa-
torial fields comprise the phase 1/GAMA area. Note that the coverage of the first data
release of the phase 1 area (v1) is used in this thesis and contains only half of the 12"" field
(Fig. 2 of Eales et al. 2010a).

1. NRAO VLA SKky Survey (NVSS): The NVSS is a 1.4-GHz continuum survey cover-
ing the entire sky north of -40 degrees in declination. The survey was carried out at the
Very Large Array (D and DnC configurations) over a period of 4 years and was com-
pleted in 1997. The FWHM of the beam is 45" and the rms of the survey is 0.45 mJy.
The 90% positional confidence level for sources above 2 mJy is ~ 10" and goes down
to a few arcseconds for sources above 10 mJy (see Condon et al. 1998 for more survey

details).

2. Faint Images of the Radio Sky at Twenty-Centimeters (FIRST): The FIRST survey
is a 1.4-GHz continuum survey carried out at the Very Large Array (B configuration).
The survey began in 1993 and by 2001, it had mapped the nearly all of the northern
sky above -10 degrees in declination and between 8" and 17" in right ascension.
The FWHM of the FIRST beam is ~ 5”, a 9-fold improvement in resolution over the

NVSS. The rms of the survey is 0.2 mJy and the 90% positional confidence level for
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sources above 1 mly is ~ 1” (see Becker, White & Helfand 1995 for more survey

details).

3. The UKIRT! Infrared Deep Sky Survey (UKIDSS) Large Area Survey (LAS): The
UKIDSS LAS (hereafter, simply LAS) is a near-IR survey which covers approximately
4000 sq. degrees of the northern and equatorial sky. The survey mapped these areas
in the Y, J, H and K bands which have central wavelengths of 1.03, 1.25, 1.63 and
2.20 um respectively. The depth of the LAS survey in the K -band is 18.0 magnitudes?

(see Lawrence et al. 2007 for more survey details).

The NVSS and FIRST surveys cover the H-ATLAS phase 1 area completely. However,
the LAS covers 95.6% of the phase 1 area. Therefore, radio sources outside this area are not

included in the radio catalogue as NIR counterparts could not be identified.

2.2 NIR-radio overlays

The NVSS formed the basis of the radio catalogue. This is because the NVSS’s compact
configuration makes it sensitive to diffuse radio emission which would otherwise be missed
by the FIRST survey. It also makes for easier identification of core and lobe components
for sources with large projected sizes across the sky. However, due to NVSS’s large beam,
cross matching it directly with the LAS K-band catalogue would result in a large number
of false identifications. For this reason FIRST data, with its high angular resolution, is used
to help identify the origin of the radio emission. One of the most effective ways to ensure
the completeness and reliability of NIR-radio matches is by constructing a list of possible
identifications, and then verifying each one visually using overlays of radio contours on NIR

images. In Fig. 2.2, an example which demonstrates the need to use a combination of NVSS

'United Kingdom Infrared Telescope: http://www.jach.hawaii.edu/UKIRT/
2 All magnitudes in this thesis are in Vega

38



Declination
Declination

-

:46:00.0

T A - 5 -
I . 8:39:400  39.0 38.0
Right ascension Right ascension

8:39:40.0 38.0 36.0

Figure 2.2: K-band NVSS overlay (left). The NVSS contours are shown in red. The contour
levels are as follows: (0.4, 0.5, 0.7, 1.0, 1.5, 2.0, 2.5, 3.5) mJy/beam. The blue circle is
the position of the NVSS source while the yellow ‘+’ sign marks where a FIRST detection
is present. The green crosses are formal LAS K'-band detections. K-band FIRST overlay
(right). The FIRST contours are shown in red. The contour levels are as follows: (1, 1.3, 1.8,
2.5, 2.8, 3.0, 3.5, 4, 5) mJy/beam. The flux density of the source shown here is Sy 4qn, =
5.2 mly.

(left) and FIRST (right) data is shown; the sizes of the overlays using the NVSS and FIRST
data are 2’ x 2" and 1’ x 1’, respectively.

Several interesting features are immediately apparent. Firstly, while the position of the
NVSS source is 5.9” from that of the FIRST source, they are clearly the same radio source.
Secondly, with its higher angular resolution the FIRST data has successfully identified the
host of the radio emission in the /K -band image. If the NVSS and LAS catalogues had been
matched on a simple ‘best match’ algorithm the wrong K-band source would have been
identified. An additional benefit of creating overlays is the ability to search for other radio
components which may, or may not, be related to the K-band counterpart. In this image,

there is no evidence for additional radio components as the rest of the FIRST field is blank

and there are no signs of extended emission in the NVSS contours.
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For these reasons (and others which will be explored in the next section), all the cata-

logued NVSS sources in the phase 1 area are identified visually (i.e. using overlays).

2.3 Classification scheme

In this section my approach to cataloguing the radio sources will be described. The funda-
mental goal was to assign the best possible position to all the radio sources, given the data.

A flow diagram of the logic used is shown in Fig. 2.3.

The first question which was asked was; do the radio contours show evidence for radio
emission outside of the NIR-NVSS overlay? For the vast majority of the overlays, the 2 x 2’
NIR-NVSS overlays were sufficiently large to encompass all the radio emission. If this
was not the case, a larger image which encompassed all the radio emission was created.
Next, I determined whether the NVSS radio emission had one or more hosts. If multiple
hosts were identified, then the radio flux density as measured by the NVSS needed to be
partitioned. This was done by calculating a ratio for every source; the integrated FIRST flux
density of that source divided by the total integrated FIRST flux density in the image. This
ratio was then multiplied by the total NVSS flux density, giving one an estimate of the flux
density for that source. This procedure was repeated for all ‘blended’ sources. After this
correction, the presence of a K-band counterpart was searched for; where there was more
than one potential LAS ID, the closest K -band source to the FIRST position was chosen. In
addition, K -band magnitude information was taken into account (i.e. brighter sources were
matched preferentially to fainter ones). In the case of compact radio sources, no LAS source
more than 2.5” away was selected as a counterpart. If a K -band counterpart was found, the
position of the radio source was replaced by that of the catalogued LAS position, and the

K -band magnitude added to the catalogue. If no /K-band counterpart was found, then the
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Does the NVSS emission show
evidence of being larger than
the image size (e.g. 2'x2’)?

A: YES A:NO
Make a larger image to Q: Is the NVSS emission
help identify additional composed of multiple
components or sources. radio sources?

A: YES
Separate NVSS flux
density contributions.

A:NO
No action.

Q: For each radio source, is
there a K-band counterpart?

A: NO
Use FIRST position if
available, else use NVSS
position.

A: YES
Extract catalogued LAS
position and K-band mag.

Figure 2.3: The classification scheme used on NIR-radio overlays to extract accurate source
positions and matches.

41



FIRST position was used, or in the case that the source was diffuse, the NVSS position.

2.4 Some examples

In this section, I use the classification logic developed in Section 2.3 on four overlays in

order to show how the classification method works in practice.

ID 4: The NIR-NVSS and the NIR-FIRST overlays are shown on the top left and right-
hand sides of Fig. 2.4, respectively. There is no evidence for any extended emission. More-
over, there are no additional FIRST detections beyond the two present in the NVSS-NIR
overlay. In this image, it is clear that both FIRST detections have similar integrated flux
densities, suggesting that both sources are not independent of one another. The fact that the
NVSS position, which accounts for all the flux in the image, falls onto a K-band source
strongly suggests that this is a double-lobed radio source. The NIR position and K-band
magnitude of the source closest to the NVSS position was used in the ‘processed’ radio cat-

alogue. This source has a flux density of S} 4gu, = 315.4mly.

ID 20: The NIR-NVSS and the NIR-FIRST overlays are shown on the bottom left and
right-hand sides of Fig. 2.4, respectively. There is no evidence for any extended emission.
Moreover, there are no additional FIRST detections beyond the four present in the NIR-
NVSS overlay. It is clear that the four FIRST detections are in fact two radio lobes. The
position of the NVSS centroid is between two LAS sources; a faint one on the left and a
bright one on the right. The manner in which the FIRST emission is distributed may suggest
that the bi-polar jets are precessing in a clockwise direction. This is important, as it helps to
create a dynamic picture of the radio source. From this, we may infer that the central point

is between the two leading edges of the radio lobes, rather than between the brightest two
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Figure 2.4: K-band NVSS overlays (left). K -band FIRST overlays (right). Contours and
symbols as in Fig. 2.4. For all the overlays created, NVSS and FIRST data is represented by
23 contours between 0.3 & 2000 mJy /beam and 0.1 & 2000 mJy / beam, respectively.
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Figure 2.5: K-band NVSS overlays (left). K-band FIRST overlays (right). Contours and
symbols as in Fig. 2.5. For all the overlays created, NVSS and FIRST data is represented by
23 contours between 0.3 & 2000 mJy /beam and 0.1 & 2000 mJy / beam, respectively.
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FIRST detections. Thus, the host is likely the brighter LAS source. This is consistent with the
fact that brighter NIR sources tend to be the hosts of the most luminous radio galaxies (e.g.
Willott et al. 2003; McLure et al. 2004). For this radio source, the position and magnitude of

the bright radio source was used. This source has a flux density of S7 4 g, = 123.3 mJy.

ID 40: The NIR-NVSS and the NIR-FIRST overlays are shown on the top left and right-
hand sides of Fig. 2.5, respectively. There is no evidence for any emission beyond the extent
of the overlay. There is no evidence for multiple/compact components in the NIR-FIRST
image either. The flux density of the radio source is 3.5 mJy. There is a candidate host 6.9”
from the NVSS position, but the lack of FIRST flux surrounding that source makes an as-
sociation difficult. Throughout the matching process, I took a conservative approach, only
matching sources which were beyond reasonable doubt, and so this radio source was not

identified with any LAS counterpart.

ID 228: The NIR-NVSS and the NIR-FIRST overlays are shown on the bottom left and
right-hand sides of Fig. 2.5, respectively. There is no evidence for any emission beyond the
extent of the overlay. However, it is clear that the field is very crowded. Turning to the
NIR-FIRST overlay, we can see that this crowding makes selecting a single, or even multiple
hosts for the radio emission extremely difficult. Therefore, I conservatively decided not to
select a host for this source. This does bias the matched catalogue against clusters; however,
there are only 29 sources for which no host was selected for these reasons (i.e. < 0.9% of

the matched sample). This source has a flux density of S 4qu, = 7.6 mJy.
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Figure 2.6: A histogram of the 1.4-GHz flux density of the radio sources in the radio cata-
logue.

2.5 General catalogue statistics

The initial NVSS catalogue for the phase 1 area contained 7630 sources. Since the LAS does
not cover the entire phase 1 field, 592 of those sources were excluded from further analysis.
A further 193 sources were ‘added’ after radio-source ‘de-blending’ was taken into account
(note, the matching process allows multiple NVSS detections to merge into one as well as a
single NVSS detection to be de-blended). This left a total of 7231 radio sources. A histogram
of the NVSS flux density distribution is shown in Fig. 2.6.

The matching process described in Section 2.3 will obviously alter the flux density dis-
tribution of the survey from its initial state. It is interesting to ask if this change is significant
and if so, at which flux densities? Only ~ 4% of the radio sources have had their flux den-
sities altered. In Fig. 2.7, a histogram of the normalised ‘corrected’ flux density divided by
the normalised ‘uncorrected’ flux density distribution is shown. I define ‘uncorrected’ as
the initial, unprocessed flux density distribution of the radio catalogue and ‘corrected’ as the
flux density distribution after the matching process. I find that the matching process results

in an additional ~ 20% of radio sources between 1-2.5 mJy. This flux density range is be-
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Figure 2.7: The ratio of the normalised ‘corrected’ and ‘uncorrected’ flux density distribu-
tions (as defined in the text) at 1.4-GHz.
low the 5o sensitivity of the survey. However, it is clear that those additional sources must
have been drawn from across the flux density distribution, and accounting for their existence
is important if one wants the best possible list of identifications and the most accurate flux
density estimates. Note that Fig. 2.7 only looks at the net changes between flux density bins
and therefore does not reveal the amount of ‘churn’ between bins (e.g. how many sources
> 100 mJy have been de-blended into two or more sources which are > 20 mJy).

Of the remaining sources, 3323 (or 46.0%) were successfully matched to a source in the
K-band. A histogram of the /K'-band magnitude distribution is shown in Fig. 2.8, from which

it is clear that the depth of the IR catalogue is ~ 18.0 magnitudes.

2.6 Spurious matches

It is clear that not all the NIR matches in a radio catalogue of this size will be correct. In
this section, I try to estimate the number of spurious matches. The contribution to the prob-
ability of a spurious match may come in several forms. A widely used technique to estimate

the number of spurious matches involves offsetting the radio catalogue and repeating the
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Figure 2.8: Histogram of the /'-band magnitude distribution for matched radio sources.

matching process. This allows one to estimate the number of ‘intrinsic’ spurious matches.
However, because this catalogue was created using visual classification techniques, such a
process was considered impractical. Systematic errors can be described as originating from
the structure of the cross-matching method. For example, if larger overlays of radio sources
which showed evidence for extended emission were not created, then the probability of a
spurious match would increase, as lobes may be matched to the wrong host galaxy. The
matching approach described in Section 2.3 is designed to minimise this type of error, how-
ever, it is very difficult to quantify. Fortunately, another matched radio catalogue (created by
John Ching, hereafter referred to as the John Ching Catalogue: JCC - see Hardcastle et al.
2013 for a brief description of the catalogue) was created for the purposes of investigating
the FIR properties of radio galaxies as a function of their optical spectra. This catalogue may
be used in order to estimate the agreement rate for counterpart identification. Here, I give
a brief description of the JCC, although further details will be available in Ching et al. (in
preparation). The JCC cross-matching method involves automatically grouping FIRST com-
ponents that were likely subcomponents of a single optical source (e.g. the core and lobes

of a radio galaxy) and automatically matching them to optical counterparts if they satisfied
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certain criteria based on symmetries of the radio sources. Where they did not, visual classifi-
cation was performed by overlaying SDSS images with FIRST and NVSS contours. All the
FIRST components that were not identified as possible subcomponents were cross-matched
to the nearest SDSS optical counterpart, with a maximum separation of 2.5”.

The JCC covers ~ 80% of the area covered by the radio catalogue presented here. How-
ever, it has a much lower surface density due to the requirement that the SDSS sources must
have optical spectra. In order to calculate the agreement rate between both catalogues, the

JCC was filtered in the following manner:

e The JCC is filtered so that a common area between both radio catalogues is created.

This reduced the JCC from 2,066 to 1,607 sources.

e FIRST is a deeper survey than the NVSS for point sources, therefore there may be
some sources in the JCC which have not been classified in the radio catalogue pre-
sented here. The filtered JCC is therefore cross-matched with the raw NVSS catalogue
on a 30” best-match basis in order to ensure a common set of sources between both

catalogues. This reduced the JCC to 1,075 sources.

e Next, the JCC is cross-matched with the processed radio catalogue presented here on
a 2.5” best-match basis. 1,005 sources are recovered, which equated to ~93.5% of the

JCC. This implies a disagreement rate of 6.5%.

We note that the disagreement rate which has been calculated is only a rough estimate of
the true disagreement rate. In addition, source detection differences between the LAS and
SDSS may contribute a slight increase in the disagreement rate. In any case, the conclusion
from this calculation is clear: the overwhelming majority of our sources would have been
matched to the same hosts using the method adopted by the JCC. The fact that similar results

would have been obtained using two separate identification methods gives confidence to the
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quality of the radio catalogue.

A second source of error comes in the form of human subjectivity. What one human
regards to be a match may not be the conclusion of another. In order to ensure that such
variations were limited, another individual (Sarah V. White) classified 905 radio sources
which amounts to 12.7% of the total, unprocessed radio catalogue. The disagreement rate
between the radio catalogues was found to be < 1% (i.e. over 99% of the radio sources
were matched, or not matched, identically). This shows that the matching method described
in Section 2.3 does not produce much variability. Thus, on the basis of these two tests the
expected failure rate of the matching process is likely to be < 6%, small enough for the

purposes of the work presented throughout the thesis.
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Chapter 3

Herschel-ATLAS/GAMA: What
determines the far-infrared properties of

radio-galaxies?

The work presented in this chapter is based on two articles published in ‘Monthly Notices of

the Royal Astronomical Society.” All work presented here was carried out by me.

(1) - Hardcastle M. J., Virdee J. S., et al., 2010, MNRAS, 409, 122: ‘Herschel-ATLAS/GAMA:
The FIR properties of radio galaxies’
(2) - Virdee J. S., et al., 2013, MNRAS, 432, 609V: ‘Herschel-ATLAS/GAMA: What

determines the FIR properties of radio galaxies?’

3.1 Introduction

The relationship between radio-AGN and the dust properties of their hosts has not been

studied in great detail due to the lack of deep, large-area surveys at FIR / submm wavelengths.
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However, a complex relationship is expected if radio-AGN feedback plays a significant role
in galaxy evolution.

FIR / sub-mm studies of star-formation in samples of radio galaxies have generally con-
centrated on high-redshift objects, in which emission at long wavelengths (e.g. 850 pum, 1.2
mm) corresponds to rest-frame wavelengths around the expected peak of thermal dust emis-
sion. Working at these high redshifts with small targeted samples necessarily restricted these
studies to the most powerful radio-AGN (e.g. Archibald et al. 2001; Reuland et al. 2004).
What these studies found was that the submillimeter luminosity was a strong function of red-
shift, even after other correlations with galaxy properties such as radio power, radio spectral
index and size, were taken into account. These results suggest that high-redshift (1 < z < 5)
radio-galaxies contained increasingly youthful stellar populations. However, this is thought
to be true of the galaxy population as a whole, so that, placing such results in context is
difficult.

The availability of observations at FIR /sub-mm wavelengths with the Herschel Space
Observatory (Pilbratt et al. 2010) opens up the possibility of studies of very large popu-
lations of more nearby objects. The Herschel Astrophysical Terahertz Large Area Survey
(H-ATLAS: Eales et al. 2010a) has mapped 550 sq degrees in 5 photometric bands (100,
160, 250, 350 and 500pm) with So sensitivities of 132, 121, 33.5, 37.7 and 44.0 mJy re-
spectively (Rigby et al. 2011b). Using data from the Science Demonstration Phase (SDP; ~
14.4 deg? from the 9" equatorial field), Hardcastle et al. [2010] (a study that used the radio
catalogue defined in Chapter 2; hereafter H10) studied the FIR properties of radio galaxies
out to redshift 0.85. This work sought to establish, on a statistical basis, whether radio-
detected galaxies have different FIR luminosities than their non-radio-detected counterparts.
H10 found no evidence for any difference, although the low source count (~ 200) made it
difficult to investigate the FIR luminosity dependence on parameters such as galaxy mass or

optical colour.
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In this chapter I investigate the FIR luminosity and dust temperature of radio galaxies
as a function of radio luminosity, redshift, radio-source size and radio spectral index. There
are a number of observational advantages when selecting AGN in the radio. Firstly, radio
emission is unaffected by obscuring dust. Secondly, large scale surveys at radio frequencies,
in combination with deep near-IR photometry, allow large numbers of sources to be identified
across a wide redshift range. Thirdly, the size of the observed radio jets can provide a rough
indication of the age of the radio source and consequently, the AGN (e.g. Kaiser, Dennett-
Thorpe & Alexander 1997). An analysis of all the radio-selected objects identified with
galaxies in the 134.7 deg? H-ATLAS Phase 1 field is presented. This represents an order of
magnitude increase in survey area over H10. The higher number of radio sources allows one
to investigate a wider range of host galaxy properties as a function of the FIR luminosity. The
chapter is structured as follows. In Section 3.2 I list the various sources of data I have used in
the following analysis, and describe the general sample selection. In Section 3.3 I describe
the radio sample selection and the properties of these sources. In Section 3.4 I describe how
the FIR luminosities and dust temperatures of our sources were calculated followed by a
discussion of the results in Section 3.5. Finally, I discuss the implications of the results and

conclude in Section 3.6 and 3.7, respectively.

3.2 The data

In this section an overview of the data used throughout this chapter is given.

1. Radio source catalogues and images from the NRAO VLA Sky Survey (NVSS; Con-
don et al. 1998) and Faint Images of the Radio Sky at Twenty-one centimetres (FIRST;
Becker, White & Helfand 1995) survey. These cover the entire H-ATLAS Phase 1 area

(hereafter, simply Phase 1 area).
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. Radio source catalogues and images from the Giant Metrewave Radio Telescope at
330 MHz (hereafter referred to as GMRT images and catalogues) covering ~ 82% of

the Phase 1 area (Mauch et al. 2013).

. Point spread function (PSF) convolved, background subtracted images of the Phase
1 fields at the wavelengths of 250, 350 and 500 pm, provided by the Spectral and
Photometric Imaging REceiver (SPIRE; Griffin et al. 2010) instrument on Herschel.

The construction of these maps is described in detail by Pascale et al. [2011].

. Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010) maps at
the wavelengths of 100 and 160 pum. The reduction process for these maps is described

in detail by Ibar et al. [2010].

. Catalogues and images from the United Kingdom Infrared Telescope Deep Sky Survey
- Large Area Survey (UKIDSS-LAS, hereafter LAS; Lawrence et al. 2007). The LAS

covers ~ 95.6% of the Phase 1 area.

. A set of photometric redshifts for galaxies detected by either the Sloan Digital Sky
Survey Data Release 7 (hereafter, SDSS; Abazajian et al. 2009) or the LAS. These
redshifts were generated using the artificial neural network code ANNz (Collister &
Lahav 2004). More details on the generation of the photometric redshifts is described
in Smith et al. [2011] (hereafter, S11). This catalogue provides a redshift estimate for

every source detected in the optical and NIR bands.

. A catalogue of identifications between optically detected galaxies and H-ATLAS galax-
ies (Valiante et al. in preparation and Hoyos et al. in preparation; both based on S11).
They define the reliability, R, which is a measure of whether a single optical (r-band)
source dominates the observed FIR emission. They suggest that only sources with

R > 0.8 be considered matches.
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8. Redshifts from the Galaxy And Mass Assembly (GAMA; Driver et al. 2011, 2009)
survey. GAMA is a deep spectroscopic survey with limiting depths of rap < 19.8 mag,
z < 18.2and Kxp < 17.6 mag over the Phase 1 field; details of the target selection and
priorities are given by Baldry et al. [2010]. The GAMA catalogue (SpecAllv14) for
this area contains 131,921 new spectroscopic redshifts in addition to 10,351 redshifts

from previous surveys in the area.

First, 1 filtered the galaxy catalogue so as to require a /-band detection in the LAS
(K < 18.0) and an 7’-band detection (' < 22.0) in the SDSS. Next, this catalogue was
cross-matched with the H-ATLAS catalogue using TOPCAT' (Taylor 2005) on a 1” best-
match basis in order to identify which sources are detected at the 5o limit. Note that sources
which did not have matches remained in the resulting catalogue, albeit without any associated
Herschel data from the H-ATLAS catalogue. In order to gain spectroscopic redshifts, the
resulting galaxy catalogue was cross-matched with the GAMA catalogue on a 1” best-match
basis, again retaining sources which were not matched. Spectroscopic redshifts were then
selected from GAMA and SDSS in preference to photometric redshifts. If a photometric
redshift was used, the error on the redshift was required to be <20% of the redshift. In
addition, sources not in the redshift range 0.01 < z < 0.8 were removed (the upper-limit
is imposed via errors on the photometric data). Approximately 24% of the sample have
spectroscopic redshifts. 98% of the spectroscopic redshifts are below z < 0.5. In order to
reliably calculate the stellar mass and the optical colour, I filtered the catalogue so as to
exclude any sources that are point-like in either the LAS or the SDSS parent catalogues.
K-corrected g’- 1’ colours were then calculated using KCORRECT v4.2 (Blanton & Roweis
2007) for the whole sample. This process gave a total of 324,222 galaxies in the Phase 1
field, from which the galaxies hosting radio emission are separated in the next section. Thus,

the galaxy catalogue will be split into two; the radio-detected catalogue and the non-radio-

!Tool for OPerations on Catalogues And Tables
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detected catalogue (or simply the ‘comparison’ catalogue).

3.3 The radio-detected sample

To produce the radio galaxy sample, I selected all the catalogued NVSS sources in the Phase
1 field above 2.25 mlJy (the 50 limit for the NVSS catalogue). The good short-baseline
coverage of NVSS ensures that the flux densities are good estimates of the true total flux-
densities for sources smaller than the primary beam of NVSS (45”). Although the NVSS
is only ~ 25% complete at 2.25 mJy (rising to ~ 100% at 3.5 mly), the lower flux cut is
retained since no bias is expected to be introduced from the incompleteness. None of the
analysis is strongly dependent on the completeness of the sample. I estimate that < 0.1% (or
~ 230 sources) of the comparison sample should have been associated with radio-emission
(this is because the NVSS source extraction software does not extract 100% of the radio
sources below 3.5 mly; see Condon et al. 1998). However, this is negligible given that there
are over 320,000 sources in the comparison sample. Next, I manually inspected all of the
NVSS sources in order to ensure that the correct host was identified for those radio sources
which have complex structures (e.g. doubles). This process is described in detail in Chapter
2.

Next, I cross-matched the radio catalogue from Chapter 2 with the galaxy catalogue
(see previous section) using the LAS positions on a 1” best-match basis. This process gave
a total of 1599 radio-detected sources in the Phase 1 field, of which 1110 (or 69%), had
spectroscopic redshifts. Approximately 80% of the spectroscopic redshifts are below z =
0.5. The SDSS 7’-band limit accounts for the reduction of LAS identified radio sources from
3182 to 1599; ~ 76% of the dropouts have K > 17.0.

Next, I measured projected radio source sizes for all the cross-matched radio sources. If

the source was compact in FIRST, the de-convolved major axis from the FIRST catalogue
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was used as the projected size of the radio source. The 1o error on the source size is given
by,

lo(size) = 10.0" x (L + i) ; 3.1

SNR 75

where SNR is the signal-to-noise ratio of the FIRST source (Becker, White & Helfand 1995).
If the de-convolved source size was less than 20 (size) (equivalent to the 95% contour) the
20 (size) upper limit was taken; this was the case for ~ 1% of the sources. The sizes of more
complicated structures such as double-lobed radio sources were measured by calculating the
projected distance between the peaks of the lobes. Where there was evidence for multiple
lobes, the distance between the two furthest lobes from the host was recorded. There were
89 objects in which the NVSS emission was ‘resolved out’ in FIRST. Such sources were not
assigned sizes and were thus excluded from the analysis involving radio source sizes.

In order to calculate spectral indices', I crossed-matched the filtered 1.4-GHz radio cata-
logue with 330 MHz GMRT radio catalogues and images, whose depth ranges from 3-10 mJy
(Mauch et al. 2013). Each match was checked manually by overlaying GMRT radio contours
on LAS K-band images. A total of 726 sources were successfully matched. Upper limits
on the spectral indices were calculated for the remaining sources (654) by substituting the
GMRT flux by five times the local RMS. A further 219 radio sources do not have spectral
indices or limits due to limited coverage of the GMRT data in the Phase 1 field. This cat-
alogue, which is a subset of the main radio catalogue described above, is only used in the
analysis involving spectral indices (i.e. Section 3.5.3).

The above processes gave a radio catalogue which is flux-limited in the radio and also
magnitude-limited in the optical and NIR. The result is that there are few sources (71) with
z > 0.7. The catalogue is also likely to be strongly biased against radio-detected quasars
since point-like sources have been excluded from the galaxy catalogue. This has the desirable

effect that the measured FIR luminosities will tend not to be strongly affected by beaming

"Where the spectral index « is defined in the sense that S oc v~
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of the radio jet and that any contamination of the fluxes measured at Herschel wavelengths
by non-thermal emission might be expected to be limited (cf. the results of Hes, Barthel
& Hoekstra 1995). Hereafter, the sources not identified with radio emission are referred to
as comparison sources while sources identified with radio emission are referred to as radio-

detected sources.

3.3.1 K-band luminosity cuts

In order to account for any stellar mass dependent relations, I calculated the /K -band lu-
minosity. The K-band luminosity is dominated by old stellar light (e.g. Best, Longair &
Rottgering 1998; Simpson, Rawlings & Lacy 1999) and thus scales well with stellar mass.
In order to enable one to compare radio galaxies with their mass-equivalent-counterparts, the
K -band luminosity is used.

Fig. 3.1 shows the absolute K-band magnitude versus redshift. To calculate the K-
correction and the passive-evolution correction in the K'-band, a GALAXEYV starburst spec-
tral energy distribution is used (see Bruzual & Charlot 2003) with the following properties:
a z = 4 instantaneous starburst with solar metallicity and an exponentially decaying star-
formation lifetime of 7 = 1 Gyr. These corrections are applied to both the radio sources and
the comparison galaxies. A value of —23.96 for M7, is adopted (Smith, Loveday & Cross
2009), from which L7 is calculated to be 7.87 x 1010 L. Next, the radio-selected sample is
separated into two magnitude bins, defined by My >-24.4 (sub-1.5 L},) and Mg < —24.4
(super-1.5 L7}). This boundary was chosen so that both sub-samples contained roughly the
same number of sources. For illustrative purposes only, I calculate the stellar mass bound-
ary assuming a mass-to-light ratio of 0.6 (Kauffmann & Charlot 1998), and find it to be
~ 7.1x10'" M. The lower-luminosity sample contains 770 radio sources while the higher-

luminosity sample contains 829 radio sources.

58



"(0'8T = 3/) Pueq-37 oy} Ul ST 2y} Jo y3dop dy st sul anfq-rep prjos oy, ‘sofdues 17 ¢ 1-1odns pue
-qns oy sajeredas ‘O - 18 ‘Qul] pal paysep Y[, panold are (pa1o9es Ajwopuel) sa01nos uostredwod ay) Jo 9,¢°() A[Uo ‘AIe[d 10
"SJOP YOr[Q SB UMOYS Ik S90IN0S UOSLIBdWOD 9y ], "S9$S0I0 an[q St UMOYS I8 SAIXB[BT-OIpel PJOALI0d UOTIN[0A-IAISSEd ‘Pa)daIInd
-y ‘sordwes uosuedwiod pue pajdNOp-OIpel AY) Ul SAIXB[RS JOJ JYIYSPAI SNSIdA (M) opmirusewl pueq-3y/ AN[osqQy :°¢ 2131

Hlyspay
80 90 70 c¢0 00

Mg ovve- =N - -
__ dde

B 081 ="XJw| Syl —

| $90In0S Pajoslap-oIpey

I~ $924n0s uosuedwon +

59



3.3.2 Radio luminosities

Fig. 3.2 shows the 1.4-GHz radio luminosity (L; 4gpu,) versus redshift for the two /K '-band
luminosity separated radio samples. Since less than half of the radio sources at 1.4-GHz are
detected at 330 MHz, I adopt o = 0.8 when calculating the 1.4-GHz radio luminosity of all
the radio sources; o = 0.8 is a typical observed value for low-frequency selected objects, and
I expect that the selection against point-like objects in the optical will tend to select against
flat-spectrum radio sources. Indeed, the subset of sources with GMRT detections suggest
that only ~ 2% of the radio sources have o < 0 and that o = 0.8 is a reasonable value for the
sample. Note however that because the depth of the GMRT is lower than that of the NVSS,
there is a bias against constraining flat spectrum sources.

It is clear from Fig. 3.2 that a wide range of radio luminosities is probed. At the low-
luminosity, low redshift end (i.e. z < 0.2), I expect from existing analysis of the local 1.4-
GHz luminosity function (e.g. Sadler et al. 2002; Mauch & Sadler 2007) that the population
will be dominated by star-forming galaxies rather than radio AGN, although a few AGN may
still be present. The starburst luminosity function cuts off steeply above 5 x 102 W Hz ! at
1.4-GHz, so I expect that most of the objects above this luminosity will be radio AGN. Thus,
in the sub-1.5 L} radio sample there exist two populations; the low redshift, low luminosity
starburst population and the higher redshift, higher luminosity radio AGN population. The
super-1.5 L, radio sample contains fewer sources below 5x 10%* W Hz ! and are thus almost
exclusively composed of radio AGN. As mentioned in Section 1.4.3.3, Best & Heckman
[2012] calculated the HERG/LERG luminosity functions for the local Universe and found
that HERGs begin to dominate above 102 W Hz~!. Thus, both samples will be dominated

by LERGs, although significant numbers of HERGs may still be present.
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Figure 3.2: Radio luminosities of the radio-detected sample as a function of redshift split
into the sub-1.5 L}, sample (top) and super-1.5 L7 (bottom) sample. Sources nominally
detected by Herschel (i.e. sources identified with H-ATLAS objects) are marked as filled
green circles. If the association with the LAS galaxy is deemed ‘reliable’, the object is also
marked with a red open circle. Any source not identified with an H-ATLAS object in the
catalogue, but which is detected down to the 20 level (see Section 3.4.1 for how I define
the 20 level) in the 250-pum images, is shown as a light-blue star for illustrative purposes
only. Non-detections are marked with blue dots. The solid line corresponds to the nominal
50 flux cutoff in the NVSS (i.e. 2.25 mJy). Dashed horizontal lines show radio luminosities
corresponding to; (from bottom to top) the point at which the starburst radio luminosity
function cuts off steeply (Sadler et al. 2002) and the expected luminosity for a maximal
(4000 M, yr—t; Kennicutt 1998b) starburst.
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3.4 The far-IR properties of the sample

3.4.1 Herschel flux density measurements

In this section I describe the properties of the sample in the FIR. Throughout this section,
FIR flux densities in the SPIRE bands are measured directly from the background-subtracted,
PSF-convolved H-ATLAS Phase 1 images described in Section 3.2, taking the best estimate
of the flux density to be the value in the image at the pixel corresponding most closely
to the LAS position of our targets, with errors estimated from the corresponding position
in the noise map. As discussed in Pascale et al. [2010], PSF-convolved maps provide the
maximum-likelihood estimate for the flux density of a single isolated point source at a given
position in the presence of thermal noise. I also extracted PACS flux densities and corre-
sponding errors from the images at 100 and 160 ym using circular apertures appropriate for
the PACS beam (15.0” and 22.5", respectively) and using the appropriate aperture correc-
tions, which take account of whether any map-pixels have been masked during the process
of high-pass filtering of the bolometer timelines. I add an estimated absolute flux calibration
uncertainty of 10% (PACS) and 7% (SPIRE) in quadrature to the errors measured from the
maps for the purposes of fitting and stacking, as recommended in H-ATLAS documentation.
To account for bright, extended objects, I use the flux densities in the Phase 1 50 catalogue
where available, in preference to the measured flux densities, even though the measured flux
densities correlate well with the catalogued fluxes. To correct for confusion in the SPIRE
maps, I subtract the mean flux density level of the whole PSF-convolved map from the flux
density measurements of each source. This ensures that the mean of a randomly selected
sample will be zero within the uncertainties.

Approximately 13.6% of the radio sample (218 sources, which includes potential star-
forming galaxies) is detected at the 50 limit demanded by the H-ATLAS source catalogue.

This is broadly similar to the detection fraction found in H10. Since the images at 250, 350
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and 500 pum are seriously affected by confusion (as opposed to the PACS maps, which are
not), I cannot use the 20 limit defined by simple Gaussian statistics (i.e. twice the rms). In-
stead, I follow Hardcastle et al. [2013] (hereafter, H13) and randomly sample a large number
of points in the 250, 350 and 500 xm maps, selecting the flux density value below which
97.7% of the random fluxes lie as the 2¢ limit. This gives 20 flux limits of 24.6, 26.5 and
25.6 mJy for the 250, 350 and 500-mm SPIRE maps respectively. Therefore, sources which
have a S/N > 2 at 250, 350 and 500 ym make up 18.9, 16.6 and 12.6% of the sample,
respectively.

I note that whether a source is ‘detected’ or not plays no part in the following analysis,
since I am interested in the sample properties taken as a whole. However, in some of the
following plots, the FIR luminosity of sources above 20 are shown as individual points for

illustrative purposes only.

3.4.2 250um luminosity calculations; single temperature method

In H10, the integrated IR-luminosity of individual sources was calculated by assuming a
spectral energy distribution (SED) with 7" = 26 K and 5 =1.5 following Dye et al. [2010].
In this Chapter, I follow a similar method to that of H10 with some key differences. Firstly,
I assume 7" = 20K and (5 =1.8, best-fitting values derived for a similarly selected sample
of radio galaxies by H13. Secondly, I calculate the FIR luminosity at 250 pm, rather than
the integrated IR luminosity. This means that the isothermal model, and hence the assumed
temperature, only acts as a K-correction factor in the determination of the 250 ym luminos-
ity (Lo50) of each source. Further, I note that at low redshifts, the calculated K-correction
should have almost no effect on the 250 ym luminosity. The disadvantage of switching to
the 250 ym luminosity is that one is no longer able to estimate the SFR. However, the re-
lations which convert the integrated IR luminosity to a SFR are calibrated for star-forming

galaxies (e.g. Kennicutt 1998b; Kennicutt et al. 2009) and thus may not be applicable to the
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Figure 3.3: Histogram of ¢o59 values, defined in Eq. 2. I remove all sources with go50 > 1.3
in order to ensure no star-forming objects are in the radio-loud AGN sample. I note that
many of the values ¢250 < 1.3 are upper limits.

temperature and luminosity range occupied by radio galaxies.

The SPIRE PSF has a FWHM of 18" at 250 um. This translates to linear sizes of
~135kpc at z = 0.8, the redshift of the most distant objects in the sample. Therefore,
the corresponding FIR luminosities and temperatures one measures apply not only to the
host of the radio source, but also to its immediate environment; this may include quiescent

dust or star-formation in a companion or merging galaxy.

3.4.3 Removing star-forming galaxies

In order to present an analysis of radio AGN, radio-detected star-forming sources need re-

moving. To do this, I calculate ¢o5( as follows,

G250 = 10g10(L25o/L1.4 GHZ)' (3.2)
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If a source has a go5 value between 1.4 < qo5¢ < 2.1, it is on the far-infrared radio correlation
(FIRC) which holds for star-forming galaxies (Jarvis et al. 2010). g250 was calculated for all
the radio sources in the sample. A histogram of the results is shown in Fig. 3.3. Using
Fig. 3.3, I choose to remove all sources with go50 > 1.3 or where the upper limit on go5 1S
> 1.3, ensuring that no (or a negligible few) star-forming objects are in the subsequent radio
AGN sample. Therefore, beyond this point star-forming objects play no further part in the

catalogues / analysis unless explicitly stated.

3.4.4 Stacking analysis

Since the vast majority of the radio AGN (~ 95%) are undetected at the 5o limit of the
Phase 1 catalogue, I need to use statistical methods to calculate the properties of the source
population. I elect to stack the sample using the 100, 160, 250, 350 and 500 pm H-ATLAS
maps in bins of redshift and radio luminosity, which range from 0.01 < z < 0.8 and 21.0 <
log,o(L1.4cuz) < 27.3. 1 use constant bin sizes in radio luminosity and redshift, for both
K-band luminosity separated samples in order to facilitate comparisons.

To establish quantitatively whether sources in the bins were significantly detected, I mea-
sured flux densities from 100,000 randomly chosen positions in the field; a Kolmogorov-
Smirnov (K-S) test could then be used to see whether the sources from the sample were
consistent with being drawn from a population defined by the random positions. Using a
K-S test rather than simply considering the calculated uncertainties on the measured fluxes
allows one to account for the non-Gaussian nature of the noise as a result of confusion. If
the fluxes in any given bin are significantly distinguished from the background on a K-S test,
and have a mean flux density higher than that of the underlying noise (which should be zero,
see Section 3.4.1), one can calculate the stacked luminosity using all the objects in that bin,
in the knowledge that the resulting value is not simply noise.

The results from this analysis are shown in Tables 3.1 and 3.2. Both tables show the
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results for the K-band luminosity separated radio samples. Sources on the FIRC have been
removed. As is evident from Tables 3.1 and 3.2, most of the SPIRE bins are detected at the
95% confidence level (i.e. there is a < 5% chance that the flux density distribution has been
drawn from the same underlying distribution as the background). However, the PACS bins
are mostly indistinguishable from the background. This is a result of the lower sensitivity of
the PACS data. It is also clear that the K-S probabilities are almost always lower at 250 ym
than at any other band, with all of the bins at 250 um detected above the 99% confidence
level or better, except for the lowest redshift bin of the super-1.5 L}, sample. The higher
sensitivity and smaller beam size at 250 pm are likely explanations for this. Indeed, if one
excludes those radio sources which are also in the 50 H-ATLAS catalogue from the K-S
test, all the SPIRE bins are detected at the 96% confidence level or better except the super-
L3 0.15 < z < 0.25 bin, which is detected at the 83.8% confidence level. This provides
further justification for choosing the 250 ym band for the luminosity calculations. The K-S
probabilities produced by the comparison sample are not shown, but all the bins at 250 ym
were detected above the 99% confidence level or better.

In order to calculate stacked luminosities, I calculate the weighted average of Los, for
each radio luminosity or redshift bin. Individual sources are weighted using the reciprocal of
the square of the error extracted from the 250 ;sm noise map. In order to calculate errors on
the stacked luminosity, I use the bootstrap method with replacement. This involves randomly
selecting a subsample from the relevant bin, while ensuring that the total number of sources
in that bin remains constant. This implies that the same source may be selected more than
once and others omitted completely. From this new sample, a new weighted Lo5, value
is calculated and stored. I repeat the process 300 times in order to get a distribution of
weighted Lo values. From this distribution, I select the 16" and 84" percentiles as the
lower and upper limits, respectively. The advantage of bootstrapping is that no assumption

is made on the shape of the luminosity distribution; instead, I use the distribution of the
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sample to calculate 1o errors. This automatically takes all sources of intrinsic dispersion,
such as redshift and flux density errors, into account. The errors plotted in all subsequent

FIR luminosity plots are the 1o uncertainties derived from bootstrapping.

3.4.5 Best-fitting temperatures method

In Section 3.4.2, I calculated the luminosity at 250 ym using an isothermal method with
T = 20K. Obviously, such a method contains no information on the dust temperature. In
order to gain some constraints on the dust temperature, I assume a modified black-body
model with,

V3+B

fo (3.3)

e% —1

where T represents the isothermal temperature of the source in question, v is the fre-
quency, k is the Boltzmann constant, h is the Planck constant and [ is the beta parameter.
The best-fitting isothermal dust temperature may then be calculated for all the sources any
given bin using the following method. I cycle through temperatures between 5-55 K and fit
to all the five Herschel bands, allowing only the normalization of each source to vary (assum-
ing 3= 1.8). For each temperature step, I sum the y? value produced by each source. This
results in a 2 distribution as a function of temperature from which I pick the temperature
with the lowest x? value. The errors are calculated by finding the range where Ay? = 1. A
much used alternative method involves fitting to the stacked fluxes from each bin. Although
much simpler, such an approach was not used here because of the wide redshift range of the
sources in the bins.

Although the primary aim is to extract temperature information for each bin, I can use
this temperature to calculate a K-corrected luminosity at 250 ym for every source in the bin,
again allowing the normalization of each source to vary. It is important to stress here that

the normalization of each source is determined from all five Herschel bands, so the resulting
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Sos0 value (and therefore the Los) may differ substantially from the nominal S55 value in
the 250 um map. Confusion bias is likely to affect the 500 um band more strongly than
any other due to the increased size of the beam and the higher noise levels. To ensure that
the temperatures were not strongly biased by the inclusion of this band, I computed all the
temperature estimates presented in the chapter with and without the 500 ;sm band, and found
that the derived temperatures were not significantly different. In the next section I compare
the Lo5o output of the 7' = 20 K isothermal method to that of the best-fitting temperature

method described above.

3.4.6 FIR luminosities: comparison of methods

In this section I compare the luminosities of the single temperature and best-fitting tempera-
ture methods. To do this, I calculate the stacked luminosity at 250 ym of the radio-detected
samples as a function of redshift and radio luminosity, the results of which are shown in Fig.
3.4 (note that all the bins are significantly detected with respect to the background). The plots
on the upper panels include the sources on the FIRC whilst the plots on the lower panels ex-
clude such sources. The luminosities are calculated using the single temperature method are
shown by the stacks in blue while the luminosities calculated via the best-fitting temperature
method are shown by the stacks in magenta. All the plotted sources in Fig. 3.4 have had their
luminosities calculated assuming the single temperature method, and are shown for illustra-
tive purposes only. In the top-left panel of Fig. 3.4, it is clear that the sources on the FIRC
are well separated from the radio AGN population. This is not surprising given the clean
separation observed in Fig. 3.3, nevertheless, it is encouraging to observe this bi-modality as
a function of radio luminosity.

Turning first to the upper plots in Fig. 3.4, which contain star-forming sources, one can
see that the luminosities from both methods do not agree particularly well. The results

of the best-fitting temperature method produces fitted temperatures ranging from 17-30 K,
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Figure 3.4: Stacked infrared luminosity at 250 um as a function of (left panels) 1.4-GHz
radio luminosity and (right panels) redshift. Radio sources on the FIRC are included (top
panels); radio sources on the FIRC are not included (bottom panels). Plotted sources, which
are shown for illustrative purposes only, have had their luminosities calculated using the
single temperature method described in the text. FIR luminosities calculated via the single
temperature method (best-fitting temperature method) are in blue (magenta). Green crosses
represent the 50 detected sources defined by the Phase 1 catalogue whilst the red stars and
the black points represent the sources with > 20 and 20 upper-limits, respectively. Those
sources with go59 > 1.3 are identified with yellow boxes. The upper and lower magenta lines
are go50 = 1.78 (the FIRC) and ¢o59 = 1.3, respectively.
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with all but the highest redshift and radio luminosity stacks having fitted temperatures above
T = 20 K. Furthermore, the luminosities derived from the best-fitting temperature method
appear systematically higher than the ones observed for the single temperature method. This
is because individual sources in the best-fitting temperature method are free to find their own
normalisations based on the information in all the Herschel bands. This normalisation value
is usually higher when star-forming objects are included, probably due to the flux contained
in the PACS bands. If one removes the hot, bright low-redshift star-forming objects (Fig.
3.4: lower plots), the luminosity difference between both methods decreases significantly.
Nevertheless, there are still some luminosity differences between both methods.

When investigating the FIR luminosities of the radio-detected and comparison samples,
I will not use the best-fitting temperature method. This is because under this method, the
250 pm luminosity of any given source is dependent on the luminosities of the others in that
bin through the temperature estimation. The single temperature method described above is
not susceptible to such correlations, as a single temperature and an independent flux density
value is used when calculating individual luminosities. The systematic luminosity differ-
ences observed between methods suggest that the errors on the absolute luminosities of both
methods have probably been underestimated. However, the science conclusions will depend
on the relative luminosities between samples (i.e. between the radio-detected and compar-
ison samples). Therefore, in so far as 7' = 20K is a reasonable temperature estimate for
the K-correction of our sample, the single temperature method described in Section 3.4.2 is
sufficient for the investigation of luminosity differences between samples. All the following
plots have had their IR luminosities calculated using the single temperature method, while

the temperatures have been calculated using the best-fitting temperature method.
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3.4.7 What does the luminosity at 250,m trace?

Using the rest-frame luminosity at 250 ym minimises the dispersion in the FIR luminosity
calculations, but what does it physically trace? First, one must tackle the issue of AGN con-
tamination from (1) synchrotron emission and (2) hot dusty-tori. The first of these points has
largely been addressed in the text above; point sources which may be face-on quasars were
filtered from the catalogue at an early stage. As for dusty tori surrounding AGN, they peak in
the mid-IR. When the required mid-IR data are available, which is not the case for the sample
at present, decompositions of the SEDs of radio-detected and non-radio-detected AGN tend
to show that observer-frame Herschel SPIRE bands are dominated by cool dust rather than
by the torus component, even for powerful AGN with luminous tori (e.g. Barthel et al. 2012;
Del Moro et al. 2013). Since the luminosity calculations rely solely on the 250 ym band,
little AGN contamination is expected. In our best-fitting temperature method, I use PACS
100 m data which at z = 0.8 (the maximum redshift in the sample) corresponds to a rest-
frame wavelength of 55.5 ym. Although there is some potential for AGN contamination here
I note that broadly, torus luminosity scales with the radio luminosity (Hardcastle, Evans &
Croston 2009), and the vast majority of our sources are below the threshold for ‘powerful ra-
dio galaxies’ (> 1x 102 WHz~!) where bright tori might be expected. In addition, the noise
in the PACS bands mean that PACS photometry is lightly weighted relative to the SPIRE
bands in the temperature fitting method. Therefore, I do not believe that our luminosities or

temperatures have been significantly affected by AGN components.

In reality, dust exists at a range of temperatures whose integrated luminosity is often
fitted by one, or two, modified isothermal-blackbody spectrums (e.g. Dunne et al. 2011).
This has been driven by an inability to determine, and thus constrain, the physical compo-
sition and/or temperature distribution of the dust, which would allow more sophisticated

models to be used. Nevertheless, for the purposes of understanding what the luminosity at
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250 pm represents in the sample, it is instructive to assume a two-temperature blackbody
model. Such models attempt to separate warm dust, which is expected to dominate the IR
luminosity output, from the cold dust, which is expected to dominate the dust mass (Dunne
et al. 2011). In general, priors for the cold and warm components range from 10-25 K and
30-60 K respectively (e.g. da Cunha, Charlot & Elbaz 2008). At 250 pm, both components
may contribute to the total luminosity. For example, assuming a warm dust component with
a temperature of 32 K and a cold dust component with a temperature of 15 K, with the latter
contributing 90% of the total dust mass (typical for sources detected in the H-ATLAS; Dunne
et al. 2011), I find that both components would contribute equally to Losq. Although other
temperature combinations are possible within the range of temperature priors quoted above,
this demonstrates the inability to state unambiguously that Lo5, is dominated by either warm
or cold dust. This degeneracy is important, as it is likely that the warm dust is being heated
by on-going star-formation. Given the depth of the data, I make no attempt to partition Lo
into a warm and cold component, although, in Section 3.5.2, I use the temperatures generated

from the best-fitting temperature method to shed light on this degeneracy.

3.5 Results

3.5.1 FIR properties of radio-galaxies

Galaxy mass is a fundamental indicator of host galaxy properties. This is especially true
of radio galaxies. For this reason, I investigate the luminosity at 250 um of the radio AGN
sample as a function of the K-band luminosity, as well as redshift, radio luminosity and
radio source size.

In the lower left-hand panel of Fig. 3.4, it is clear that Lo5o increases with the 1.4-GHz ra-
dio luminosity. However, such a relation may be the result of observational selection effects.

For example, the incompleteness that arises from the flux-limited nature of the NVSS means
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that I cannot identify faint radio sources at high redshift. The inclusion of such sources
would likely flatten the observed relation since I expect these sources to have systematically
higher L5 values than their lower redshift counterparts (the FIR luminosity of the galaxy
population as a whole increases with redshift for the redshift range under discussion; Dunne
et al. 2011). A similar selection effect is at work with respect to the K-band magnitude-
limited LAS data. Such a limit means that I do not detect low-luminosity (i.e. low-mass)
radio sources at high redshift (see Fig. 3.1). In order to remove any stellar-mass bias, I divide
Losp by L in Fig. 3.5. This new value can be thought of as the specific FIR luminosity at
250 pm. To limit the redshift bias, I plot the sources below and above z = 0.4 in the upper
and lower-hand panels of Fig. 3.5, respectively. The sizes of the stacked bins are chosen
so as to ensure that an equal number of radio sources were in each stack. The best fitting
(assuming a line with a gradient of zero) specific FIR luminosities at 250 ym of the z < 0.4
and z > 0.4 samples are 6.5+1.7 and 13.443.9, respectively. Nevertheless, it is clear that
any relation between Losp and 1.4-GHz radio luminosity disappears after the stellar-mass
corrections, although the FIR luminosities of the z > 0.4 sources are systematically higher
than that of the z < 0.4 sources. These results imply that the strength of a galaxy’s radio
emission has little or no bearing on its specific FIR luminosity at 250 pm.

Next, I compare the IR luminosities of the radio-detected sample to that of the com-
parison sample. The intension is to discover whether radio-AGN activity affects the FIR
properties of the host. Therefore, it is important to ensure that the host properties of both
samples are as similar as possible. In this section, I filter the comparison sample to ensure it
has a similar optical colour distribution to that of the radio-detected sample. The average K-
corrected g’ -’ colours of the sub-1.5 L}, and super-1.5 L}, radio-detected samples are 0.83
and 0.90 respectively, while average colours of the sub and super-1.5 L7} comparison samples
are 0.75 and 0.91, respectively. Thus, while the average colours of the super-1.5 L7, samples

match up well, the sub-1.5 L}, radio-detected sample has redder colours than its comparison
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sample. In order to take colour difference into account, I filter the sub and super-1.5 L7,
comparison samples in the following manner. For each subsample I impose a global g’ -1/
colour cut, defined by the middle 98% of the radio galaxy colour distribution; this removes
any outliers in the radio-detected and comparison samples. Next, I randomly discard 1% of
the galaxies in the comparison sample and then run a K-S test to establish how well the new
colour distribution matches the one from the radio-detected sample. Discarding a different
1% and repeating the process N times, where NV is the number of comparison sources in
the sample, allows one to select the best-matching reduced catalogue. After selecting the
best matching catalogue, I again discard 1% of the remaining sources in the comparison
sample and repeat the entire process. This is done until the probability returned by the K-S
test exceeds 10% (i.e. sufficient for the null hypothesis to be met). This colour-matching
process is performed separately for the sources in each redshift bin. The main disadvantage
of such a method is the potential loss of large fractions of the original comparison sample.
The sub-1.5 L}, comparison sample loses ~ 55% of its sources; however, this still leaves
it with over 136,000 sources. The super-1.5 L}, comparison sample loses only ~ 6% of its
sources, leaving it with over 26,000 sources. In Fig. 3.6, I plot L5, versus redshift for both
the radio and comparison samples. The radio galaxy stacks are plotted in dark blue whilst
the comparison galaxy stacks are plotted in cyan. The stacks shown in orange are generated
using the colour-matched comparison samples. Hereafter, ‘colour-matched’” samples refer to

the comparison samples which have undergone the matching process described above.

It is immediately apparent from Fig. 3.6 that both the stacked radio and comparison
samples show an increase in L5y with redshift. This is consistent with the picture that
dust masses and star-formation activity were higher in the past (e.g. Dunne et al. 2011).
Turning to the differences between the K -band luminosity separated radio-galaxies, there is

a suggestion that the sources in the sub-1.5 L}, sample have higher FIR luminosities than
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those in the super-1.5 L} sample. In order to quantify this difference, I divide the Lo
values of the sub-1.5 L}, radio sample by the equivalent Ly5 values of the super-1.5 L7,
radio sample. I find the sub-1.5 L} radio sample to be 1.53£0.32 times as luminous at
250 pm as the super-1.5 L7 radio sample. Therefore, although there is some evidence for
higher FIR luminosities in the sub-1.5 L} sample, this result is not significant due to the
large errors.

In order to judge, quantitatively, whether there is any difference between the radio-
detected and comparison samples, I divide the L5, values of the radio-selected stacks by
the 250 ym luminosity of the colour-matched comparison stacks, and show the results in
Fig. 3.7. The sizes of the stacked bins were chosen so as to ensure an equal number of radio
sources were in each stack. However, it is important to note several significant caveats before
interpreting the results. Firstly, because the NVSS is a flux-limited survey, there are no high-
redshift, low-luminosity radio sources in the sample: i.e, as I move to higher redshifts, one is
preferentially selecting more powerful radio-AGN and placing any faint radio galaxies in the
comparison sample. Secondly, since the base galaxy catalogue is magnitude limited in the
K and 7’ bands, the catalogue becomes progressively incomplete with increasing redshift,
losing faint and / or low-mass sources. Nonetheless, it is important to note that the radio and
comparison samples have been selected from the same parent catalogue.

Fitting a line with a gradient of zero, I find that the best-fitting line for the sub-1.5 L7,
radio-detected sample is 0.89 4 0.18 times the FIR luminosity at 250 um of the colour-
matched comparison sample. Thus, being radio-loud is not associated with higher lumi-
nosities at 250 ym. This is markedly different from what one sees with the super-1.5 L7,
radio sample, which is significantly better constrained due to better statistics. I find that the
best-fitting line for this sample to be 0.49 £ 0.12 times the FIR luminosity at 250 ym of the
colour-matched comparison sample. Thus, it is clear that super-1.5 L}, radio-galaxies show

a strong 250 um luminosity deficit with respect to their colour-matched comparison sample.
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I discuss the significance of the above results in Section 3.6.

3.5.2 FIR emission as a function of radio source size

In Fig. 3.8 I plot L5 versus the projected radio source size. The size of the radio source can
be thought of as a rough proxy for the age of the radio source (e.g. Kaiser, Dennett-Thorpe
& Alexander 1997). The sizes of the stacked bins were chosen so as to keep all the radio
sources with poorly constrained projected sizes in the first bin (i.e. <30kpc). All the signal
in the bins are significantly detected on a K-S test with respect to the background. On the
upper-hand panel of Fig. 3.8, I plot the results using the entire radio-detected sample with
radio sizes. There is a clear indication that the luminosity at 250 pm falls with increasing
source size. The null hypothesis, that Ly5q is independent of radio size, is rejected at the
95% confidence level. However, one must first discount the possibility that this fall in FIR
luminosity is due to observational selection effects. Such an effect could be orchestrated
if ‘compact’ radio sources (hereafter, compact refers to sources with projected sizes below
30kpc) were at higher redshifts than their more ‘extended’ counterparts (hereafter, extended
refers to sources with projected sizes above 30kpc), during which FIR luminosities of all
sources were higher, or at higher radio luminosities where the FIR luminosities of this sample
are higher (see left-hand side of Fig. 3.4). I find that the sub-30 kpc radio sources are slightly
biased towards the low-redshift and low radio-luminosity ends compared to the super-30 kpc
sample.

To help elucidate the origin of the FIR excess at small radio source sizes, I calculate
the best-fitting temperature, obtained using the best-fitting temperature method described
in Section 3.4.5, for compact and extended radio sources. I find the fitted temperatures of
compact and extended radio galaxies are 27.1 + 0.3K and 13.1 + 0.3 K, respectively. The
higher dust temperatures in compact radio sources are probably due to enhanced interstellar

radiation fields heating the dust. The source of this heating is likely to be enhanced levels of,
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Figure 3.8: FIR luminosity at 250 um versus the projected radio source size. On the top
panel, I plot the stacked values for the entire radio-detected sample. On the bottom panel,
I plot the stacked values for the sub (cyan) and super (blue) 1.5 L}, radio-detected samples.
Plotted sources are shown for illustrative purposes only. Green crosses represent the So
detected sources defined by the H-ATLAS Phase 1 catalogue whilst red stars/black points
represent the > 20 /20 upper limits respectively. The arrows represent the upper limits on
the sizes of the radio sources. Radio sources on the FIRC have been excluded.
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possibly jet-induced or merger associated, star-formation.

On the lower-hand panel of Fig. 3.8, I separate the sample using the /K -band luminosity.
The super-1.5 L} and sub-1.5 L7 radio galaxy samples are shown in blue and cyan, respec-
tively. Due to the sparsity of extended radio sources in the sub-1.5 L7, sample, I only plot
two stacks divided at 30 kpc. It is clear that both samples show a fall in Lo5, with increas-
ing radio source size, although the super-1.5 L} sample dominates this trend. I discuss the

implications of these results in Section 3.6.

3.5.3 FIR emission and spectral indices

The large survey at 330 MHz performed by the GMRT over the H-ATLAS Phase 1 fields
(Mauch et al. 2013) allows one to determine whether spectral indices are somehow related to
FIR luminosity. Spectral indices can be thought of as another rough proxy for radio source
age. This is because, during the lifetime of a radio source, the electrons with the highest
energies in a homogeneous magnetic field will radiate energy at a faster rate than their lower
energy counterparts. This leads to a steepening of the spectral index at high frequencies.
Thus, one might expect a negative relation between FIR luminosity and spectral index, if the
radio source is somehow synchronised with the onset of star-forming activity.

In Fig. 3.9, I plot Lo5o versus radio spectral index for the subset of radio sources with
detections at 330 MHz. Excluding flat-spectrum sources whose FIR emission may be con-
taminated by non-thermal emission (o < 0), I find no evidence for any relation between
spectral index and Losq in our sample of radio galaxies. The lack of a negative relation im-
plies that either the star-forming and radio AGN activity are not well (or at all) synchronised
in the current sample of radio galaxies (which would be somewhat at odds with what is seen
in Section 3.5.2) or that this spectral index does not represent a good proxy for the age of
these radio galaxies. It is also possible that the frequency range over which the spectral index

is calculated is too low to see a relation between electron ageing and star formation. The ad-
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Figure 3.9: FIR luminosity at 250 um versus the radio spectral index (S o< v~¢) for the
subset of NVSS-detected sources (1.4-GHz) with GMRT detections (330 MHz).

dition of further data at radio frequencies, from which the shape of the spectral distribution
could be reconstructed and thus modelled, may allow one to distinguish between the cases

presented above.

3.6 Discussion

The most obvious trend observed in both the stacked radio-detected and comparison samples
is the increase in the rest-frame luminosity at 250 pm with redshift. This is at least qualita-
tively consistent with previous results suggesting that dust masses and star-formation rates of
radio galaxies evolve strongly with redshift (e.g. Archibald et al. 2001; Reuland et al. 2004).
Perhaps the most interesting result from Section 3.5 is the different behaviour of the sub
and super-1.5 L7 radio-detected samples with respect to their colour-matched comparison

samples. While the 250 ym luminosity of the sub-1.5 L7, radio-detected sample is indis-
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tinguishable from its comparison sample, the super-1.5 L} radio-detected sample shows a
strong FIR luminosity deficit with respect to its comparison sample. However, what does a
deficit at 250 pm tell us about the physical properties of the host systems?

The answer may depend on the dust temperature. If the dust temperature of two matched
samples are similar, any differences in the FIR luminosity will likely be due to differing
dust masses. However, if the dust temperatures of both samples differ greatly, then any dif-
ferences in the FIR luminosity will likely be due to differing SFRs. To calculate the dust
temperature of the radio-detected and comparison samples, I use the temperatures generated
by the best-fitting temperature method described in Section 3.4.5. The primary drawback of
using this method is that a small number of bright, and possibly warm sources may dominate
the x? fitting, resulting in higher temperatures than one would expect by simple averaging.
This implies that a minority of sources may be responsible for the majority of the tempera-

ture difference observed between samples.

Turning first to the results from the sub-1.5 L7}, radio sample, I find that the fitted temper-
atures of the radio-detected and matched comparison samples are 20.5 + 0.5 K and 19.0 £
0.2 K, respectively. The combination of similar FIR luminosities and dust temperatures can
be interpreted in several ways. For example it may simply mean that the radio jets, or the
mechanism that leads to radio emission, are not strongly coupled to the dust reservoirs in all
sub-1.5 L}, radio galaxies. Alternatively, it is possible the radio-detected sample contains at
least two distinct populations, with different FIR luminosities, which are not well separated
by stellar mass alone. As discussed in Section 3.1, HERGs are expected to be triggered as a
result of on-going gas-rich major mergers. One might then expect the radio sources in this
sample to show a strong 250 4m luminosity excess due to a combination of increased star-
formation and higher dust masses. However, HERGs dominate the radio luminosity function

only above ~10%° WHz ! (Best & Heckman 2012), well above the luminosity of most of
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the sources in this sample. Thus, the sub-1.5 L} radio-detected sample is likely to contain
a mixture of HERGs and LERGs. This makes it difficult to be certain that the null result is
due to similar dust masses and SFRs, as the presence of a small number of HERGs would
render this interpretation invalid. Nevertheless, if one takes the sub-1.5 L} radio-detected
population as a whole, it is clear that there is no evidence for differing FIR luminosities or
(at least isothermal) dust temperatures.

The super-1.5 L}, radio-detected sample shows a clear FIR luminosity deficit when com-
pared to its colour-matched comparison sample. The suggestion here is that being radio-
detected results in lower FIR luminosities. The fitted temperatures of the radio-detected and
matched comparison sample are 16.2 = 0.5 K and 21.2 £ 0.2 K respectively, implying that
the observed differences may be due to a combination of lower dust masses and SFRs. One
of the most obvious interpretations is that radio activity directly destroys dust or inhibit star
formation in these galaxies. If this were the case, one might expect a negative relation be-
tween the mechanical heating of the ISM by the jets/lobes (which itself is dependent on
the 1.4-GHz radio luminosity) and Lo50. However, the relations converting 1.4-GHz radio
luminosity to jet-power are calibrated for the halo of large clusters, not the ISM of galaxies
in the field, making the use of such relations difficult (e.g. Birzan et al. 2004). The lack of
a negative relation between the specific 250 ym luminosity and 1.4-GHz radio luminosity,
suggests that a direct negative connection between the radio jet and the luminosity deficit at
250 pm is unlikely, although evolution in L, 4 o, may have washed out any relation. In ad-
dition, using the total radio luminosity as opposed to the relevant part of the radio luminosity
(i.e. that radiated from lobes in the ISM) may also mean that no relation is observed. If such
a direct relation was real and ubiquitous, one might have expected to also see an Los5q deficit
in the sub-1.5 L7 radio-detected sample; that one does not, suggests we must look elsewhere

for a potential solution.
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All massive galaxies sit at the bottom of large, dense and hot potential wells. However,
what distinguishes radio-detected systems from their non-radio-detected counterparts is that
they inhabit the richest, hottest and densest of these environments. This is both because the
radio activity is thought to be fuelled by the hot gas from the IGM and because hot gas is
required to confine the radio lobes. This hot gas may ultimately lead to a suppression of the
total dust content of any galaxy embedded in this environment. Radio lobes are known to
drive shocks in the halos of their host galaxies, heating them (Boehringer et al. 1993; for a
review see Fabian 2012). This heating has been used to solve the so called ‘cooling flow
problem’, where only small amounts of cold gas are observed to condense out of hot-gas
halos despite radiative cooling timescales which are much less than the age of the host (Mc-
Namara & Nulsen 2012). This leads to lower star-formation rates and therefore lower dust
production rates. In addition, the hot gas may directly destroy, or simply suppress the forma-
tion of dust particles inside the galaxy though sputtering (Draine & Salpeter 1979). Further,
any in-falling galaxy is likely to be ram-pressure stripped of its gas and dust content by the
hot gas, limiting the alternative sources of cold gas and dust available to galaxies embedded
in these environment (see Abramson et al. 2011 and Vollmer et al. 2012 for examples of ram
stripping in the Virgo cluster). Thus, the tendency of massive (>1.5 L) radio galaxies to
inhabit rich environments may explain the implied lower dust masses and SFRs observed
in these systems, and the lack of such a result in the sub-1.5 L7 radio galaxies. However,
there is a significant caveat to this interpretation: the non-radio detected sample must be
overwhelmingly composed of sources which have not experienced radio-AGN activity for
timescales greater or equal to the time it takes for any injected energy to cease influencing
the FIR luminosity output of the galaxy. If this is not the case, then the comparison sample
will contain sources which recently ceased to be radio detectable, but will still be experi-
encing quenching effects from the last episode of radio activity. Thus, one would expect

little to no FIR luminosity differences to be observed between radio-detected and non-radio
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detected galaxies. For the super-1.5 L}, sample, where IGM based feedback is expected to
be at its most efficient, this is clearly not the case which either implies that the galaxies in
the comparison sample have not experienced any radio-AGN activity for quite some time or
that the observed FIR luminosity deficit is a short term phenomenon which lasts only as long
as the radio AGN is switched on. In order to distinguish between both possibilities, it would
be necessary to calculate the radio AGN duty cycle and compare it to the time it takes for the
host’s FIR to return to pre-triggering levels. This cannot be done with the current sample of

radio AGN, as it is not complete.

Next, I turn to the results based on the radio source size. First, I note that the dust tem-
peratures of compact radio sources, whether they are in the sub or super-1.5 L7 sample,
are always higher than in their more extended counterparts. These higher temperatures are
likely to be the result of increased star-formation activity in compact radio sources, a re-
sult reminiscent of the findings of Dicken et al. [2012], who showed that various indicators
of star-formation activity were more likely to be seen in compact sources drawn from their
small sample of powerful objects. There are two possible explanations for such a result. On
the one hand, it may be that the small sources (< 30 kpc) are energetically coupled to the
cold gas in their host galaxies, and drive star formation directly (i.e. the often invoked but
poorly understood process of ‘jet-induced star formation’; see Rees 1989, Begelman & Cioffi
1989, Gaibler et al. 2012). On the other hand, it may be that these young radio sources were
triggered by an event, such as a merger, which also triggered a burst of star formation that
will have died away by the time the sources are older and larger. Both models are somewhat
at odds with the picture of LERGs (which are expected to make up the majority of sources
in the both sample) as being quiescent systems with little cold gas available for star forma-
tion, but it is possible that the result is driven by a minority of compact HERGs. Further,

the lack of a positive relation between the specific FIR luminosity and the 1.4-GHz radio
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luminosity is surprising if radio-jet induced star-formation is occurring, although there are
several reasons (mentioned above) why one might not expect to see a relation between these
parameters. In any case, these results indicate an important relationship between radio-jet

activity and star formation.

It is interesting to ask if the environmental explanation for the lower SFRs and dust
masses of the super-1.5 L}, radio-detected sample can be strengthened using the results based
on radio source sizes. This is a difficult question to answer as the relevant environmental pa-
rameters are gas temperature and density, not radio source size (although extended radio
sources may simultaneously select more extended, hotter and possibly richer environments).
Nevertheless, I attempt to combine both results in order to see whether a self-consistent pic-
ture can emerge. I combine the analysis by splitting the sub and super-1.5 L}, samples into
two bins at 30kpc (i.e. as a function of radio source size). On the top and bottom panels
of Fig. 3.10, I plot the results for the sub and super-1.5 L7, samples relative to their colour-
matched comparison samples. Stacks shown in red and blue represent compact and extended
radio samples, respectively. Fitting a line with a gradient of zero to the sub-1.5 L} subsam-
ples, I find that compact and extended radio sources are 1.05 £ 0.19 and 0.68 £ 0.25 times
as luminous at 250 um as the colour matched comparison sample, with fitted temperatures
of 22.2 £ 0.5K and 13.5 & 0.5 K respectively. Therefore, while the temperature difference
is significant with high confidence, the luminosity difference is not due to large errors. Re-
peating the process with the super-1.5 L} subsamples, I find that compact and extended
radio sources are 0.66+0.15 and 0.26+0.12 times as bright at 250 ;/m as the colour-matched
comparison sample, with fitted temperatures of 22.04-1.0 K and 12.2+0.5 K, respectively.

From these results, it is clear that the Los deficiency in super-1.5 L7 radio-detected
galaxies is driven primarily by extended sources with low dust temperatures. This is not

altogether surprising, since it was obvious from the bottom panel of Fig. 3.8 that extended
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super-1.5 L} radio-detected galaxies had lower FIR luminosities than their compact coun-
terparts. Such a result is consistent with an environmental explanation for the suppression of
Los, as larger radio sources should, on average, select larger and denser halos than smaller
radio sources. These results also suggest that if one accounts for the, presumably temporary
jet-induced star-formation of compact radio sources, all massive radio sources have intrin-
sically lower FIR luminosities and temperatures, and therefore dust masses, than their non
radio-detected counterparts. Our results suggest that massive radio-detected galaxies should
have about 25% of the FIR luminosity of comparable non-radio-detected galaxies. This re-
sult is inconsistent with a direct causal link between the jet and the suppression of Los, as
one might expect lower 250 ;sm luminosities in compact sources relative to extended sources.

In order to verify that the environment regulates the FIR properties of radio galaxies, a
careful study of the environment and its relation to the host’s dust content and star-formation
activity is needed. These results suggest that the FIR luminosities and temperatures of radio
galaxies depend on the stellar mass as well as the radio source size. Understanding the origin
of these dependencies will be useful for galaxy evolution models which often use the radio

activity of galaxies to quench galaxy growth.

3.7 Conclusions

Using a large sample of radio galaxies selected in the Herschel-ATLAS Phase 1 area, I have
investigated the FIR properties of the radio AGN population between 0.01 < z < 0.8 by
stacking the 100, 160, 250, 350 and 500 ym H-ATLAS maps in order to obtain stacked rest-

frame luminosities at 250 pm and dust temperatures. The main results are:

1. I find no relation between the rest-frame luminosity at 250 ym divided by the K -band
luminosity (i.e. the specific Losg), and the 1.4-GHz radio luminosity in this sample of

radio-detected galaxies. This result implies that a galaxy’s nominal radio luminosity
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has little or no bearing on the star-formation rate and / or dust mass content of the host
system. I stress that this does not imply that being radio-loud has no indirect or indeed
direct effect on the FIR luminosity of the host system, just that the specific Losq has
no dependence on the nominal value of the radio luminosity. A more suitable variable

such as the work done on the ISM by the jet may yet show some sort of relation.

. The rest-frame luminosity at 250 um of radio-detected and comparison galaxies rises
with increasing redshift. This is consistent with the view that most galaxies show signs

of increased dust masses and star-formation activity at higher redshifts.

. Compact radio sources (< 30 kpc) are associated with higher 250 m luminosities than
their more extended (> 30 kpc) counterparts. The fitted temperatures of compact and
extended radio galaxies are 27.1+£0.3 K and 13.1+0.3 K respectively, implying that an
increased dust temperature in compact objects is responsible for this observation. The
temperature difference suggests that there may be enhanced levels of star-formation in
compact objects. However, whether this star-formation is directly (e.g. jet induced) or

indirectly associated (e.g. merger driven) with radio-jets is not yet clear.

. For matched samples in Lx and g’-r/, sub-1.5 L} radio-detected galaxies have 0.89
0.18 times the 250 pm luminosity of the matched-comparison sample, with fitted tem-
peratures of 20.5 £ 0.5K and 19.0 £ 0.2 K, respectively. Thus, taken as a whole,
there is no evidence that sub-1.5 L}, radio-detected galaxies have different FIR prop-
erties to that of their non-radio-detected counterparts. Splitting the radio sample at
30kpc, I find that compact and extended radio-detected galaxies have 1.05 £ 0.19 and
0.68 £ 0.25 times the 250 ym luminosity of the sub-1.5 L}, comparison sample, and
have fitted temperatures of 22.2 £ 0.5 K and 13.5 £ 0.5 K respectively. Thus, although
there is a suggestion of a FIR luminosity dependence on radio source size, large errors

make it difficult to make this statement quantitatively. However, the observed temper-
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ature difference does suggest that compact radio sources may have higher SFRs than

their more extended counterparts.

5. For matched samples in Ly and g’-t’, super-1.5 L’ radio-detected galaxies have 0.49+0.12
times the 250 ym luminosity of the comparison sample, with fitted temperatures of
16.2 £ 0.5K and 21.2 £ 0.2 K, respectively. These results imply that super-1.5 L7,
radio-detected galaxies have lower dust masses and SFRs than their non-radio-detected
counterparts. Splitting the radio sample at 30 kpc, I find that the compact and extended
radio-detected galaxies have 0.66 = 0.15 and 0.26 £ 0.12 times the 250 pm luminosity
of the super-1.5 L}, comparison sample, and have fitted temperatures of 22.0 £ 1.0K

and 12.2 £ 0.5 K, respectively.

6. No relation between spectral index and the luminosity at 250 pm is found for the sub-
set of 1.4-GHz radio sources with detections at 330 MHz. The lack of a negative
relation implies that either star formation and radio AGN activity are not well (or at
all) synchronised in the current sample of radio galaxies, or that spectral indices do
not represent a good proxy for the age of our radio sources. Selecting a sample of
merger-driven radio galaxies in which the FIR luminosity is dominated by on-going
star formation (e.g. HERGs) may demonstrate whether any such relation exists in

potentially ‘synchronised’ radio sources.

I explain the primary result, the L5, deficit seen only in the > 1.5 L} radio galaxies,
as an environmental phenomenon. Here, the suppression of Los is likely due to the se-
lection of LERG-like sources which are likely embedded in the hottest, densest and richest
haloes, which the presence of radio jets and lobes selects for. The hot-gas environment acts
to suppress the creation rate of dust particles in the ISM and/ or actively destroy dust through
sputtering. Ram-pressure stripping of any gas and dust rich galaxy falling into the halo would

also limit external sources of gas and dust for these systems. This approach has the virtue of
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explaining why an L5, deficit is seen in the > 1.5 L7, radio galaxies and not in the < 1.5 L,
radio galaxies, and why the L5, deficit might be more pronounced in extended rather than
compact radio sources (i.e. there is a selection effect whereby the lobes of extended sources
are confined and flux boosted in large, hot haloes, effectively selecting for such environ-
ments). In addition, it is consistent with the lack of a relation between the specific Lo, and
the 1.4-GHz radio luminosity, as the radio lobes will tend to keep the halo environment hot,
with the long timescales for energy transfer washing out any direct relation. It also avoids
timescale issues, which plague any attempt to directly link radio jets with positive or negative
feedback, but assumes that the comparison sample is composed of objects which have not
recently experienced radio AGN activity. One result which is difficult to account for is the
systematically hotter temperatures in compact radio sources. This suggests enhanced SFRs
in compact vs extended radio sources. However, under an environmental explanation, there
is no reason to suppose a small amount of SF may be stimulated by the radio jets for short
periods of time. Thus, the environment of radio galaxies is presented as a possible explana-
tion for these results as it is the most consistent explanation. If one assumes that the higher
FIR luminosities of compact radio galaxies are transient, as the FIR luminosities of extended
radio galaxies suggest they are, then the FIR luminosity of all massive radio galaxies must
be intrinsically lower than that of their non-radio-detected counterparts, implying systemat-
ically lower dust masses and SFRs. Thus, massive radio-detected galaxies may have only

about 25% of the FIR luminosity of their non-radio-detected counterparts.

In this work, I have clearly demonstrated that the FIR properties of radio galaxies are
not identical to that of the non radio-detected population. There is a strong FIR luminosity
dependence on the stellar mass and a strong FIR luminosity and temperature dependence
on the radio-source size. These conclusions are in disagreement with our earlier results

from H10, where the FIR luminosities of radio-detected and non-radio-detected galaxies
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were found to be indistinguishable. However, the small sample used in H10 (the present
sample is more than eight times larger) prevented an analysis of the FIR properties of radio-
galaxies as a function of stellar mass or radio source size. In addition, I have added best-
fitting temperature estimates and PACS data in order to better interpret the origin of the FIR
luminosity at 250 ym. I have attempted to explain our observations in terms of the special
halo environment likely to be present around massive radio galaxies. If the environment plays
a determinant role, I suggest that this is partly because of the continuous heating provided by
multiple bursts of radio activity. This may ultimately create the conditions for systematically
lower dust masses in radio galaxies. In order to prove this, a detailed study of the halo
environment of radio galaxies and how it relates to the FIR properties of the host system, is
required. The answer to these questions will be of great importance for models which use
the radio activity of galaxies to quench galaxy growth.

The work presented here is only able to investigate sources between redshifts of 0.01 <
z < 0.8 because of the constraints imposed via the optical and NIR limits from the SDSS and
LAS. In the near future, VISTA VIKING data, which is ~1.4 mag. deeper than the LAS in
the K'-band, will become available, allowing more radio galaxies to be classified, increasing
the sample size and extending the redshift range. Spectroscopic redshift campaigns, which
target many of the sources not detected in the NIR, will help characterise the FIR / sub-mm
properties of powerful high-z radio galaxies. The work presented here uses less than 25% of

the full H-ATLAS survey area, implying that large gains in statistics can still be made.
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Chapter 4

The dust temperatures of radio galaxies

4.1 Introduction

In this chapter, the dust temperature and the /5 parameter of radio galaxies will be examined
in detail. Typical values for 3 vary between 1.0 < § < 2.0. Since most far-infrared obser-
vations of galaxies sample the dust SED sparsely (e.g. 60 and 100 um with IRAS, or 450
and 850 um with SCUBA), the [ parameter is often assumed. In this chapter, I calculate the
best-fitting $ value marginalised over temperature and normalisation for a large sample of
radio galaxies, so that it may be assumed by those with sparse dust SED coverage for their
samples of radio galaxies.

In this chapter, I also look for evidence of evolution in the dust temperature of radio
galaxies. Previous studies of the dust temperature as a function of redshift indicate some level
of positive evolution (e.g. Amblard et al. 2010; Hwang et al. 2010; Smith et al. submitted -
hereafter S13), although bias resulting from the incomplete coverage of the dust SED has
made it difficult to uniformly probe the temperature parameter space. In this chapter, I
determine what constraints may be placed on the dust temperature of radio galaxies as a

function of redshift, and whether the resulting temperatures differ from that of the general
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H-ATLAS population.

In Chapter 3, ‘compact’ radio sources (< 30 kpc) were found to have both higher FIR
luminosities and dust temperatures than ‘extended’ sources (> 30 kpc). These results sug-
gested that the radio-jets may be inducing star-formation. In this chapter, I investigate this
temperature dependency in more detail, and attempt to determine whether radio-jet induced
star-formation is a plausible interpretation for these results.

In order to achieve these aims, I use the sample described in Section 3.3, with some dif-
ferences. S13 showed that in the absence of 100 and 160 ym photometry, the derived dust
temperatures from isothermal modified-blackbody ? fitting are significantly biased towards
colder temperatures. Therefore, sources without flux density information at 100 and 160 m
(71 - glitches in the PACS maps result in some sources not having flux density estimates) are
excluded from the sample used here, leaving the sample with 1528 radio sources with pho-
tometry in all 5 Herschel bands (1389 radio galaxies after star-forming galaxies are removed
using the same method as the one described in Section 3.4.3, i.e. sources with go50 > 1.4).
Throughout this chapter, the flux densities from the PACS and SPIRE bands are extracted
using the same method described in Section 3.4.1. I add an absolute flux calibration uncer-
tainty of 10% (PACS) and 7% (SPIRE) in quadrature to the errors measured from the maps
for the purposes of fitting. I also make an approximate correction for source confusion in the
SPIRE bands by subtracting the mean, derived from the maps, from the flux density mea-
surements. This is a sufficient correction for random source confusion as long as any of the
derived results are not based on a few sources. Correlated confusion is not corrected for, and

as such, the temperatures which follow may be affected by clustering around radio galaxies.
The outline of this chapter is as follows. In Section 4.2 I describe the method used to cal-

culate the best-fitting 5 and dust temperature for the sample of radio galaxies. In Section 4.3,

I search for evolution in the dust temperature of radio galaxies. In Section 4.4, I determine
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whether incompleteness in the K -band causes temperature bias in the sample. In Section 4.5
and 4.6, I try to determine whether jet-induced star-formation is a plausible explanation for
the temperature and luminosity vs radio-size trends found in Chapter 3. Finally, in Section

4.7, I summarise the main results and conclude.

4.2 Characteristic 5 and 7' values for radio galaxies

4.2.1 Choosing a beta parameter

In this section, I detail the method used to calculate the 3 parameter and the dust tempera-
tures. For the sources in the sample, modified isothermal blackbody-fitting was performed

using the following equation,

Jo X — , 4.1)

where 1" represents the isothermal temperature of the source in question, v is the fre-
quency, k is the Boltzmann constant, h is the Planck constant and /3 is the beta parameter.
This model differs from the traditional Planck law in that it incorporates information related
to the dust grain composition (e.g. grain composition and size) via the 5 parameter. Ideally,
one would allow 8 and 7" to vary simultaneously, however, a strong anti-correlation exists
between the two parameters. This anti-correlation is thought to be driven by noise in the
photometric data (see Shetty et al. 2009a,b & S13). For a sample of simulated sources with
known 3 and T values, and with the same flux density criteria used to select sources for the
formal H-ATLAS 50 catalogue, S13 found a strong anti-correlation between both parameters
(see Fig. 4.1). The sample presented here has fewer sources, and flux densities with lower
signal-to-noise ratios than the one presented in S13. Therefore, allowing /5 and 7" to vary

simultaneously would likely result in extremely poor constraints. To solve this problem, an
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20 40 60 80 100

Figure 4.1: Beta versus the effective dust temperature. Grey points are the input 5 and Tg
values from the 50 simulated H-ATLAS catalogue. Red points are the median likelihood
estimate after x? fitting where 3 and 7T are allowed to vary simultaneously. The contours
denote the 68, 95 and 99% confidence levels (Fig. 4 of Smith et al. submitted).

alternative method developed in S13 and Hardcastle et al. [2013] (hereafter, H13) may be
used, where [ is estimated by marginalising over the normalisation and temperature of all
the sources in the sample, and then fixed.

This was done using the following method. At every beta between 1.0-2.5 (in steps of
0.025), I calculate and sum the x? values from all the sources in the sample, using the best-
fitting temperatures for that beta value (i.e. I marginalise over temperature; 7' is allowed to
vary between 5-60 K as in S13). This results in a X2 distribution as a function of /3, from
which one can pick the 3 with the lowest x? value. The errors are calculated by finding
the values of the 16 and 84" percentile limits, after converting the x? distribution to a
probability distribution function (PDF) assuming P(f3) o exp{=2").

Such an approach led S13 to calculate a best-fitting 5 value of 1.98 4+ 0.02 for the 5o
H-ATLAS sample and H13 to calculate a best-fitting 3 value of 1.8 for a similarly selected

sample of radio galaxies to the one presented here. The 5 PDF for this sample is shown in

Fig. 4.2. The best-fitting 5 value is 2.05 = 0.07. The 3 PDF in Fig. 4.2 is not completely
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Figure 4.2: PDF of the  parameter marginalised over temperature and normalisation for the
radio galaxy sample (star-forming sources have been excluded). Dashed blue lines represent
the 16" and 84" percentile limits. The best-fitting and median values are shown via the cyan
and red lines, respectively.

Gaussian; this is probably because relatively few sources contribute disproportionally to the
[ constraints. Nevertheless, the fact that the best-fitting and median values are indistinguish-
able indicates that this is not a significant problem. More importantly, a 3 value of 2.05+£0.07
is in agreement with the results of S13, H13 and from other major Herschel surveys such as

Hi-GAL' (Paradis et al. 2010), KINGFISH? (Galametz et al. 2012b) and HeViCS? (Davies
et al. 2012).

4.2.2 The dust temperature of radio galaxies

Having established the best-fitting 3 value for the radio sample (3 = 2.05), I now calculate
the characteristic dust temperature of the whole sample, fixing 3 and marginalising over the
normalisation. Total x? values were calculated for temperatures between 5 and 60 K in steps

of 0.01 K. The results are shown in Fig. 4.3. The best-fitting temperature is 24.84757; K with

'The Herschel Infrared GALactic plane survey; Molinari et al. 2010
ZKey Insights on Nearby Galaxies: a Far-Infrared Survey with Herschel; Kennicutt et al. 2011
3The Herschel Virgo Cluster Survey; Davies et al. 2010
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Figure 4.3: PDF of the dust temperature of radio-selected AGN. Dashed blue lines are the
16" and 84" percentile limits. The best-fitting and median values are shown via the cyan
and red lines, respectively.
a reduced x? of 1.58. It is important to note that the temperature error is not the dispersion
(i.e. the spread one might get if the temperature of individual sources were constrained),
but rather the error on the best-fitting temperature which represents all the sources in that
bin. The median is temperature is 24.83 K. This is a few kelvin hotter than the observed
temperatures for the general 250 pm selected H-ATLAS population (22.3 + 0.1 K; S13),
which mostly consists of star-forming galaxies. This might be expected if AGN heating of
the ISM plays a role. However, this sample is expected to be predominantly made up of
LERGs, and as such, little AGN emission is expected except at radio wavelengths. This
leaves the radio jets themselves as the most likely source of heating. However, the samples
do cover different redshift ranges, making this temperature difference difficult to interpret
without an analysis of the redshift dependence.

The characteristic isothermal modified-blackbody values for this sample of radio galaxies
are § = 2.05 and T" = 24.84 K. The g parameter is constrained using the largest sample

of radio galaxies to date. The characteristic temperature, which assumed 5 = 2.05, may
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be assumed for the purposes of K-correcting single band FIR luminosities. However, the
validity of assuming such a value for the K-correction depends on the extent to which there
is temperature evolution in radio galaxies. Therefore, in the following section, I investigate

the dust temperature as a function of redshift.

4.3 The dust temperature as a function of redshift

It is interesting to determine whether the dust temperature of radio galaxies evolves with red-
shift. If it does, it would help determine which temperature(s) to assume for the K-correction
of single band FIR luminosities. In general, the dust temperatures of most galaxies are ex-
pected to increase with redshift, as the SFR of most galaxies were higher in the past (e.g.
Madau et al. 1996). To investigate this, the radio-detected sample is split into 6 bins in
redshift, each containing roughly the same number of sources (~ 230), and the dust temper-
atures calculated. The K-S probabilities of the sample in each of the 5 Herschel bands are
shown in Table 4.1. Nearly all the fluxes in the SPIRE bands are well distinguished from a
sample of fluxes drawn randomly from the maps (i.e. the K-S probability is < 1%), however,
most of the fluxes in the PACS bands are not well distinguished from the background. As
noted by S13, the presence of PACS data - even non-detections - is important to avoid tem-
perature bias in the temperature fitting algorithm used here. The PDF of each redshift bin is
shown in Fig. 4.4, and the temperatures of all the stacks as a function of redshift are shown
in Fig. 4.5. To help interpret these values, the temperature evolution relation found by S13
for the H-ATLAS detected population is shown as a solid red line, with the dispersion shown
by the dotted red-lines. For the radio galaxies, the dust temperature increases steadily with

redshift with the exception of the last redshift bin.

In combination with the results from Chapter 3, where it was shown that the 250 ym
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Figure 4.5: The temperature of radio-detected (shown in black) galaxies shown as a function
of redshift. The solid red line is the relation from S13 and the dotted red line is the dispersion.
The relation from S13 has only been calculated to z = 0.42, therefore, the dashed red line is
the extrapolation of the relation.

luminosity increases with redshift, one can infer that radio galaxies had more gas and dust
and higher SFRs in the past. It is also apparent that radio galaxies are consistently warmer
than the star-forming sample presented in S13. This is somewhat surprising, given that this
sample is expected to be dominated by ‘traditional’ elliptical radio galaxies (e.g. LERGs)
which are not expected to host much star-formation. Since LERGs show little evidence for
AGN emission except at radio wavelengths, it is reasonable to assume that the radio jets and
lobes may be heating the ISM, and possibly stimulating small amounts of star formation.
To help determine whether this is the case, in Section 4.5 and Section 4.6, I investigate how
the dust temperature varies with projected radio source size and 1.4-GHz radio luminosity.
However, it is first important to determine whether the sample contains biases which are
affecting the results. In the next section, I investigate the dust temperature as a function
of K-band luminosity to see if incompleteness in stellar mass is biasing the derived dust

temperatures.
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Figure 4.6: The temperature of radio galaxies shown as a function of K-band luminosity.
The radio sample has been split into three redshift bins.

4.4 The dust temperature as a function i -band luminosity

The radio sample used in this chapter is K -band magnitude limited. In other words, faint
K-band luminosity galaxies drop out as we move to higher redshift. This may cause sub-
tle, but significant temperature biases in the sample of radio galaxies. In this section, the
dust temperature is plotted against the K-band luminosity for three redshift bins in order
to understand this bias. The redshift bins are: 0.01 < z < 0.33, 0.33 < z < 0.54 and
0.54 < z < 0.80. The redshift bins are chosen so that approximately the same number of
sources are present in each bin (~ 465). In addition, each redshift bin is split into 3 K-
band luminosity separated sub-bins each also containing approximately the same number of
sources (~ 155). The K-S statistics for the bins, shown in Table 4.2, reveal that the SPIRE
bands are generally well-distinguished from a sample of randomly selected flux densities
whereas the PACS bands are not.

In Fig. 4.6, the dust temperature is plotted against K -band luminosity normalised by
Ly, = 7.87 x 1010L@ (see Section 3.3.1 for how this value was calculated). First, it is

clear that the temperatures are mainly situated between 24 K and 29 K, consistent with the

105



temperature-redshift results of Section 4.3. Somewhat surprisingly, the 2"¢ stack of the high-
est redshift bin has a temperature of 15 K, though this may be due to a lack of bright FIR/sub-
mm sources in that bin. Indeed, the flux density averages of all the Herschel bands of that bin
are particularly low when compared to those of the other samples (see Table 4.2). In terms of
temperature bias due to selection effects, the redshift and K -band luminosity binning does
not suggest that this is a serious problem. The average from all the three stacks is: 25.0+1.5,
26.2 4+ 2.4 and 23.3 £ 10.2 (where the error is calculated by finding the value which is the
square-root of the sum of the squared differences from the mean).

These temperatures are consistent with the results of Bourne et al. [2012], who find that
optically red and green galaxies show no evidence for a temperature relation with stellar
mass. However, their temperatures cluster around 15K for red galaxies and 15-25K for
green galaxies. It seems clear that radio-detected galaxies have higher temperatures than that
of non-radio-detected galaxies, and that these temperatures are consistent with Bourne et al.
[2012]’s green galaxies. In the following sections, I try to understand why this is using the

projected radio size and the radio luminosity.
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4.5 The dust temperature as a function of radio source size

In this section, I explore whether there is any evidence for radio-jet feedback on the dust
temperature of radio galaxies. If the ISM properties are independent of radio jets, no rela-
tion between the ISM properties and radio sizes is expected. However, in Chapter 3 the FIR
luminosity was found to weakly depend on the projected radio size. Furthermore, the tem-
peratures of ‘extended’ radio sources (> 30 kpc; 13.1 0.3 K) were found to be significantly
lower than those of ‘compact’ radio sources (< 30kpc; 27.1 4 0.3 K) (for comparison, the
half-light radius of massive ellipticals is ~ 20 kpc; McLure et al. 2004). The origin of this
relation was unclear. It was suggested that a small number of compact HERGs drove the
trends. In H13, the FIR luminosities and temperatures of a well selected sample of HERGs
and LERGs was studied (see Appendix A for an overview of the author’s contribution to
this work - and an in-depth discussion of the FIR luminosities and temperatures of HERGs
and LERGs). H13 found that HERGs might well contribute to the luminosity dependence;
however, the temperature dependence on radio sizes was found for both HERGs and LERGs.
This indicated that HERGs were not solely responsible for the temperature differences ob-
served between ‘compact’ and ‘extended’ radio galaxies. In the case of HERGs, it is plausi-
ble to link the falling dust temperatures with declining SFRs after some event which triggers
both radio activity and star formation. However, recent results suggest such triggering sce-
narios are not particularly well synchronised (e.g. Tadhunter et al. 2011; Dicken et al. 2012).
In the case of LERGs, where little AGN emission is expected other than at radio wavelengths,
the existence of a temperature dependence on projected radio size suggests that the radio jets
themselves are the source of the heating. In other words, while the radio jets are in the ISM,
they mechanically heat it. In order to understand the dust temperature dependence on radio
sizes more fully, the current radio sample is split into 6 bins each containing approximately

the same number of sources (~ 204). Sources with limits on their radio sizes are excluded
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Figure 4.7: Dust temperature versus radio source size (excluding sources with length lim-
its). Black points represent the temperatures generated from the radio sample presented in
this chapter. Temperature estimates for LERGs (blue) and HERGs (red) from H13 are also
plotted.

from the analysis (i.e. 167 sources were excluded). In Fig. 4.7, the dust temperature is shown

as a function of projected radio size. The PDFs of the stacks is shown in Fig. 4.8 and the K-S

statistics for the radio galaxy sample is shown in Table 4.3.

It is clear from Fig. 4.7 that the dust temperature falls steadily from ~ 25 — 30K at
small radio sizes (~ 10kpc) to ~ 12K at large radio sizes (= 50kpc). The temperatures
of the two smallest radio size bins are higher than that of the LERG population, suggesting
the presence of a few HERGsS in those bins. In contrast, the two largest radio size bins are
fully consistent with a LERG-only population. The higher dust temperatures point to higher
SFRs in compact radio galaxies. Finding evidence for jet-induced star-formation in a LERG
dominated sample is somewhat surprising, and does not fit well with our picture of LERGs
as hot-gas fuelled AGN with little or no star-formation activity. However, simulations of
radio jet/lobe - ISM interactions suggest that clumps of gas can be compressed (stimulating

star-formation) or destroyed (quenching star-formation) (Gaibler et al. 2012). Irrespective
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of whether large amounts of star-formation is induced, the energy injected into the ISM
probably leads to significant heating. A ‘back of the envelope’ timescale for this heating
may be calculated if one assumes that that the radio lobes travel at approximately 0.01c,
and that the any heating effects disappear after the lobes are ~40 kpc from one another (see
Fig. 4.7). This implies feedback durations of ~ 10 — 20 Myr. To help understand whether
radio activity is responsible for the observed trends, in the next section I investigate the
temperature dependence of radio sources as a function of radio luminosity in combination

with radio sizes.
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Figure 4.9: The dust temperature of compact (red) and extended (blue) radio-detected galax-
ies shown as a function of 1.4-GHz radio luminosity.

4.6 The dust temperature as a function radio luminosity

If the ISM is mechanically heated by radio jets/lobes, the dust temperature might be ex-
pected to increase with radio luminosity, since jet power is related to radio luminosity.

The radio sample is split into compact and extended radio sources, defined as being those
which are above and below 30 kpc, respectively. Next, the dust temperature is calculated
as a function of 1.4-GHz radio luminosity, with each sub-sample being split into 4 bins
with roughly the same number of sources (~ 150). If ISM heating is due to radio jets,
a relatively strong positive temperature trend should be observed in the compact sample
and no trend observed in the extended sample. The results are shown in Fig. 4.9. The
K-S statistics for the bins in Fig. 4.9 are shown in Table 4.4. Firstly, it is clear that, as
expected, compact sources have systematically higher temperatures than extended sources.
However, no strong positive trend is observed as a function of 1.4-GHz radio luminosity
for the ‘compact’ sample, presenting a problem for a positive feedback scenario. Fitting a
straight line to the compact and extended radio samples gives a gradient of 2.9 + 0.4 and

1.9 £ 0.6 kelvin per unit redshift, respectively. However, the reduced y? for the compact
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and extended radio samples is 5.62 and 0.82, respectively. Therefore, a straight line is not
a good model for the compact radio source data. Furthermore, even though the gradient
from the compact radio sample is higher than that of the extended sample, the difference is
only 1.0 £ 0.7, making this difference statistically insignificant. However, it is known that
the radio luminosity is not necessarily a good tracer of jet power, as the radio luminosity
undergoes significant luminosity evolution even for a source of fixed kinetic power (e.g.
Kaiser, Dennett-Thorpe & Alexander 1997). In addition, the total radio luminosity has been
used, whereas ideally, one should only use that part of the radio emission confined within the
ISM (i.e. radio lobes). In Chapter 5, I show that the core component (emission restricted to
a few pc) of the radio luminosity in a small sample of high redshift radio AGN varies from
0-100%. For these reasons, it is perhaps not surprising that no strong positive temperature
trend 1s found in the sample of compact radio galaxies. Nevertheless, it is clear that the dust

temperature is linked to radio AGN emission.

4.7 Conclusions

I have investigated the dust temperatures of 1389 radio sources over the Herschel-ATLAS
Phase 1 area have been investigated using PACS and SPIRE photometry. The main results

are.

1. The best-fitting 5 parameter, calculated by marginalising over the temperature and
normalisation of all the radio galaxies in the sample, is § = 2.05 4 0.07. Using this

value, the best-fitting temperature is calculated, and is found to be 7' = 24.844+0.20 K.

2. The dust temperatures of radio sources increase with redshift, and are consistently
higher than the temperatures of the H-ATLAS population presented in S13. This im-

plies that radio jets may be heating the ISM through AGN feedback.
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3. The dust temperatures of the radio galaxies show little to no relation with the K -band
luminosity. This implies that stellar mass is relatively unimportant in determining the

dust temperature of radio galaxies.

4. The dust temperatures of radio galaxies show a strong negative dependence with the
projected radio size. This suggests that while the radio jet is inside the ISM, it is

mechanically heating it. This heating may result in increased SFRs for ~ 10—20 Myrs.

5. The dust temperature of radio galaxies is investigated as a function of 1.4-GHz radio
luminosity. Since the radio luminosity is expected to be related to the kinetic jet power,
the sample is first sub-divided into compact and extended radio galaxies. I find that
the increase in temperature as a function of redshift for compact and extended radio

galaxies are statistically indistinguishable.

The aims of this chapter were two fold. First, to calculate S and T values which could
be assumed for dust SED fitting and / or K-correcting single band FIR luminosities for simi-
larly selected samples of radio galaxies. Secondly, to look for evolution and / or evidence of
radio-jet induced star-formation. Temperature evolution as a function of redshift is found, in
agreement with the result of S13. The dust temperature is found to depend strongly on the
projected size of the radio source, in the sense that compact sources have much higher tem-
peratures than extended ones. A potential explanation for this is jet-induced star-formation,
although an analysis of the rate of increase of the dust temperature as a function of radio
luminosity for the compact and extended samples did not reveal any significant differences
between the samples. To conclusively show whether jet-induced star-formation is real, the
ISM confined radio luminosity (e.g. lobe luminosity) should be investigated as a function
of dust temperature and luminosity. Better statistics will also help lower errors in any future

analysis of the kind undertaken here.
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From the analysis presented in this chapter, it is clear that the that radio jets and lobes
may well alter ISM properties on a population-wide level. High resolution studies of the
ISM properties of a few galaxies with and without radio jets is needed to help clarify the
situation. Such studies may help establish if the work done by the radio jets on the ISM has

a transitory or permanent effect.
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Chapter 5

The FIR properties of a pilot sample
high-redshift radio-detected AGN

5.1 Introduction

In this chapter, I discuss the properties of seven high-z (z 2 1) radio-loud AGN. There are
two primary goals: first, to demonstrate a methodology for identifying some of the highest
redshift, and therefore most luminous objects in the Herschel-ATLAS data set, and second,

to search for evidence of direct radio-jet feedback.

In order to select high-redshift objects, I use a combination of near-IR K-band data from
the LAS, and 1.4-GHz radio data from the NVSS and FIRST. This involves selecting radio
sources with no associated A -band counterpart. Through the K — z relation, described in
detail in Section 1.4.3.2, radio sources which are not detected in the /& -band are likely to be
at higher redshift rather than simply faint, low-redshift objects. This chapter aims to show
that it is viable to create a sample of high-z radio sources with reliable 5-sigma H-ATLAS

detections.
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Additionally, evidence for radio-jet induced star-formation will be investigated. As it
stands, it is unclear how jet propagation through the ISM affects important parameters such
as the SFR, FIR luminosity and dust temperature. With regard to positive feedback, there is
some theoretical (e.g Begelman & Cioffi 1989, Mellema, Kurk & Rottgering 2002, Gaibler
et al. 2012) and some observational (e.g. van Breugel & Dey 1993, Dey et al. 1997) evi-
dence for a process whereby the lobes stimulate star-formation by compressing clumps of
gas and dust, providing the conditions for gravitational collapse. However, negative feed-
back is expected if the leading edge of the lobe simply scatters dense clumps of gas. The
contribution, and thus importance of radio-jet induced star formation to the total stellar mass
of a galaxy is uncertain. The hosts of traditional elliptical radio-galaxies are not expected
to show much evidence for star formation, let alone jet-induced star formation. However, at
higher redshifts, radio-loud quasars do show evidence for systematically higher SFRs than
radio-quiet quasars (e.g. Kalfountzou et al. 2012). Nevertheless, determining whether the
higher SFRs are the result of radio activity and confirming whether positive feedback is ubig-
uitous in radio galaxies may help clarify the nature of the ‘starburst radio-AGN’ connection
found in other studies (Archibald et al. 2001; De Breuck & Reuland 2003; Reuland et al.
2004; Hickox et al. 2013). To investigate the possibility of radio-jet induced star formation,
I calculate the radio AGN luminosity, that is, the radio luminosity after contributions from
the star-formation process has been removed, and compare it to the SFR. Such an analysis
will also reveal how important it is to account for the star-formation component of the radio

luminosity.

In summary, with FIR data from the H-ATLAS and optical spectroscopy, in this chapter

I look for evidence of feedback, or the lack thereof, by calculating the dust temperatures

and SFRs of seven high-redshift sources. Sources at high-redshift are chosen so that an
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investigation of the most extreme FIR emitting radio-AGN may be undertaken. If feedback

is real and ubiquitous, then one might expect to see some evidence for it in these sources.

5.2 Sample selection

To select a sample of high-redshift radio-loud AGN, I use the radio catalogue described in

Chapter 2 as the parent catalogue. Below, key features of the catalogue are described.

The catalogue was generated by cross-matching K'-band LAS images with all the NVSS
sources in the Herschel-ATLAS phase 1 area. The positional accuracy of the matches was
improved by using FIRST data (c.f. FWHM of the FIRST and NVSS beams are 5" and
45", respectively). This resulted in the accurate classification of 5426 radio sources, with
S1.4cH, > 3mly. Since the sources presented here are drawn exclusively from the 9" and
15" phase 1 fields, the targets are actually drawn from a smaller subset of 4485 NVSS
sources. The depth of the LAS is K = 18.0 magnitude which, assuming the K — z relation
(Willott et al. 2003), implies that radio sources fainter than this are at z 2 1.3. Therefore, to
ensure that the objects are at high-z, radio sources which were matched to LAS sources with
K > 18.0" magnitude or were not matched to the LAS at all (i.e. undetected), were selected.
This reduced the parent sample from 4485 to 2452 radio sources. Next, I cross-matched
the sample with the S0 H-ATLAS point source catalogue on a 4” best-match basis (c.f. the
1o positional error for H-ATLAS sources detected at 50 is 2.4”; Rigby et al. 2011b). This
resulted in 54 matches.

The next step was to calculate the probability / expected number of spurious matches in
the sample. Using the H-ATLAS catalogue, I calculated that there are 636.55 sources per

sq degree, which translates to 4.911702 x 107° sources per sq arcsec. Assuming an area of

! The depth of the LAS is not uniform across all the images, meaning that a few sources with K > 18.0
will be detected
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50.26 sq arcsec (i.e. a circle with a radius of 4”), I find the probability of a single spurious
match to be 2.468 x 1073 (or 0.25%). The size of the input catalogue used to generate the
matched sample was 2452, meaning that one can expect ~ 6 random associations. The
matched sample has 54 sources, therefore approximately 11% of the sources are expected
to be spurious matches. I attempted to remove spurious matches by eyeballing the K -band
/ radio overlays of each match. In particular, I attempted to determine if the H-ATLAS
association in each of the overlays was in fact related to a non-radio-detected LAS source.
I did this using the reliability criterion developed in Smith et al. [2011] (see Section 3.2). I
found this to be the case for 3 sources, implying that ~ 5.6% of the remaining sample (or
~ 3 sources) might have been spuriously matched.

Of the remaining 51 sources, 18 were targeted with the Intermediate dispersion Spec-
trograph and Imaging System (ISIS) on the William Herschel Telescope (WHT) in order to
gain optical spectra for redshift determination. The brightest radio sources were observed
first, although time and visibility constraints meant this was not always possible. During the
data reduction procedure, I identified a subset of 9 sources with emission lines and therefore
redshifts. Of these nine, only seven are presented here due to legacy reasons!. If avail-
able, I include NIR-radio overlays using VISTA? VIKING? data. Although it is possible that
one or more of the radio sources may have been erroneously matched to the FIR emission,

I consider this to be unlikely as the probability of a spurious match is only 1 in 20 (i.e. 5.6%).

The properties of the sample are shown in Table 5.1. Flux densities at 330-MHz from
the GMRT are included (Mauch et al. 2013). Where available, I use these fluxes to calculate

the spectral index* of the radio sources. If no GMRT flux is present (i.e. undetected by the

'The remaining two sources were not fully reduced since they were not targets of a VLBI observation
campaign, the results of which were originally included in this chapter

2Visible and Infrared Survey Telescope for Astronomy

3VISTA Kilo-Degree Infrared Galaxy Survey

*Where the spectral index is defined as S oc v~
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survey), I assume a spectral index of 0.8, a value which is representative of the general radio
source population. This was the case for two sources, JV15.2441 and JV15.2527. A value
of 0.8 is consistent with GMRT non-detections as the region occupied by both sources was

particularly noisy.
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Figure 5.1: K-band LAS (top) / VIKING (bottom) - radio overlays for source JV09_386.
Contours in red are from FIRST and are at (0.5, 1, 1.5, 2, 5, 10, 20, 50) mJy / beam (the rms of
FIRST is 0.2 mJy/beam). Formal H-ATLAS and LAS/VIKING detections are represented
as blue ‘4’ and green ‘X’ marks, respectively. The yellow ‘+’ sign represents catalogued
FIRST position of the radio source.
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Figure 5.2: K-band LAS (top) / VIKING (bottom) - radio overlays for source JV09_627.
Contours in red are from FIRST and are at (0.5, 1, 1.5, 2, 5, 10, 20, 50) mJy / beam (the rms of
FIRST is 0.2 mJy/beam). Formal H-ATLAS and LAS/VIKING detections are represented
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FIRST position of the radio source.
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Figure 5.3: K-band LAS (top) / J-band VIKING (bottom) - radio overlays for source
JV15_307. Contours in red are from FIRST and are at (0.5, 1, 1.5, 2, 5, 10, 20, 50) mJy / beam
(the rms of FIRST is 0.2 mJy/beam). Formal H-ATLAS and LAS / VIKING detections are
represented as blue ‘+’ and green ‘X’ marks, respectively. The yellow ‘+’ sign represents
catalogued FIRST position of the radio source.
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Figure 5.4: K-band LAS (top) / J-band VIKING (bottom) - radio over-
lays for source JV15_1825. Contours in red are from FIRST and are at
(0.5,1,1.5,2,5,10,20,50) mJy/beam (the rms of FIRST is 0.2mlJy/beam). Formal
H-ATLAS and LAS/VIKING detections are represented as blue ‘4’ and green ‘X’ marks,
respectively. The yellow ‘+ sign represents the best guess as to the position of the radio

source.
126



JV15_2441 (LAS K-band

Declination

10.0 F

0:55:00.0

T v

1.0 14:45:220.0 19.0 18.0
Right ascension

JV15_2441 (VIKING J-band)

—r—

50.0
40.0
30.0 b

20.0 |

Declination

100 |

0:55:00.0

21.0 14:45:20.0 19.0 18.0

Right ascension

Figure 5.5: K-band LAS (top) / J-band VIKING (bottom) - radio over-
lays for source JV15.2441. Contours in red are from FIRST and are at
(0.5,1,1.5,2,5,10,20,50) mJy /beam (the rms of FIRST is 0.2mlJy/beam). Formal
H-ATLAS and LAS/VIKING detections are represented as blue ‘4’ and green ‘X’ marks,
respectively. The yellow ‘+’ sign represents catalogued VKING position of the presumed

radio source host.

127



Declination

T =

14:46:10.0 09.0 080  07.0
Right ascension

Figure 5.6: K-band LAS - radio overlay for source JV152513. Contours in red
are from FIRST and are at (0.5,1,1.5,2,5,10,20,50) mJy/beam (the rms of FIRST is
0.2mlJy/beam). Formal H-ATLAS and LAS detections are represented as blue ‘+’ and
green ‘X’ marks, respectively. The yellow ‘+’ sign represents catalogued FIRST position of

the radio source.
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Figure 5.7: K-band LAS (top) / J-band VIKING (bottom) - radio over-
lays for source JV15.2527. Contours in red are from FIRST and are at
(0.5,1,1.5,2,5,10,20,50) mJy /beam (the rms of FIRST is 0.2mlJy/beam). Formal

H-ATLAS and LAS/VIKING detections are represented as blue ‘4’ and green ‘X’ marks,
respectively. The yellow ‘+’ sign represents catalogued FIRST position of the radio source.
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5.3 Optical spectroscopy

In the following section I report on the redshift determination of the seven radio sources. I

discuss the reduction method, the redshifts and the line properties of the sources.

5.3.1 Data reduction

The 7 radio sources were observed with both arms of the ISIS instrument at the WHT in
February 2011 over the course of 3 nights'. Long-slit spectroscopy was preformed across
the entire visible band (3200-9900 A) using gratings R158R and R300B, and the REDPLUS
and EEV12 detectors respectively. The spectra were all reduced using the Image Reduction
and Analysis Facility’> (IRAF) package TWODSPEC LONGSLIT. The red frames consisted
of two 15 minute exposures which were combined after being reduced separately. The blue
frames consisted of a single 30 minute exposure. A single 30min exposure is needed because
the sky is fainter at the blue end of the optical spectrum. Therefore, it takes longer for the
CCD to become sky limited. Using a slit width of 1.5”, we obtained spectral resolutions of ~
3.5 A for both arms. The slit was placed on the radio positions, without optical identification,
by ‘blindly’ offsetting from a nearby guide star.

Multiple bias, lamp-flat, sky-flat, arc and standard-star frames were taken at the begin-
ning and end of the night to ensure reliable calibration. Bias frames are dark exposures with
‘zero’ (i.e. very short) exposure time. The bias is added to the pixels in the CCD to allow
noise values to remain positive and thus be recorded. Several frames for both the red and the
blue arms were taken, and subsequently averaged into a ‘combined’ bias frame. During the
data reduction, the combined bias frame was subtracted from all the calibration and source
frames. Lamp-flats are images of the CCD illuminated by a white-light source. This shows

how light illuminates the CCD. During the data reduction, lamp-flats were normalised and

!Priority and the majority of the observing time was given to other sources on an unrelated project
2For the official website, go to http://iraf.noao.edu/
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averaged into a ‘combined’ lamp-flat frame. Using the combined lamp-flat, I found the co-
ordinates of the sections of the image which are not well illuminated. In the case of ISIS data,
the = and y-axis are the spatial and spectral directions, respectively. Therefore, to ensure that
the wavelength calibration is not affected by sections of the frame which will contain mostly
noise, the upper and lower sections of all the calibration and source frames were trimmed.
Next, the RESPONSE task was run on the combined lamp-flat. This task corrects for the
fact that the instrument may distribute light unevenly in the spectral direction (i.e. along the
y-direction). RESPONSE corrects for this by collapsing and averaging the pixel values in
the spectral direction, resulting in a single curve. The output is the reciprocal of this curve.
Next, the combined sky-flat (an image of the sky at dusk or dawn), is divided by the output
of RESPONSE. The output of this procedure is then passed to the task ILLUMINATION,
which performs the same operation as RESPONSE, but in the orthogonal sense (e.g. the
pixel values in the x-direction are collapsed and fitted to). It is important to use the sky-flat
for this procedure, since the telescope should be focused at infinity. The output of illumina-
tion is subsequently multiplied by the output of RESPONSE. The new frame may be referred
to as the ‘super-flat’, as it contains dispersion corrections for both axes. Therefore, all the
remaining frames are divided by the super-flat.

For wavelength calibration, arc frames were used. These are frames illuminated by
CuAr+CuNe lamps, whose emission line wavelengths are known. The IDENTIFY and REI-
DENTIFY tasks were used to assign wavelengths to the emission lines. Next the task FITCO-
ORDS was run on the arc frames to find the curvature in the x and y directions (this is done
manually, by fitting a polynomial to multiple emission lines). The task TRANSFORM was
then used to apply the curvature corrections to all the frames. Next, the task BACKGROUND
was run on all the science sources and spectro-photometric standard stars. BACKGROUND
removes the sky lines which are assumed to be stable in the spatial direction; this is done by

fitting multiple lines across the spatial direction and subtracting them. Next, flux calibration
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was undertaken. First, the task APSUM was used on the spectro-photometric standard stars
to extract the 1D spectrum. Next STANDARD, which includes calibrated photometry for
that specific standard star, was executed. This task allows the user to select which regions
(or bandpasses) should be used for flux calibration. The output is then used by SENSFUNC
which calculates the sensitivity function for flux calibration. The actual flux calibration is
performed by FLUXCALIB, and was applied to all the science sources. The 1D spectrum at
the position of the radio source was extracted using APSUM in the interactive mode. In the
red frame, cosmic rays were removed by flipping between frames to confirm the recored flux
was indeed a cosmic ray event. Since data from the blue arm only consisted of one frame,
cosmic rays were identified manually by their particular flux density profile (i.e. a bright

delta-function like profile in both the x and y-directions).

5.3.2 Redshift determination

To determine redshifts, candidate lines were fitted to the peak of the brightest line in the
optical spectra for each source. The trial lines which were fitted to the data were: Ly-«
A1216, N 'V A1241, Si V 1403, C IV A1549, He IT A1640, C III] A1909, C II] A2323, Ne
IV A\2424, Mg IT] A2799, [Ne V] A3346, [Ne V] A3425, [O II] A3727, [Ne III] A3869, [Ne
I1] A3967, H-8 \4861, [O III] A4959, [O III] A5007 and H-av A6562!. Confirmation lines
were then searched for by overlaying the positions of the lines quoted above. Several of the
spectra contain only one emission line. For these sources, line identification was carried out
via a process of elimination. Special attention was paid to known bright-lines such as: Ly-«
A1216, C IV A1549, Mg IT] A2799, [O II] A3727, [O III] A5007 and H-c. Ly-a tends to be
the brightest line in the optical spectra of most galaxies (e.g. Leighly et al. 2007). There-

fore, if bright lines such as C IV A1549 or [O II] A3727 were fitted to the single emission

'Forbidden lines have two square brackets e.g. [O III], while semi-forbidden lines have one on the right-
hand side e.g. C1I]
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line and Ly-o was still between 3000-9900 A in the observed frame, the line identification
was rejected. This logic was applied to other lines which might be expected to be observed,
such as [O II] A3727 and H-«v. To further inform the redshift determination, I include, where
available, VISTA VIKING photometry which may be used to calculated rough photometric
redshifts using the K — z relation. Each source is discussed in detail below. The prefix

‘JV09’ or ‘JV15’ indicates which H-ATLAS phase 1 field the source belongs to.

JV09_0386: The area around source JV09_0386 is covered by VISTA VIKING, which
finds a K-band source 0.36” away from the FIRST position with K, = 19.09 4 0.19 (see
Fig. 5.1). This is probably the host of the radio emission. The FIR source detected in the
H-ATLAS is 2.8” from the radio source. The WHT spectrum shows very faint red contin-
uum and an emission line which was identified as Ly-«, implying a redshift of 2.372 (see
Fig. 5.8). A line ID of C IV \1549 is rejected on the basis that Ly« should be detected in the
frame. A line ID of [O II] A\3727 is rejected on the basis that H-a should be detected in the
frame. The K — z relation estimates a redshift of 2.45 + 0.69, in line with the spectroscopic
estimate (c.f. the error on the redshift estimate is from the dispersion in the K — z relation

calculated by Jarvis et al. 2001).

JV09_0627: The area around source JV09_0627 is covered by VISTA VIKING, which
finds a K'-band source 0.14” away from the FIRST position with K, = 18.58 4+ 0.11 (see
Fig. 5.2). The K — z relation estimates a redshift of 1.87 + 0.5. The FIR source detected
in the H-ATLAS is 1.6” from the radio source. Only one definite emission line at 7911 A
is detected from this object (see Fig. 5.8). A line ID of Ly-« is rejected on the basis that
that the redshift would be 5.507. Although not impossible, such a high redshift is considered
improbable given the disagreement with the redshift estimate from the K — z relation. A line

identification of C IV A\1549 and Mg I1] A\2799 are rejected on the basis that Ly« should still
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Figure 5.8: Optical spectra from the WHT for sources JV09_386, JV09_627 and JV15_307.
The wavelength is in the observed frame.
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Figure 5.9: Optical spectra from the WHT for sources JV15.1825, JV15.2441 and
JV15.2513. The wavelength is in the observed frame.
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Figure 5.10: Optical spectra from the WHT for source JV15_2527. The wavelength is in the
observed frame.

be detected in the frame. A line identification of H-« is rejected on the basis that H-£3 should
also be detected. This leaves [O II] A3727 as the most probably ID for the emission line,

although no confirmation lines are found. Therefore, a redshift of z = 1.123 is calculated.

JV15.0307: The radio source in Fig. 5.3 is 3.67” away from the source detected in the
H-ATLAS. VIKING J-band data were available, but no /-band data. Only one definite
emission line is detected from this object along with continuum in the red frame (see Fig.
5.8). Identification of this single line with Ly-« implies a redshift of 2.044. Line identifica-
tions of C IV A1549 and C III] A1909 are rejected on the basis that [O II] A3727 should also

be detected. A line identification of [O II] A3727 leads to a negative redshift.

JV15_1825: The radio source in Fig. 5.4 is 1.57” away from the source detected in the H-
ATLAS. VIKING J-band data were available, but no K -band data. A NIR source, presumed
to be the host of the radio emission, is detected 0.12” away from the predicted position. Two

weak but definite lines are seen clearly in the 1D spectrum yielding z = 1.565 (C IV A1549
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and He II A\1640); the Ly-« emission is too close to the atmospheric cut-off to be securely

detected (see Fig. 5.9).

JV15_2441: The radio source in Fig. 5.5 is 1.49” away from the source detected in the
H-ATLAS. VIKING J-band data were available, but no /K-band data. A NIR source, pre-
sumed to be the host of the radio emission, is 0.16” away from the predicted position. Only
one definite emission line at 7169 A is detected from this object (see Fig. 5.9). A line ID of
Ly-« is rejected on the basis that that the redshift would be 4.896. Although not impossible,
such a high redshift would imply an unreasonably large FIR luminosity for an H-ATLAS
detected object, and is thus considered improbable. A line identification of C IV A1549 and
C III] A1909 are rejected on the basis that Ly« should be detected in the 1D spectra. This
leaves [O II] A3727 as the most probable ID for the emission line, although no confirmation

lines are found. Therefore, a redshift of z = 0.923 is calculated.

JV15_2513: The radio source in Fig. 5.6 is 2.31” away from the source detected in the
H-ATLAS. No VIKING data were available. A single emission line is seen in both of two
blue exposures taken on nights two and three, probably Ly-a at z = 3.084 (see Fig. 5.9). No
continuum is detected in either frame. A line identification of C IV A1549 and C III] A1909
are rejected on the basis that Ly-« should still be detected in the frame. A line identification

of [O II] A\3727 is rejected on the basis that H-« should be detected in the frame.

JV15_2527: The radio source in Fig. 5.7 is 3.54” away from the source detected in the H-
ATLAS. VIKING J-band data were available, but no K -band data. A NIR source, presumed
to be the host of the radio emission, is 0.29” away from predicted position. A single emis-
sion line and continuum in the red frame are detected (see Fig. 5.10). A line identification of

Ly-a is rejected on the basis that the implied redshift is too high (z = 5.221). Although not
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Object Line Arest  Ameas Continuum Flux
A A q0ZwWm2A1H) (107 Wm?)

JV09.0386 Ly-a? 1216 4100 < 10.0 1.7
JvV09.0627 [OI]? 3727 7911 6.0 1.8
JV15.0307 Ly-a? 1216 3702 7.7 2.1
JV15.1825 Ly-o! 1216 3121

CIv 1549 3976 14.0 0.4

Hell 1640 4206 13.0 0.4
JV15.2441 [O1I]? 3727 7169 16.0 5.0
JV15.2513 Ly-a? 1216 4966 < 10.0 1.7
JV15.2527 [O1I]? 3727 7563 < 10.0 0.70

Table 5.2: Measurements obtained from the WHT spectra of the radio sources. The ‘?” denotes an uncertain
line identification and the ‘!” denotes a feature which is plausibly spurious.

impossible, such a high redshift would imply an unreasonably large FIR luminosity for an
H-ATLAS detected object, and is thus considered improbable. In addition, the space density
of radio-loud sources is very low at z ~ 5 (see Rigby et al. 2011a). A line identification of
C IV 1549 and Mg II] A\2799 are rejected on the basis that Ly-a should still be detected in
the frame. This leaves [O II] A3727 as the most probable ID for the emission line, although

no supporting emission lines are found. Therefore, a redshift of = = 1.029 is calculated.

The redshifts of the seven sources are between 0.9 and 3.1. Six of the seven sources only
have a single emission line. In most cases, this was identified as Ly-« or [O II] A\3727. All
the lines are narrow, suggesting that these sources are obscured narrow line galaxies. The
(likely) [O II] A3727 emission detected in sources JV15_2441 and JV15_2527 may plausibly
be from star-formation, and not AGN activity. Further, dust temperature and luminosity
estimates for the line identifications implying high redshifts are unphysical, strengthening
the case for the above line IDs. Since most of the radio structures are compact, the AGN are

also likely to be relatively young.
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5.3.3 VIKING - ATLAS matches

It is clear that some of the sources targeted are revealed to be embedded in more crowded
fields when looked at using deeper VISTA VIKING data. On the surface, this might make
it more difficult to unambiguously match the observed FIR emission to the radio source in
question. However, the NIR bands probe old stellar light, which is not expected to correlate
well with FIR emission. This is not the case for powerful radio-AGN, particularly at high
redshifts, as they are often associated with high FIR /sub-mm luminosities (Archibald et al.
2001; Reuland et al. 2004). Therefore on average, one would expect the hosts of radio
sources to be the origin of any H-ATLAS emission even if one or more K -band counterparts
were found nearby.

In order to quantify this expectation, I use the results of Fleuren et al. [2012] who matched
K-band VISTA VIKING sources to H-ATLAS sources in the GAMA 9" field. Their match-
ing process involved accepting any K -band source which fell within a 10” radius of any
H-ATLAS source as a ‘candidate match’ (there were 35,800 such sources). Next, they calcu-
lated the likelihood ratio of every ‘candidate match’ using the likelihood analysis developed
by Smith et al. [2011]. If a source had a likelihood ratio of R > 0.8, it was considered a
‘reliable’ counterpart. They found that of the 35,800 candidate matches, 11,294 (or 31.5%)
were ‘reliable’ matches. This implies that if any K -band VIKING source falls within 10” of
an H-ATLAS source, it only has a 31.5% chance of being a ‘reliable’ match (i.e. the host of
the FIR emission). This is compared to the 94.4% chance assigned to the radio sources in this
sample (see Section 5.2), although this is not strictly a fair comparison, as my sources were
matched with a 4” matching criterion instead of 10”. However, it must be noted that Fleuren
et al. [2012] find that the fraction of reliable matches falls with fainter /K'-band magnitudes,
partially offsetting this bias. Using this logic, we determine that the host of the radio source
is far more likely to be the source of the FIR emission than any other counterparts detected

within 10” of the FIR position.
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5.4 The FIR data

One of the unique aspects of this sample is the FIR data provided by Herschel. As discussed
in Section 1, the H-ATLAS provides data at 100, 160, 250, 350 and 500 ym. In combination
with redshifts, these photometric data allow one to constrain the isothermal dust temperature
(T'). The dust temperature is a useful parameter, as it allows one to infer the source of the
interstellar radiation field heating the ISM. In order to calculate the dust temperature, we
follow the method established in Chapter 4. In other words, we fit to a modified isothermal-

blackbody of the following form,

fo X — , (5.1

where ' represents the isothermal temperature of the source in question, v is the fre-
quency, k is the Boltzmann constant, h is the Planck constant and /3 is the beta parameter.
A 3 value of 2.05 is assumed, as this was the best-fitting $ value for the radio sample in
Chapter 4. The errors are calculated by finding the values of the 16" and 84" percentile

limits, after converting the ? distribution to a probability distribution function (PDF) as-

2

suming P () o exp(™27). The fluxes and errors come from the 5-0 H-ATLAS catalogue. A
calibration error of 10% and 7% is added to the PACS and SPIRE data as recommended by
the documentation. PDFs as a function of temperature, and observed-frame SEDs are shown

in Figs. 5.11 to 5.13 for all the sources. The results are also summarised in Table 5.3.

The FIR luminosity allows one to estimate another important quantity, the SFR. The SFR

may be calculated using the relation developed in Hardcastle et al. [2013], defined as,

logyo (Laso / WHz ™) = 23.64 + 0.96 log,(SFR / Meyr ), (5.2)
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Source S100 S160 S950 S350 S500 Temperature Reduced x?
(mly) (mly) (mly) (mJy) (mJy) (K)
JV09_386 2.68+46.75 -57.69+66.81 458469 51.1+48.0 45.14+8.8 28.51“;’:3 0.54
JV09.627 -28.42+31.16 — 33.5+46.6 20.1£7.2 16.6+8.9 25.7J_r§:?1 0.26
JV15.307 113.14452.38 -50.07+ 70.11 38.5+6.8 47.1+£8.1 22.94+8.9 28.33:% 0.43
JV15.1825  27.35447.10 36.86+62.65 73.4+6.4 70.0£7.7 42.0+84 25.71%? 0.01
IV152441 579143745 119.00+62.85 384+69 17.848.0 8.64+8.8 40.5f57’:§ 0.92
JV152513  36.874+43.23 30.66+66.01 95.846.9 103.1£8.1 65.2+9.0 38.3f?jg 0.01
JV152527 15904+47.50 115.384+68.32 33.3+6.6 22.3+7.9 1.2+8.7 36.3J_r§:? 0.42

Table 5.3: FIR fluxes and fitted dust temperatures for the 7 radio galaxies.

where, Los 1s the luminosity at 250 pm (here, the fitted dust temperature provides a
model for the calculation of the K-correction). This relation was calibrated using radio
sources with 7" > 25 K, therefore, it should only be used if the dust temperature of any given
source is above this. In the cases where it is not, it may be used to calculate an upper-limit on
the SFR. The errors on the SFRs quoted in this chapter are calculated by recalculating Losq
(and therefore the SFR), using the upper and lower temperature bounds (i.e. 7'+ 67T’ for
every source. This ensures that the non-Gaussian distributions of many of the temperature

PDFs shown in Figs. 5.11 to 5.13 are carried though to the SFR errors.

It was also possible to calculate radio flux-density contribution from star formation using

the far-infrared radio-correlation (FIRC), defined as,

Laso ] (5.3)

G250 = 1Oglo L—J—
1.4 GHz(SF)

where go50 = 1.78 220.04 (Jarvis et al. 2010) and L 4 gry(sr) 18 the radio luminosity from
star-formation. However, to do this one must assume that all the FIR emission is the result
of star formation. The validity of this assumption increases as the fitted isothermal dust-
temperature goes up. A wider discussion of the caveats of such an assumption is provided in

section 3.4.7. The results of the calculations for the rest-frame luminosities at 250 pm, the

inferred radio luminosities and flux densities from star formation is provided in Table 5.4.
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Source logio(Loso)  logio(L3iay,) S7han, SF Fraction SFR
logio(WHz ') logo(WHz™ ')  (uly) (%) Mq /yr
TV09_386 26.8 £0.2 25.0 220.7 10.22 17617 55,°
IV09.627 25.8+0.4 24.1 297.0 4.87 1941392
JV15.307 26.5+ 0.3 24.7 374.7 1.93 964155
JV15.1825  26.6+0.2 24.8 515.8 0.32 1123735
JV152441  255+0.2 23.7 133.8 1.60 78181
JV152513  26.9+0.1 252 221.4 3.30 27311007
V152527  25.540.3 23.8 130.0 1.94 941120

Table 5.4: The luminosity at 250 um is listed, along with the inferred radio luminosity and
flux density from SF, the fraction of the radio emission due to SF and the SFR. The inferred
radio fluxes and luminosities are from Herschel data.

Also included in Table 5.4 is the fraction of the radio emission due to star formation and the

SFR itself. Below, the properties of each source are discussed.

JV09_386: The temperature PDF and SED of this source are shown in Fig. 5.11. The
100 um band has a rest-frame wavelength below 45 ym, and as such, is excluded from
the temperature and SED fitting due to the possibility of AGN contamination. The fitted
isothermal dust temperature is 28.51’3:3 K with a reduced y? value of 0.54, implying that the
dust temperature is well constrained. Using the FIRC, the flux-density contribution at 1.4-
GHz due to star-formation is found to be 220.7 pJy. This implies that 10.22% of the radio
emission of this source is star-formation related. The star-formation rate is estimated to be

17617 454° M yr ™.

JV09_627: The temperature PDF and SED of this source are shown in Fig. 5.11. The
160 ym band is excluded from the temperature and SED fitting because of artefacts in the
map at this position. The fitted isothermal dust temperature is 25.7f§:2 K with a reduced >
value of 0.26. The flux-density contribution at 1.4-GHz due to star-formation is 297.0 uJy.

This implies that 4.87% of the radio emission of this source is star-formation related. The
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star-formation rate is estimated to be 194750 Mg yr .

JV15_.0307: The temperature PDF and SED of this source are shown in Fig. 5.11. The
100 pm band has a rest-frame wavelength below 45 pm; therefore, it is excluded from the
temperature and SED fitting due to the possibility of AGN contamination. The fitted isother-
mal dust temperature is 28.3%5) K with a reduced x? value of 0.43, implying that the dust
temperature is well constrained. The flux-density contribution at 1.4-GHz due to star for-
mation is 374.7 uJy. This implies that 1.93% of the radio emission of this source is star-

formation related. The star-formation rate is estimated to be 96475 Mg yr .

JV15_1825: The temperature PDF and SED of this source are shown in Fig. 5.12. The
100 pm band has a rest-frame wavelength below 45 ym and is therefore omitted from the
temperature and SED fitting. The fitted isothermal dust temperature is 25.717% K with a very
low reduced x? value of 0.01. The flux-density contribution at 1.4-GHz due to star formation
is 515.8 pJy. This implies the 0.32% of the radio emission of this source is star-formation

related. The star-formation rate is estimated to be 1123755¢ Mg yr .

JV15_2441: The temperature PDF and SED of this source are shown in Fig. 5.12. All the
PACS and SPIRE bands are used in the temperature and SED fitting. The fitted isothermal
dust temperature is 40.575% K with a reduced x? value of 0.92. The flux-density contribu-
tion at 1.4-GHz due to star-formation is 133.8 pJy. This implies that 1.60% of the radio
emission of this source is star formation related. The star-formation rate is estimated to be

78 M yr L.

JV15_2513: The temperature PDF and SED of this source are shown in Fig. 5.12. Both

PACS bands have rest-frame wavelengths below 45 ym and are therefore excluded from the
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temperature and SED fitting due to the possibility of AGN contamination. S13 showed that
in the absence of PACS data, the fitted temperature is liable to be biased towards colder tem-
peratures. Nevertheless, the fitted isothermal dust temperature is 38.373-5 K with a reduced
x? value of 0.01, implying that the dust temperature is well constrained. The flux-density
contribution at 1.4-GHz due to star formation is 221.4 pJy. This implies that 3.30% of the
radio emission of this source is star-formation related. The star-formation rate is estimated

to be 27317750 My yr L.

JV15_2527: The temperature PDF and SED of this source are shown in Fig. 5.13. All the
PACS and SPIRE bands are used in the temperature and SED fitting. The fitted isothermal
dust temperature is 36.375% K with a reduced x? value of 0.42. Inspection of the FIR SED
suggests this is mainly due to the high flux-density detected at 160.0 um. The flux-density
contribution at 1.4-GHz due to star-formation is 130.0 pJy. This implies that 1.94% of the
radio emission of this source is star formation related. The star-formation rate is estimated

to be 94753 Moy yr L.

The dust temperatures of the radio sources vary from ~ 25 — 40 K. This means that
one may use the relation from Hardcastle et al. [2013] to calculate SFRs for all the sources.
Nevertheless, the assumption that all the FIR emission is the result of star-formation is a

caveat.
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Figure 5.11: Left: PDFs of the dust temperature. The dashed cyan and red lines represent
the best-fitting and median temperatures, with the dashed dark blue lines representing the
16" and 84 percentile limits. Right: Observed-frame SEDs with the PACS and SPIRE
data overlaid. Photometry below rest-frame 45 ym (blue dashed-line) is not included in the
temperature and SED fitting due to the possibility of AGN contamination.
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Figure 5.12: Left: PDFs of the dust temperature. Colour code is identical to Fig. 5.11.
Right: Observed-frame SEDs with the PACS and SPIRE data overlaid. Photometry below
rest-frame 45 pm (blue dashed-line) is not included in the temperature and SED fitting due
to the possibility of AGN contamination.
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Figure 5.13: Left: PDFs of the dust temperature. Colour code is identical to Fig. 5.11.
Right: Observed-frame SEDs with the PACS and SPIRE data overlaid. Photometry below
rest-frame 45 pm (blue dashed-line) is not included in the temperature and SED fitting due
to the possibility of AGN contamination.

5.5 Discussion

The primary aim of this chapter is to show that it is possible to use a combination of NIR
and radio data to create a reliable sample of high-redshift objects with 5-sigma detections at
250 pm using the Herschel-ATLAS. The redshifts acquired for the 7 radio sources presented
here using WHT-ISIS spectroscopy are between 0.9 < z < 3.1, and thus clearly demon-
strate that the sample selection method used here is valid for finding rare, high-z sources.
Star-formation rates, calculated using photometry from the Herschel-ATLAS, vary signif-
icantly (i.e. from 78 - 2700 M, yr~!; see Table. 5.4). The large errors attached to these
estimates are primarily due to the size of the dust temperature errors. Nevertheless, the esti-
mated SFRs are high in comparison to quiescent galaxies. Other techniques designed to find
high-z objects such as FIR /submm gravitational lenses (i.e. Negrello et al. 2010) tend to
more consistently identify objects with higher average SFRs, but further analysis is always

impeded by the need for a good lens model. Another method for identifying high-z objects in
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Figure 5.14: SFR versus 1.4-GHz radio luminosity from the AGN.

the H-ATLAS involves using colour-colour diagrams of the main FIR channels from SPIRE
(i.e. 250, 350 and 500 pym). Emission from dust typically peaks around 100 pm, so if the
colours of individual sources suggest a peak above 350 ;sm or more, then the source may be
at high redshift. However, such sources do not necessarily host radio-AGN. Thus, in order
to maximise the legacy of the H-ATLAS data-set, it will be worth identifying as may high-z

objects as possible using the methodology outline in this chapter.

Another important goal of this chapter is to determine whether there is any evidence for
radio-jet feedback in the sample presented here. An initial inspection of Fig. 5.14, where
the star-formation rate is plotted against AGN’s radio luminosity (the total radio luminosity
minus the radio luminosity from star formation) suggests that star-formation increases with
radio luminosity. This might be interpreted as evidence for positive feedback. However, this
may simply be due to higher redshift objects having higher SFRs and radio luminosities.

Indeed, 3 of the 4 sources with the highest SFRs and radio luminosities have redshifts above
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the median of the sample. In addition, it would be preferable to calculate the specific SFR
rather than just the SFR, since the former takes mass biases into account. Thus, the distribu-
tion observed in Fig. 5.14 cannot be seen as evidence for positive feedback. Nonetheless, it
does point the way to future studies which may be in a better position to tackle the question
of radio-jet induced star-formation.

As was briefly alluded to in the previous two chapters of this thesis, it is also questionable
whether the radio luminosity from AGN activity is the most appropriate variable to use to
investigate jet-induced feedback. This is because the radio luminosity is often dominated by
core components, which are restricted to pc scales and therefore cannot directly affect the
ISM. Radio-jet feedback, be it positive or negative, is thought to be the result of radio-lobe
interactions with the ISM. Therefore, the lobe component of the total radio luminosity seems
like the most appropriate variable to be used in studies which attempt to demonstrate direct
radio feedback. To this end, the addition of high-resolution radio images (from telescopes
such as the European VLBI Network and the Multi-Element Radio Linked Interferometer
Network), which can isolate and measure the core and lobe components of the radio emis-
sion, will be invaluable to determine the existence, frequency and nature of direct radio-jet
induced star-formation. I suggest that confirmation of positive feedback requires that both
a positive relation is found between the specific SFR and the lobe luminosity, and that no
relation is found between the specific SFR and the core luminosity. This will ensure that any

relation which is discovered is not simply the result of biases in the sample.

The contribution to the total radio luminosity from star formation is below 5% for all
sources except JV09_0386 where the contribution is ~10%. JV09_0386 is the faintest ra-
dio source with a FIRST flux density of only 2.16 mJy. What will be of great interest to
future studies of this kind is the flux density threshold at which fractional contribution from

star formation reaches 30-50% of the radio emission. At these levels, estimating the star-
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formation contribution to the total radio luminosity becomes necessary if a correct estimate
of the power of the AGN-jet power is required. The methods and techniques outlined above

may help us answer such questions.

A further point of interest is why 6 of the 7 radio sources presented here are compact
(as seen by FIRST)? This may be due to the high detectability threshold imposed by the
FIR data; assuming these sources are undergoing major merger events as described in Tad-
hunter et al. [2011] (not an unreasonable assumption given the redshift and the SFRs which
are observed), it may be the case that these sources are detectable in the FIR only during
the most intense star-formation peak after AGN triggering. Estimates for how long high-z,
star-bursting radio-loud AGN are detectable in the Herschel-ATLAS are difficult to calculate
without assuming an evolutionary history, however, given the high SFRs and the rarity of
the sources, it does not seem plausible that such a state could be maintained for more than
a small fraction of the canonical lifetime of a radio source (~ 108 yrs), perhaps partially

explaining why the sample is mostly made up of compact sources.

5.6 Conclusions

Seven K > 18 radio-loud AGN in the Herschel-ATLAS phase 1 fields, have been observed
using the ISIS instrument at the WHT. The optical spectra reveal these sources to be between
0.9 < z < 3.1. In combination with redshifts, the FIR / submm photometry from H-ATLAS
enabled the dust temperature of all the sources to be estimated. The dust temperature was
found to vary between 25-40 K. Using the Lo50-SFR equation developed by Hardcastle et al.
[2013] for radio galaxies, I estimated the SFRs of the sources; these range from ~ 50 -

3000 M, /yr.

150



A method for identifying reliable high-z, star-bursting radio sources in the H-ATLAS was
described. Such a sample is ideally suited to further studies of direct radio AGN feedback. A
method for determining whether radio-jet induced star-formation exists in the radio galaxy
population as a whole has been presented. The confirmation of positive feedback requires
that both a positive relation is found between the the specific SFR and the lobe luminosity,
and that no relation is found between the specific SFR and the core luminosity. This will

ensure that any relation which is discovered is not simply the result of biases in the sample.
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Chapter 6

Conclusions

6.1 Summary of the main results

A summary of the main results from this thesis are detailed below followed by a discussion

of their implications.

6.1.1 Chapter 3

A sample of 1599 radio sources was selected, and the FIR properties and dust temperatures

of these sources were studied using stacking techniques. The main results are:

1. No relation is found between the rest-frame luminosity at 250 ym divided by the K-
band luminosity (i.e. the specific Losg), and the 1.4-GHz radio luminosity in the sample

of radio-detected galaxies presented in Chapter 3.

2. The rest-frame luminosity at 250 pm of radio-detected and non-radio-detected galaxies

rises with increasing redshift.

3. Compact radio sources (< 30 kpc) are associated with higher 250 ;sm luminosities than

their more extended (> 30 kpc) counterparts.
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4. For matched samples in Ly and g'-r/, sub-1.5 L}, radio-detected galaxies have 0.8940.18
times the 250 ym luminosity of the comparison sample, with fitted temperatures of

20.54+0.5 K and 19.0+0.2 K, respectively.

5. For matched samples in Ly and g’-t’, super-1.5 L’ radio-detected galaxies have 0.49+0.12
times the 250 ym luminosity of the comparison sample, with fitted temperatures of

16.2+£0.5K and 21.2£0.2 K, respectively.

6. No relation between spectral index and the luminosity at 250 pm is found for the subset

of 1.4-GHz radio sources with detections at 330 MHz.

6.1.2 Chapter 4

Using a well-selected sample of 1528 radio sources, the dust temperatures of radio galaxies

was studied in great detail. The main results are:

1. The best-fitting [ parameter, calculated by marginalising over the temperature and
normalisation of all the radio galaxies in the sample, is 8 = 2.05 £ 0.07. Using this /3

value, the best-fitting temperature is calculated, and is found to be 7" = 24.84 +0.20 K.

2. The dust temperatures of radio sources increases with redshift, and are consistently
higher than the temperatures of the H-ATLAS population presented in S13. This im-
plies that radio jets may be heating the ISM through AGN feedback.

3. The dust temperatures of the radio galaxies shows little to no relation with the /K'-band
luminosity. This implies that stellar mass is relatively unimportant in determining the

dust temperature of radio galaxies.

4. The dust temperatures of radio galaxies shows a strong negative dependence with the
projected radio size. This suggests that while the radio jet is inside the ISM, it is

mechanically heating it. This heating may result in increased SFRs for ~ 10 — 20 Myr.
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5. The dust temperature of radio galaxies is investigated as a function of 1.4-GHz radio
luminosity. Since the radio luminosity is expected to be related to the kinetic jet power,
the sample is first sub-divided into compact and extended radio galaxies. I find that
the increase in temperature as a function of redshift for compact and extended radio

galaxies are statistically indistinguishable.

6.1.3 Chapter 5

A methodology for reliably identifying high-z, star-bursting radio-loud AGN was presented.

1. The optical spectra reveal these sources to be between 0.9 < z < 3.1. The dust
temperature was found to vary between 25-40 K and the the SFR between ~ 50 -

3000 M, /yr.

2. Although a weak positive relation was found between the SFR and the radio-AGN
luminosity, sample biases and other factors (e.g. stella mass) mean that it is difficult to

consider this as evidence for positive feedback.

6.2 Implications

I find that the FIR luminosities of radio galaxies increases with redshift, in agreement with
previous results (Archibald et al. 2001; Reuland et al. 2004). However, the FIR luminosities
of radio galaxies tend to be lower than that of ‘normal’ galaxies (i.e. non-radio-detected).
This deficit increases with stellar mass (i.e. the most massive radio galaxies have the lowest
FIR luminosities). The fact that the FIR luminosities of radio galaxies differ from those of
normal galaxies suggests that radio-AGN activity is either directly, or indirectly, responsible.
In this thesis, the explanation for the underlying FIR luminosity deficit of radio galaxies is

the result of the interaction of the radio jets and the halo environment. In this scenario, the
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radio jets help keep the halo environment hot, limiting the host’s external sources of cold gas
capable of producing star-formation and thus large amounts of FIR radiation. It is important
to note that such an interpretation is inferred, although the mechanical heating of the halo by
radio-jets is well established (e.g. Boehringer et al. 1993; Fabian et al. 2003, 2000, 2005; for
a review see Fabian 2012). The presence of extended radio jets may also act as a selection
effect, as hot-halo environments are expected to efficiently confine radio lobes, boosting the

radio flux density above the flux density limit of the NVSS.

I also find that the negative dependence of the FIR luminosity and the dust temperature,
on the radio source size points to jet-induced star formation. This is a form of ‘direct’ feed-
back, but in isolation, this would imply that radio galaxies should have, on average, higher
FIR luminosities than normal galaxies. Since this is clearly not the case, jet-induced star
formation is likely to have a relatively modest impact on the FIR luminosity. In addition,
it is expected to be a relatively short term phenomenon without a large long-term impact in
terms of stellar mass growth. Nevertheless, these results suggest that jet-induced star for-
mation occurs in the radio galaxy population as a whole (e.g. in HERGs and LERGs). An
analysis of the dust temperature dependence as a function of radio luminosity for compact
and extended radio sources was presented. However, no statistically significant differences
between the rate of increase of the dust temperature of compact vs extended radio galaxies
was found. Better statistics, resulting in more data points and lower errors, and isolating that
part of the radio luminosity which is expected to be involved in jet-induced star formation

(e.g. lobe emission), may yet reveal evidence for jet-induced star formation.

In the final chapter, a methodology for reliably identifying high-z, star-bursting radio-

loud AGN was presented. Such a method may be used to create a large sample with which

further observations may be undertaken. Redshifts, dust temperatures and SFRs were cal-
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culated for all seven sources. In addition, a method for determining whether direct radio-jet
induced star-formation exists in the radio galaxy population was presented. This approach
involves the use of high-resolution radio images (i.e. Very Long Baseline Interferometry)
which will enable the lobe component of the radio luminosity to be isolated and plotted

against the specific star-formation rate.

I believe that investigating the FIR / sub-mm properties of radio galaxies is important if
we are to have a complete picture of the way galaxies have evolved over the last 13.8 billion

years.

6.3 Future prospects

The analysis presented in this thesis may be extended and improved upon with additional
data, due to be released in the near future. The Herschel-ATLAS has completed survey oper-
ations, and is due to publicly release the entire 550 sq degree data-set within a year. Ancillary
data from the VISTA VIKING survey will provide deep NIR data for the phase 1 fields. This
new data will allow a greater number of radio sources to be identified and studied, improv-
ing on the trends and relations found throughout this thesis by lowering the errors. Deeper
NIR data will also enable the detection of higher-redshift radio galaxies, allowing one to
determine and constrain their FIR properties. It will be interesting to determine the point
at which the FIR luminosity of massive radio galaxies, equals, or surpasses that of the non-
radio-detected population, as one might expect it to if the parallel increase in the SFR density
(e.g. Madau et al. 1996) and the quasar density of the Universe are physically connected (e.g.
Boyle & Terlevich 1998; Richards et al. 2006; Croom et al. 2009). To understand how radio
emission results in lower FIR luminosities in some galaxies and not in others, will require a

detailed study of the connection between the radio jets, the halo environment and the ISM.
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Detailed studies of this kind may only be feasible for a few sources with excellent data across
the electromagnetic spectrum. What will be need are: high-resolution, multi-frequency radio
observations so that the evolution of the jets may be modelled and the mechanical heating
rate calculated, ultra-violet/optical and NIR photometry to model the stellar population of
the host and the past and present dust production rates, and finally, resolved FIR /sub-mm
observations to trace the gas and dust content of the host and any physical connections these

distributions may have with the radio jets.

A method for determining the existence of radio-jet induced star formation was pre-
sented in Chapter 5. There are several improvements which can be made. A larger survey
area will also allow one to discover more rare, high-z star-bursting radio-loud AGN, improv-
ing statistics. The errors on the SFR may be reduced by the addition of sub-mm continuum
observations using SUCBA-2 (Holland et al. 2006) and the Atacama Large Milimeter / sub-
millimeter Array (ALMA). Such measurements also open the possibility of fitting two tem-
perature models to the dust SED, allowing one to isolate the luminosity from the warmer
component which is likely to be the result of star formation. Finally, the addition of VLBI
observations and the measurement of other important galaxy parameters (e.g. stellar mass)
will be invaluable in order to establish the existence, frequency and nature of direct radio-jet

feedback.

The addition of new telescopes due to become fully operational in the near future should
expand the potential for new science. ALMA will make the most sensitive high-resolution
observations of cold gas in the distant Universe. This will allow one map the distribution
of cold gas in galaxies. Studying how the propagation of radio jets through the ISM and

IGM affect the gas mass, temperature and density will be of great interest to those studying
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the effects of radio-AGN feedback. Square Kilometer Array (SKA) precursors (e.g. JVLA',
MeerKAT?, ASKAP?) will provide deep, high-resolution coverage at radio wavelengths for
large parts of the sky. This will help identify the lower radio-luminosity source population
at high redshift, limiting the sources of bias in future samples. In addition, these telescopes
will be able to measure emission lines from neutral HI gas, adding another estimate to the

total gas mass in high-z radio galaxies.

!Jansky Very Large Array
2Meer - Karoo Array Telescope
3 Australian Square Kilometre Array Pathfinder
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Appendix A: FIR differences of high and

low excitation radio galaxies

The work presented in this appendix is based on an article published in ‘Monthly Notices of
the Royal Astronomical Society.” Here I describe the part of the analysis which I was closely

associated with.

Hardcastle M. J., Ching J.H.Y., Virdee J. S., et al., 2013, MNRAS, 429, 2407: ‘Herschel-
ATLAS/GAMA: a difference between star formation rates in strong-line and weak-line radio

galaxies’

Introduction

The differences between HERGs and LERGs is covered in detail in Section 1.4.3. Never-
theless, a brief review is provided here. Fundamentally, the differences between HERGs and
LERGs are believed to be the result of the properties of the fuelling gas; HERGs are fuelled
by cold gas whereas LERGs are argued to be fuelled by hot gas (Hardcastle, Evans & Croston
2007). Cold gas accretion leads to radiatively efficient emission with high-excitation lines in

the optical spectra of AGN, whereas hot gas accretion leads to radiatively inefficient emis-
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sion with little or no high-excitation lines. The temperature of the fuelling gas is indicative of
the environment of the galaxy. Thus, hot-gas fuelling suggests the presence of a hot-halo en-
vironment, which massive elliptical galaxies tend to be embedded in. Sources of cold gas are
limited by the shock heating of in-falling material and the ram-pressure-stripping of ‘wet’
galaxies. Therefore, LERGs tend to be hosted by the canonical ‘red and dead’ ellipticals
with all their associated properties. On the other-hand, cold-gas fuelling is associated with
a much broader range of galaxy masses, higher SFRs, bluer optical-colours, and disturbed
morphologies (e.g. Baldi & Capetti 2008; Herbert et al. 2010; Ramos Almeida et al. 2011;
Best & Heckman 2012; Janssen et al. 2012).

In this appendix, I briefly describe the main findings of the article I was involved with
and highlight the work I closely associated with. The radio catalogue which forms the basis
of the analysis presented here was created by John Ching (see Section 2.6 for a description of
the catalogue, referred to there as the JCC). The catalogue uses FIRST and NVSS data, cross-

matched with SDSS galaxies with optical spectra. The result was 1824 matched sources.

FIR luminosities of HERGs and LERGs as a function of ra-
dio size

The key result from Hardcastle et al. [2013] is that HERGs have systematically higher FIR
luminosities at 250 pym than LERGs. In addition, HERGs have dust temperatures which peak
at ~ 30 K whereas LERGs occupy a wide temperature range, from 10 < 7" < 30 K. These
results are consistent with the view that HERGs have higher SFRs and dust masses than
LERGs.

The primary contribution I made to the paper was measuring the projected radio sizes for
all the radio sources in the sample. This allowed an investigation of the FIR luminosity and

the dust temperatures of HERGs and LERGs as a function of radio source size. The results
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Figure 1: The physical sizes of radio sources and their relationship to radio and FIR lumi-
nosity. In the plots, SF stands for ‘star-forming’, Ae and AeB represent HERGs and Aa
represent LERGs. (left) The power/linear-size plot for the sample. (right) FIR luminosity
as a function of length (Fig. 10 from Hardcastle et al. 2013).

are shown in Fig. 1. An important caveat in this analysis is that the sample is not complete
in Ly 4 qn, - radio source size space. This is illustrated on the left-hand panel of Fig. 1 which
plots the power/ linear size diagram for the current sample together with the 3CRR! sample.
The limited survey area of the H-ATLAS compared to that covered by 3CRR results in fewer
sources > 102" W Hz !, which might be expected to have larger sizes.

Nevertheless, it is still possible to investigate the FIR properties as a function of projected
radio size. First, it is clear that the HERGs (Ae+ Aeb) / LERGs (Aa) difference persists
in this analysis, 1.e. HERG sources have higher Lo59 than LERGs irrespective of length.
Secondly, I see no evidence for any length dependence of L5y for the HERG population,
although the error bars are large because the sample is small. Thirdly, I note a marginally
significant difference between the Lo5 values for the small and large LERG sources: the null
hypothesis that these two are equal can be rejected at the 95% confidence level. However,
there is a significant difference in best-fitting temperature in both cases, in the sense that the

larger objects have lower best-fitting temperatures (i.e. 29.4 £ 0.5 vs 22 £ 2 K for HERGs;

'Third Cambridge Catalogue of Radio Sources
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21.8 £ 0.5 vs 12.2 £ 0.4 K for LERGs).

Conclusions
The main conclusions of Hardcastle et al. [2013] are:

1. The rest-frame 250 pm luminosity of HERGs are systematically higher than in LERGs.
This difference is apparent at all redshifts and all radio luminosities sampled by our

targets.

2. A comparison of the temperatures and dust masses of HERGs and LERGs, stacked
in coarse bins, suggests that the dust masses are reasonably comparable for the two

samples but that the temperatures in the HERGs are systematically higher.

3. Consistent with the results of Section 3.5.2, we find that HERGs show little to no
evidence for a dependence of FIR luminosity on radio source size, while LERGs show

marginal evidence for a dependence of FIR luminosity on radio source size

4. Both HERGs and LERGs show a temperature dependence as a function of radio source
size, in the sense that the temperature decreases with increasing length. This may be

due to radio-jet ISM interactions.
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