
University of Tasmania

School of Mathematics and Physics

Cosmic Evolution of

Radio Sources in ATLAS

Minnie Yuan Mao
B.Sc. (Hons.)

October 2012

Submitted in fulfilment of the requirements for the Degree of

Doctor of Philosophy





I declare that this thesis contains no material which has been accepted

for a degree or diploma by the University or any other institution, ex-

cept by way of background information and duly acknowledged in

the thesis, and that, to the best of my knowledge and belief, this the-

sis contains no material previously published or written by another

person, except where due acknowledgement is made in the text of the

thesis.

Signed:

Date: 15 Oct 2012





The publishers of the papers comprising Chapters 4 and 5 hold the

copyright for that content, and access to the material should be sought

from the respective journals. The remaining non published content of

the thesis may be made available for loan and limited copying and

communication in accordance with the Copyright Act 1968.

Signed:

Date: 15 Oct 2012





Statement of Co-Authorship

The following people contributed to the publication of the work undertaken as

part of this thesis:

Chapter 3: The Australia Telescope Large Area Survey: Spectroscopic Catalogue and

Radio Luminosity Functions, submitted to MNRAS on March 23, 2012

Minnie Yuan Mao (75%), Rob Sharp (5%), Ray Norris (5%), Andrew Hopkins

(2.5%), Nick Seymour (2.5%), Elaine Sadler (2.5%), remaining coauthors (7.5%)

Chapter 4: Wide-angle tail galaxies in ATLAS, 2010, MNRAS, 406, 2578

Minnie Yuan Mao (80%), Rob Sharp (5%), Dhruba Saikia (5%), Ray Norris (5%),

remaining coauthors (5%)

Chapter 5: No Evidence for Evolution in the Far-Infrared-Radio Correlation out to z

∼ 2 in the ECDFS, 2011, ApJ, 731, 79

Minnie Yuan Mao (80%), Minh Huynh (10%), Ray Norris (5%), remaining coau-

thors (5%)

Details of the Authors’ roles are provided at the beginning of each chapter.

We the undersigned agree with the above stated “proportion of work undertaken”

for each of the above published and submitted peer-reviewed manuscripts con-

tributing to this thesis.

Signed:

Jim Lovell

Supervisor

School of Mathematics and

Physics

University of Tasmania

John Dickey

Head of School

School of Mathematics and

Physics

University of Tasmania

Date:





Abstract

The Australian Telescope Large Area Survey (ATLAS) observes seven square de-

grees of sky down to 10 µJy beam−1 at 1.4 GHz using the Australia Telescope

Compact Array. The survey covers two fields to minimise cosmic variance; the

Chandra Deep Field South (CDFS) and the European Large Area ISO Survey -

South 1 (ELAIS). My PhD focusses specifically on the cosmic evolution of ra-

dio sources in ATLAS. We have used the AAOmega spectrograph on the Anglo-

Australian Telescope (AAT) to measure 466 new spectroscopic redshifts in AT-

LAS. We have used both the spectra obtained from the AAT, and other multi-

wavelength ancillary data available in these fields to discriminate between star-

forming galaxies and AGN. Using these data we have studied the radio luminos-

ity function for both star-forming galaxies and AGN. We have also identified and

analysed wide-angle tailed galaxies in ATLAS and discovered a ∼12 Mpc large-

scale structure associated with a wide-angle tailed galaxy in ELAIS at z∼0.2.
Using deep far-infrared data from the Far-Infrared Deep Extragalactic Legacy

Survey (FIDEL) we were able to study the far-infrared radio correlation in the

Extended-CDFS and we found no evidence for evolution out to redshifts of ∼3.
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Our whole universe was in a hot dense state,

Then nearly fourteen billion years ago expansion started, wait...

The Earth began to cool,

The autotrophs began to drool,

Neanderthals developed tools,

We built a wall (we built the pyramids),

Math, science, history, unravelling the mysteries,

That all started with the big bang!

Barenaked Ladies - The History of Everything





1
Introduction

It is generally accepted that the Universe began with the Big Bang, almost 14

billion years ago. Tiny quantum fluctuations occurring in the first instants after

the Big Bang (10−30 of a second) seeded small density inhomogeneities, which

grew in time giving rise to the structure of the Universe that we see today.

One of the most enduring questions of modern astronomy however, is how

galaxies have formed and evolved since the Big Bang. The “best guess” model

suggests galaxies take billions of years to form as they are built hierarchically

from the small density inhomogeneities seeded soon after the Big Bang. So why

do we see large galaxies in existence within the first billion years (e.g Zheng et al.

2012)?

In order to understand how the Universe has changed and how galaxies have

formed and evolved, many astronomers are using data from large astronomical

surveys to study the Universe. Well-defined large deep surveys are required to

understand galaxy evolution.

This thesis presents the optical spectroscopy follow-up of the Australia Tele-

scope Large Area Survey (ATLAS), and science resulting from these observations.

The remainder of this Chapter is dedicated to summarising our current knowl-

edge of the Universe today, focussing specifically on the radio emission from

1



CHAPTER 1. INTRODUCTION

galaxies. This chapter ends with a brief review of radio surveys, giving context to

the importance of ATLAS.

1.1 Astronomy

Astronomy1 is one of the oldest natural sciences. People have observed the mo-

tions of visible celestial objects to determine agricultural calendars and ritual

events. The spectacular night sky has fascinated people for millennia and an-

cient monuments such as Stonehenge and the Egyptian pyramids appear to be

aligned with astronomical events.

Astronomy is the study of all celestial objects. It is the study of the Moon, the

Sun and the Solar System, the stars, the Milky Way and other galaxies. In short,

astronomy is the study of everything in the Universe, including how the Universe

began and how it shall ultimately end. However, astronomy was not always such

a broad science.

Ptolemy proposed a geocentric Universe (Ptolemy 150BC) and this was more

or less accepted until Copernicus proposed a heliocentric Universe (Copernicus

1543). At this point, the Universe comprised only the Earth, the Moon, the Sun,

the planets and the stars.

The stars we see in the night sky are grouped into 88 “official”, International

Astronomical Union recognised, constellations and the majority of these come

from the constellations defined by Ptolemy over two thousand years ago (Ptolemy

150BC). The earliest recorded star catalogues however were created in the 4th

Century BC by Chinese astronomers Shi Shen and Gan De. Most of the stars that

can be seen with the naked eye reside within our galaxy, the Milky Way.

Even less than a hundred years ago, the Universe was believed to be composed

of only the Milky Way. In 1926 two prominent astronomers, Harlow Shapley and

Heber Curtis, debated whether the spiral nebulae that had been observed (e.g

Herschel 1786) were relatively small and resided within the Milky Way, or large

distant galaxies beyond the Milky Way. This came to be known as the Great De-

1There is some confusion between the terms “astronomy” and “astrophysics”. Although his-
torically “astrophysics” required the application of physics to understand astronomy, most as-
tronomy today cannot be done without physics so the terms are now very much interchangeable.
Astronomy is also often confused with astrology. While astrology is generally viewed with deri-
sion in modern times, in the past it was strongly believed that the motion of the stars and planets
could affect one’s life. Historically, many now-famous astronomers were also astrologers. It is
interesting to remember that Galileo and Kepler were regarded not only as leading astronomers,
but also as astrologers!
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bate. The debate was settled when Edwin Hubble2 identified Cepheid variables3

in the Andromeda galaxy and found them to be too distant to be within the Milky

Way (Hubble 1925). Thus extragalactic astronomy was born.

Hubble also devised a system of classifying galaxies based on their optical

morphology in an attempt to understand their relation to each other (Hubble

1926). The varied optical morphology of galaxies led to studies attempting to

understand the formation of galaxies and what mechanisms triggered the differ-

ent morphologies. Determining how galaxies have formed and evolved remains

one of the hottest topics in modern astronomy.

1.2 Modelling the Universe

The best estimate of the age of the Universe is 13.75 ± 0.11 billion years (Jarosik

et al. 2011), within the ΛCDM model. ΛCDM is an abbreviation for Lambda-

Cold Dark Matter, and this model is frequently referred to as the standard model

of big bang cosmology. In broad terms, the ΛCDM model explains away anoma-

lies in gravitational effects by invoking the presence of cold dark matter and dark

energy.

Dark energy is a hypothetical form of energy that explains the acceleration of

the expansion of the Universe. Although dark energy appears to have been de-

tected (e.g. Blake et al. 2011), the physics behind it is not understood. Currently,

dark energy is believed to make up 73% of the energy density of the Universe.

The rest of the Universe is composed of two types of matter: the matter that

we can see and interact with, including the stuff of planets, stars and galaxies, and

the matter that we cannot see and interact with. On large-scale structures the ob-

served gravitational effects cannot be accounted for by the quantity of observable

matter. For example, galaxy rotation curves suggest that there is far more matter

at the edges of galaxies than is observed. This led to the prediction of cold dark

matter (Blumenthal et al. 1984). This matter is described as “cold” because the

particles move slowly, and “dark” as they do not interact with electromagnetic

2Although the discovery of the expansion of the Universe, and indeed Hubble’s Law is com-
monly attributed to Edwin Hubble, it was actually the Belgian astronomer, Georges Lemaitre,
who first proposed these (Lemaı̂tre 1927). However, his article was not widely read on account of
it being published in a lower-impact journal.

3The relationship between a Cepheid variable’s luminosity and pulsation period was discov-
ered by Henrietta Swan Leavitt (Leavitt 1908). Henrietta Swan Leavitt was employed as a “com-
puter” at the Harvard College Observatory. Women were hired because they could be paid less
than half the wage of men!
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radiation. Cold dark matter is believed to make up 23% of the energy density of

the Universe. That is to say, the baryonic matter that we can detect makes up less

than 5% of the Universe.

The ΛCDM model assumes that the Universe is flat. This means that gravi-

tational effects shall never overcome the expansion of the Universe and the Uni-

verse can expand forever. This is supported by results from the Wilkinson Mi-

crowave Anisotropy Probe (WMAP Spergel et al. 2003) and the 2dF Galaxy Red-

shift Survey (2dFGRS Colless et al. 2001; Tegmark et al. 2002). In an attempt

to understand the fate of the Universe, two independent teams used type 1a Su-

pernovae4 as distance indicators and found the expansion of the Universe to be

accelerating (Schmidt et al. 1998; Perlmutter et al. 1999). This work led to the

2011 Nobel Prize in Physics being awarded to Saul Perlmutter, Adam Riess, and

Brian Schmidt.

TheΛCDMmodel predicts that structure grows hierarchically (“bottom-up”).

Smaller objects coalesce into larger objects to form larger andmoremassive struc-

tures. In other words, stars are bound into clusters, that are bound into galaxies,

that are bound into clusters of galaxies, that are bound into superclusters. While

simulations of galaxy formation relying on the ΛCDM model broadly agree with

the observed Universe (e.g. Springel et al. 2005), there are a number of prob-

lems with the hierarchical theory. For example, simulations predict orders of

magnitudes more dwarf satellites than are actually detected (Moore et al. 1999).

Moreover, giant galaxies take billions of years to form under the hierarchical the-

ory, yet many of the largest galaxies have already formed early in the Universe

(Glazebrook et al. 2004). Questions like these fuel studies into the formation and

evolution of galaxies.

Prior to the dominance of the ΛCDM model, one explanation for the expan-

sion of the Universe was given by the Steady State Theory (Hoyle 1948). The

Steady State Theory proposed an infinitely old, unevolving Universe that is con-

tinuously creating matter as the Universe expands so as to maintain a constant

energy density. Although this model makes cosmological calculations much sim-

pler, observational results have largely discredited it.

4Type 1a Supernovae are powerful “standard candles” because they all have the same peak
luminosity.
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1.3 Radio Astronomy

Karl G. Jansky was the first person to detect extraterrestrial radio waves, and is

considered one of the pioneers of radio astronomy. In 1928, Jansky was hired by

Bell Laboratories as a radio engineer to investigate sources of static that might

cause interference with radio voice transmissions at 20.5MHz. He identified

static from local and distant thunderstorms and a steady hiss of unknown ori-

gin. Although he initially attributed the hiss to the Sun, over time he noticed the

time-scale of variation was a sidereal day, leading to the conclusion that these ra-

dio waves originated from beyond the Solar System (Jansky 1933). He was later

able to pinpoint the origin of the radio waves to the centre of the Milky Way (Jan-

sky 1935). Kraus (1966) refers to Jansky (1935) as “the first observational paper

on radio astronomy”, and notes that although this was a very significant historic

occasion, the presentation of this work attracted little attention with “scarcely

two dozen persons in Jansky’s audience”. Jansky wished to continue with his

work but this was during the Great Depression and the lack of funding and con-

servative outlook of observatories made it impossible. Jansky did no more work

in the field of astronomy, although his name lives on as the unit of radio flux

density with 1 Jansky = 10−26 W m−2 Hz−1.

Jansky’s work piqued the interest of another radio engineer, Grote Reber, who

is also considered to be one of the pioneers of radio astronomy. Reber applied for

a job at Bell Laboratories so that he could work with Jansky, but was turned down

as there were no jobs available at the time. Reber took matters into his own hands

and constructed a 9m radio dish in his backyard in Illinois, USA. With this tele-

scope, observing at 160MHz, he produced the first radio map of the Milky Way

(Reber 1944). Reber subsequently moved to Tasmania in 1957 where he con-

structed an array in Bothwell to study low-frequency radio emissions and lived

there until his death in 2002. The Grote Reber Museum is a museum dedicated

to his life and works and is located on the site of the University of Tasmania

operated Mt Pleasant Radio Observatory. The museum was opened in 2008 by

Professor Ken Kellermann.

After World War II, radio astronomy rose to prominence with many radio

telescopes being constructed predominately in the UK and Australia. The Cam-

bridge Interferometer was built in the early 1950s in the UK (Ryle and Hewish

1955) and would later be used to produce the famous 2C and 3C radio catalogues,

many sources of which are still referred to by their “3C” names.
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Due to the low resolution of radio images at the time, identification of the

optical hosts was difficult and the true nature of radio sources, often referred to

as “radio frequency noise” or “cosmic noise”, was unknown. Bolton and Stanley

(1948) used the sea interferometer at Dover Heights in Sydney tomeasure Cygnus

A and found that it had an angular diameter of less than eight arcminutes. Nar-

rowing down the size of the radio source enabled others to identify its optical host

and eventually determine that Cygnus A lies at a distance of ∼ 600Mly (Baade

and Minkowski 1954)5. From this, the radio power of Cygnus A was calculated

to be ∼ 1028 WHz−1. In comparison, the Andromeda galaxy at a distance of

∼ 2.6Mly has a radio power of only ∼ 1021 WHz−1. This large discrepancy led

to extragalactic radio galaxies being separated into “normal galaxies” and “radio

galaxies”. Nowadays we know that the radio emission from “normal galaxies” is

predominately powered by star-formation, and that the radio emission from “ra-

dio galaxies” is predominately powered by the presence of Active Galactic Nuclei

(AGN).

1.4 Radio Emission from Galaxies

Extragalactic radio emission from galaxies can be attributed to either star-

formation or the presence of AGN. This section presents an introduction to

both AGN and star-forming (SF) galaxies. Both emit non-thermal synchrotron

emission at radio frequencies.

Synchrotron Emission

The radio emission from galaxies follows a non-thermal spectrum and is often

polarised. The predominant form of emission from radio galaxies is synchrotron

emission, which results from highly relativistic electrons spiralling in a magnetic

field. The frequency of rotation for the relativistic electron is known as the gy-

rofrequency and is defined as

vg =
eB

2πγm0
(1.1)

5This corresponds to a redshift of z ∼ 0.06. Redshift is defined as z = λobs−λemit
λemit

= νemit−νobs
νobs

,

where λemit and λobs are the emitted and observed wavelengths and νemit and νobs are the emitted
and observed frequencies.
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and

γ =
1

√

1− v2

c2

, (1.2)

where vg is the gyrofrequency, e is the change of the electron, B is themagnetic

field strength, γ is the Lorentz factor, m0 is the rest mass of the electron, v is the

speed of the electron and c is the speed of light.

The acceleration due to circular motion causes synchrotron emission. The

synchrotron photons are emitted at a constant pitch angle and are highly beamed

with a radial width of

φ =
1

γ
(1.3)

where φ is the radial width of the beamed cone of synchrotron emission. As the

electron loses energy, its speed will decrease thus increasing the radial width.

Calculating Radio Luminosity

The luminosity of a source is the amount of energy produced per unit frequency.

We can calculate this by multiplying the flux density at the given frequency by

the total surface area of a sphere with radius DL, the distance of the source. That

is,

Lν = 4πD2
LSν (1.4)

where Lν is the luminosity in W Hz−1 at the frequency ν, DL is the luminosity

distance in metres, and Sν is the flux density in Wm−2 Hz−1 and the frequency ν.

When we observe a source at a particular redshift, z, we are measuring the flux

density at the observing frequency for a bandwidth that is set by the observer.

However, due to the expansion of the Universe, the frequency we are observing

at is lower than the emitting frequency. That is,

νemit

νobs
= 1+ z (1.5)

where νemit is the emitting frequency, νobs is the observing frequency, and z is

the redshift.

Furthermore, the bandwidth with which we are observing corresponds to a

wider bandwidth at the emitting frequency.
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Bemit

Bobs
=
∆νemit

∆νobs
= 1+ z (1.6)

However, energy is conserved so the radiated power is equal to the observed

power and thus,

Sobs ×Bobs = Sνemit ×Bνemit (1.7)

where Sobs is the observed flux density at the observing frequency, Bobs is the

observing bandwidth, Sνemit is the emitted flux density at the emitting frequency,

and Bνemit is the bandwidth at the emitting frequency,

Rearranging the above equation gives

Sνemit = Sobs
Bobs

Bνemit
=

Sobs
1+ z

(1.8)

This gives the the flux density at the emitting frequency, but we need to cal-

culate the flux density at the observing frequency.

Sνobs
Sνemit

= (
νemit

νobs
)α = (1+ z)α (1.9)

where Sνobs is the flux density at the observing frequency, and α is the spectral

index where spectral index is defined as S ∝ να , due to the non-thermal nature of

synchrotron emission.

Rearranging the above equation for Sνobs,

Sνobs = Sνemit(1 + z)−α =
Sobs

(1 + z)1+α
(1.10)

Substituting this into Equation 1.4 gives

Lν =
4πD2

LSobs
(1 + z)1+α

(1.11)

1.4.1 Active Galactic Nuclei

AGN are found in the central regions of galaxies, and can be highly luminous

over some parts of the electromagnetic spectrum. AGN are caused by the accre-

tion of matter onto a super massive black hole (SMBH). Nowadays, it is widely

accepted that all galaxies have a SMBH in their centre6, but not all of these are

6With the exception of dwarf galaxies such as the Magellanic Clouds. The centre of the Milky
Way hosts a 4.2× 106 M⊙ SMBH (e.g Schödel et al. 2002; Ghez et al. 2008; Gillessen et al. 2009).
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AGN (although all of these may be AGN at some point in their life-cycle). An

AGN requires matter to be accreting onto the SMBH to make it “active”.

The general model of AGN consists of an accretion disk of cold material

around a SMBH, which is also ionising gas clouds in the vicinity. The clouds that

are closest to the SMBH are dense and have very high velocities (∼ thousands

of km s−1) so the clouds do not fall into the SMBH. Consequently the emission

lines from these clouds are very broad and this region is referred to as the Broad

Line Region (BLR). The BLR provides valuable information about the SMBH due

to its proximity. The full extent of the BLR is ∼ 1pc. The clouds further from

the SMBH have a lower density and relatively lower velocities (∼ hundreds of

km s−1). Consequently emission lines from these clouds will be narrower and

this region is referred to as the Narrow Line Region (NLR). The NLR is typically

∼ 1kpc from the SMBH. Just beyond the BLR exists a dusty torus that lies in the

same plane as the accretion disk. Finally, some AGN display jets emerging from

the the SMBH.

The best evidence we have to date for the existence of SMBHs in AGN is

the presence of water megamasers associated with the accretion disk around the

SMBH (e.g. Miyoshi et al. 1995). The correlation between black hole mass and

the luminosity of the galaxy’s bulge (Magorrian et al. 1998) and the strong cor-

relation between the velocity dispersion of a galaxy’s bulge and the mass of the

SMBH at the galaxy’s centre (M-sigma relation, Gebhardt et al. 2000; Ferrarese

and Merritt 2000; Gültekin et al. 2009) indicate that the formation of galaxies is

closely related to the formation of SMBHs (Richstone et al. 1998).

Historically, AGN have been broadly classed as “radio-loud” and “radio-

quiet” (e.g. Kellermann et al. 1989), although there is evidence that all AGN,

including those deemed “radio-quiet”, have radio emission at some level. More-

over, the presence of radio emission cannot be predicted from optical spectra

alone (Dunlop et al. 2003). There is much debate over whether the distribution

of radio luminosity is bimodal or not, with some studies (e.g. Kellermann et al.

1989; Ivezić et al. 2002) finding evidence for bimodality and others (e.g White

et al. 2000; Cirasuolo et al. 2003) not. This is often referred to as the “radio-

loud/radio-quiet dichotomy” (e.g Broderick and Fender 2011), and despite nu-

merous studies in this area a firm conclusion has not yet been reached. Recent

results from the EVLA suggest that the radio luminosity function for quasars has

components from both radio emission from the AGN and star-formation in the

quasar host galaxy (Kimball et al. 2011). It is important to resolve this dichotomy

9
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to fully understand black hole accretion and feedback modes.

The “radio-loud” AGN include radio-loud quasars, blazars and radio galaxies

and the “radio-quiet” AGN include Seyfert galaxies, radio-quiet quasars7 and

LINERs. The nomenclature of AGN is somewhat confusing as the distinctions

between different classes reflect historical differences in how objects were first

identified or initially classified, rather than physical differences.

Types of AGN

Carl Seyfert, after whom Seyfert galaxies are named, was the first to identify the

class of galaxies whose optical spectra showed high-excitation nuclear emission

lines (Seyfert 1943). The emission lines tend to be very broad and the hydrogen

lines were even broader than the other emission lines. Morphologically, Seyfert

galaxies look like normal spiral galaxies with a star superimposed on the centre.

The bright nuclei of Seyfert galaxies were measured to be less than 100 pc in

size (Woltjer 1959). The broad emission lines indicate high velocity dispersions

within the nucleus thus the mass of the nucleus must be very high. This was

the first evidence that Seyferts contained nuclear AGN (although they were often

termed “monsters” at this time).

A few decades later, Khachikian andWeedman (1974) noticed that there were

two subclasses of Seyfert galaxies. The optical spectra of Seyfert 1 galaxies con-

tain both broad and narrow8 emission lines, while the spectra of Seyfert 2 galax-

ies contain only narrow emission lines. The broad emission lines only occur for

permitted transitions. This implies that the broad-line gas is of very high density

thus forbidden transitions are collisionally suppressed. Conversely, the narrow

forbidden lines indicate that the ionised gas is of very low-density. Figure 1.1

provides an example of Seyfert 1 and Seyfert 2 galaxy spectra.

There is much overlap between Seyfert 1 and Seyfert 2 galaxy spectra leading

Osterbrock (1981) to introduce Seyfert 1.5, 1.8 and 1.9. This is further evidence

that as opposed to two classes of Seyfert galaxy, we are actually seeing a contin-

uum of sources.

Low-ionisation nuclear emission-line region galaxies (LINERs) were first

7Quasars were first identified from their radio counterparts, but it soon became apparent that
there existed many similar sources that did not emit at radio wavelengths. These were subse-
quently termed quasi-stellar objects or QSOs, and only ∼ 10% of QSOs have detected radio emis-
sion. Nowadays, the terms QSOs and quasars are often used interchangeably. For clarity, we refer
to radio-loud and radio-quiet quasars.

8Although termed “narrow” emission lines, the line widths correspond to velocities of several
hundred kms−1 and are still broader than emission lines due to star formation.
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Figure 1.1: An example of the optical spectrum of a Seyfert 1 galaxy (top) and a
Seyfert 2 galaxy (bottom). The Seyfert 1 galaxy spectrum has characteristically
broad emission lines. Image courtesy of Bill Keel.

identified by Heckman (1980). They are defined by their optical spectra, similar

to Seyfert 2 galaxies, but with relatively strong emission from low-ionisation

lines (such as [OI] and [NII]) and relatively weak emission from high-ionisation

lines (such as [OII]). LINERs are very common making up approximately a third

of all galaxies in the local volume (Ho et al. 1997).

Quasars are likely to be the high-luminosity equivalent of Seyfert galaxies.

Aside from their more luminous nature, quasars are also distinguished from

Seyfert galaxies by their optical hosts. When they were first discovered, the

sensitivity of optical telescopes was such that quasar hosts were unresolved and

looked like bright stars. In modern times, many of these host galaxies have been

resolved and appear to be a range of galaxy types. Quasar hosts are likely to

have close companions (e.g Bahcall et al. 1997; Letawe et al. 2010). The opti-

cal spectra of quasars are very similar to those of Seyfert galaxies and Figure 1.2

shows the average spectrum of quasars from Peterson (1997). The term quasar is

a contraction of “quasi-stellar radio source” and was coined by Chiu (1964), who

abbreviated their “clumsily long name” for convenience.

Blazars are among the most energetic phenomena in the Universe. They dis-

play short time-scale variability indicating very small angular sizes. The optical

11



CHAPTER 1. INTRODUCTION

Figure 1.2: The mean quasar spectrum formed by averaging a large number of
quasars from the Large Bright Quasar Survey (Francis et al. 1991). Image credit:
Peterson (1997)
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spectra of blazars often show only continuum emission with no strong emission

or absorption lines making the redshifts of these sources difficult to attain. Very

high signal-to-noise spectra however, can often detect weak spectral features.

The radio jets emanating from blazars often display superluminal motion.

Finally, there exist strong radio sources that are hosted by giant elliptical

galaxies (e.g. M87). These are confusingly termed “radio galaxies” There exist

both broad-line radio galaxies (BLRGs) and narrow-line radio galaxies (NLRGs),

and these are thought to be the radio-loud rendition of Seyfert 1 and 2s. There

are also radio galaxies that have early-type hosts and whose spectra do not show

any emission lines (e.g. Sadler et al. 2002).

1.4.2 The Unification Models of AGN

Unification models of AGN propose that the different species of AGN are the

same type of physical object observed under different conditions. Astronomers

have been attempting to unify the different classes of AGN for many decades

(For an in-depth review see Antonucci 1993). The currently accepted model that

unifies AGN is that of Urry and Padovani (1995). In this model, the apparent

differences between the classes are simply attributed to the orientation of the

source to the observer.

Osterbrock (1978) suggested that Seyfert 2 galaxies may be physically similar

to Seyfert 1 galaxies but viewed in such a way that the BLR is obscured. Figure

1.3 shows how Seyfert 2 galaxies are being viewed side-on with the dusty torus

obscuring the BLR. Similarly, NLRGs are being viewed in such a way that the

dusty torus is obscuring the BLR.

The luminous nature of blazars may be explained as radio sources aligned to

our line-of-sight.

While the unified model of AGN does not yet account for the “radio loud” and

“radio quiet” sub-classes of AGN, it seems feasible that these are the brightest and

faintest manifestations of the phenomena and the only difference between Seyfert

1 and 2 galaxies, and quasars and blazars, is the luminosity of the AGN. Keller-

mann et al. (1994) found that many “radio quiet” quasars had similar properties

to “radio loud” quasars and concluded that at least some “radio quiet” quasars

were powered in a similar way to their “radio-loud” counterparts.
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Figure 1.3: A schematic of the general AGN model, showing the central SMBH
surrounded by the accretion disk. Also shown are the dusty torus and the jets.
The arrows show how the orientation of the AGN affects the observer. For exam-
ple, observing close to the plane of the torus would obscure the BLR resulting in
the observation of a Seyfert 2 galaxy or a NLRG. Classifications above the dotted
line are for radio-loud AGNwhile classifications below the line are for radio-quiet
AGN. Image credit: Urry and Padovani (1995)
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1.4.3 Radio Emission from AGN

Radio emission from AGN can be compact or extended. Extended radio emission

tends to have very characteristic morphologies with a radio “core”, coincident

with the SMBH, and radio “lobes” corresponding to the medium disturbed by

the AGN jet. High resolution radio images sometimes also show the highly col-

limated radio “jet”. Radio lobes typically display a steep power law spectrum

while radio cores can have flat spectra, indicative of synchrotron self-absorption

(e.g Ker et al. 2012).

Fanaroff and Riley (1974) separated extended radio emission into what are

now known as FRI and FRII types based on the morphology of the radio source.

FRI galaxies have very bright cores and fainter radio lobes (Figure 1.4) while FRII

galaxies are edge-bright with a fainter core (Figure 1.5). FRII galaxies tend to be

more luminous than FRI galaxies (e.g Auriemma et al. 1977) and they reside in

different environments, with FRIs often associated with clusters of galaxies.

Any of the above classes of AGN may host compact radio emission. Only

quasars, blazars and radio galaxies have been associated with FRI and FRII radio

sources.

Some radio galaxies display a “C” or “V” shaped morphology and these are

known collectively as Head-Tail Galaxies (Miley et al. 1972). Head-tail galaxies

can be further separated into narrow-angle tail galaxies (NATs) and wide-angle

tail galaxies (WATs) (Owen and Rudnick 1976). Both WATs and NATs tend to

be associated with clusters of galaxies and the peculiar morphology of NATs and

WATs is attributed to the strong intra-cluster winds caused by interactions such

as merging clusters. Venkatesan et al. (1994) suggest that NATs are caused by

their host galaxies having high peculiar velocities while WATs tend to reside near

the centres of dynamical, non-relaxed clusters (Burns 1998). Chapter 4 describes

WATs in more detail.

Accretion Modes

As discussed in Section 1.4.1, radio-loud AGN hosts may display either emission-

line spectra with strong high-excitation lines, either broad or narrow depend-

ing on orientation (e.g. Antonucci 1993), or early-type spectra (e.g Sadler et al.

2002). Sources with high-excitation lines are said to be undergoing “cold-mode”

accretion while sources without high-excitation lines are said to be undergoing

“hot-mode” accretion (Hardcastle et al. 2007; Croton et al. 2006). The radiatively
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Figure 1.4: The FRI galaxy 3C31 observed using the VLA at 1.4GHz. Image
courtesy of NRAO/AUI.
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Figure 1.5: Cygnus A, the archetypal FRII galaxy, observed using the VLA at
5GHz. Image courtesy of NRAO/AUI.

efficient “cold-mode” accretion is fuelled by cold gas and results in an geomet-

rically thin, optically thick accretion disk within a hot broad-line region, and

a narrow-line region further out, consistent with the standard model for AGN.

Conversely the radiatively inefficient “hot-mode” accretion is fuelled by hot gas

and results in a geometrically thick, optically thin accretion disk. Recently Best

and Heckman (2012) suggested that the varying fractions of “hot” and “cold”

mode sources with redshift could explain the luminosity dependence of the AGN

radio luminosity function.

1.4.4 Star-Forming Galaxies

The radio emission from star-forming galaxies is predominately non-thermal

synchrotron emission from cosmic ray electrons that are accelerated by super-

novae shocks (e.g Condon 1992). There is also a minor contribution by a thermal

component that arises from free-free emission from ionised hydrogen in HII re-

gions. Figure 1.6 shows the observed radio and infrared spectral energy distribu-

tion (SED) for M82.

The far-infrared emission from star-forming galaxies is dominated by thermal

radiation from dust. van der Kruit (1971) was the first to notice the correlation

between far-infrared and radio emission from star-forming galaxies in the local

Universe. This correlation is known as the far-infrared radio correlation (FRC)

and is one of the tightest and most universal correlations known among global
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Figure 1.6: The observed far-infrared and radio SED of M82. Synchrotron emis-
sion is denoted by the dot-dash line, free-free emission is denoted by the dashed
line and thermal emission from dust is shown by the dotted line. The solid line
is the sum of these components. Image credit: Condon (1992)
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parameters of galaxies (Helou and Bicay 1993). The correlation is believed to

arise due to the presence of young, high-mass stars. The youngmassive stars emit

UV radiation that is absorbed by dust and subsequently reradiated at infrared

wavelengths. The radio emission is dominated by supernovae shocks accelerating

cosmic ray electrons, which emit synchrotron emission. Chapter 5 presents a

study of the FRC to z ∼ 2.

The optical spectra we see for star-forming galaxies are made up of direct

emission from stars as well as emission features due to gas being heated and

then re-radiated at specific wavelengths. The short-lived, young, hot OB stars

emit most of the ionizing photons (E > 13.6 eV) that energize the surrounding

HII regions. The most prominent spectral lines include the forbidden lines [OII]

(3726 Å, 3729 Å), [OIII] (4959 Å, 5007 Å) and [NII] (6548 Å, 6583 Å), as well as

the Balmer series (6563 Å, 4851 Å, 4340 Å, ...). The first detection of [OIII] was

proposed to be a new element termed “Nebulium” by William Huggins in 1864.

This was because the forbidden nature of this transition means that it can only

occur in extremely low density environments. Bowen (1927) correctly identified

Nebulium as the forbidden transition, [OIII]. SF galaxy spectra also include ab-

sorption features due to the older, underlying stellar population.

1.4.5 Radio Surveys

This section will summarise the current status of radio surveys and emphasise

the need for a deep and wide survey such as the Australia Telescope Large Area

Survey, the data from which the remainder of this thesis relies.

Until recently, most radio surveys concentrated on detecting only AGN, and

radio emission from star-forming galaxies could only be detected in the very

nearby Universe. As telescope technology has improved, deeper radio surveys

are detecting radio emission from progressively fainter populations. One of the

most confounding issues in radio astronomy in recently times is the nature of

the sub-milliJansky radio population. Radio source count plots show a distinct

“upturn” below 1mJy beam−1 (Figure 1.7) and some studies attribute this to evo-

lution of the SF galaxy radio luminosity function (e.g. Hopkins et al. 1998), oth-

ers attribute this to a higher number density of low-luminosity AGN (e.g Huynh

et al. 2007). The lack of consensus regarding the relative distribution of SF galax-

ies and AGN at low flux densities is likely due to the small areas of sky surveyed

at these sensitivities.

The famous 3C and 3CR catalogues (Edge et al. 1959; Bennett 1962) presents
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Figure 1.7: Normalized 1.4 GHz differential radio source counts for the Hubble
Deep Field South compared with other radio surveys. Image credit: Huynh et al.
(2005)
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radio sources at 158MHz and 178MHz respectively down to a limiting flux den-

sity of 9 Jy beam−1. Interestingly, the flux density limit was not based on telescope

sensitivity, but on confusion due to the poor angular resolution of the telescope.

The PKS catalogue (Ekers 1969) presents radio sources observed with the Parkes

radio telescope to 4 Jy beam−1 at 408MHz. Needless to say, at these flux density

limits, most detected sources were radio-loud AGN, with the notable exceptions

of the centre of the Milky Way and the Crab Nebula.

The NRAO VLA Sky Survey (NVSS) was conducted using the Very Large Ar-

ray at 1.4GHz detecting all radio sources brighter than 2.5mJy beam−1 (Condon

et al. 1998) and covered the northern sky. The Southern hemisphere equivalent,

the Sydney University Molonglo Sky Survey (SUMSS) was completed a few years

later at 843MHz (Mauch et al. 2003). These surveys were able to detect large

numbers of star-forming galaxies in the local Universe and were subsequently

used to probe the cosmic evolution of radio sources, both SF galaxies and AGN,

to faint flux density levels (e.g Sadler et al. 2002; Best et al. 2005; Mauch and

Sadler 2007).

The current deepest radio surveys reach rms levels of < 10µJy beam−1, but

cover only very small areas on the sky (e.g Owen and Morrison 2008).

In order to understand the µJy-radio population it is imperative that sensi-

tive surveys are conducted over large areas on the sky. The large areas ensure

the volumes of the Universe probed are truly representative, and also mitigate

the effects of cosmic variance (Moster et al. 2011). Deep radio survey data com-

bined with sensitive multi-wavelength ancillary data will enable the formation

and evolution of radio sources to be investigated.

A number of teams are working with this goal in mind including the Cosmic

Evolution Survey (COSMOS Scoville et al. 2007). Figure 1.8 plots the area against

sensitivity for a number of radio surveys. With the aim of imaging seven square

degrees down to 10µJy beam−1, the Australia Telescope Large Area Survey will

produce the widest deep radio image at 1.4GHz to date with the major goal of

probing the formation and evolution of radio galaxies.

Spectroscopic Redshifts and the importance of multi-wavelength ancillary

data

In order to determine the cosmic evolution of radio sources it is important to

know their distance measure, or redshift. Unfortunately determining the red-
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Figure 1.8: The area and sensitivity of current 1.4GHz radio surveys. The dashed
line shows the limit of conventional radio telescopes with the shallowest all-sky
surveys appearing the top right corner and the deepest, albeit small, surveys ap-
pearing in the bottom left. Also shown are the EMU (Norris et al. 2011a) and
WODAN (Röttgering et al. 2011) surveys that will utilise the next generation ra-
dio telescopes ASKAP and WODAN. EMU is so far left of the dashed line due to
ASKAP’s phased-array feed, which will enable survey speeds ∼ 30× faster than
current-generation telescopes, despite comparable integration times per field.
Image courtesy of Ray Norris.

22



1.5. THIS THESIS

shift is difficult from radio continuum emission alone9. Consequently, radio sur-

veys with the aim of understanding cosmic evolution are of little value without

redshift data. These surveys are further enhanced by multi-wavelength ancil-

lary data. Multiwavelength data contribute valuable information about the radio

sources, including the ability to help differentiate between star-forming galaxies

and AGN.

As the primary science goal of ATLAS is to determine the cosmic evolution

of radio sources, obtaining redshifts for these sources is imperative. Photometric

redshifts rely on the shape of the galaxy continuum emission and are very accu-

rate for bright sources in the local Universe, but less accurate at higher redshifts.

Photometric data can be thought of as very low resolution spectra. Photomet-

ric redshifts are derived from matching template spectra with the “photometric

spectrum”. For spectra with strong continuum features, such as the 4000Åbreak

in early-type spectra, photometric redshifts can be very accurately determined.

Conversely, late-type spectra have much weaker continuum features until the

Lyman-alpha line is redshifted into optical bands at higher redshifts. Moreover,

the continuum emission for late-type spectra is strongly related to the age of the

underlying stellar population and the presence of dust can severely “redden” a

spectrum. For these reasons, photometric redshifts for late-type hosts can be less

accurate. Radio sources may be hosted by a wide-range of galaxy types and may

contain both AGN and star-forming components so the inaccuracies with photo-

metric redshifts are compounded.

We note here that much work is being undertaken to improve the accuracy of

photometric redshifts (e.g Salvato et al. 2009). In ATLAS we choose to rely solely

on spectroscopic redshifts, which are highly accurate and very reliable, but are

much more time consuming to obtain.

1.5 This Thesis

The background provided in this Chapter sets the scene for this thesis, which

presents work that has resulted from the optical spectroscopy of ATLAS radio

sources from data release 1. Chapter 2 presents a summary of the ATLAS radio

survey, and briefly describes the telescopes used during this thesis.

In the remainder of this thesis I explore three issues as steps towards under-

9Yun and Carilli (2002) have developed a technique to derive photometric redshifts using the
radio-to-far-infrared SED.
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standing the cosmic evolution of galaxies.

1. How does the radio luminosity function evolve with redshift?

2. Can we use wide-angle tail radio sources to trace the clustering of galaxies

to high redshifts?

3. Does the far-infrared radio correlation change with redshift?

The radio luminosity function (RLF) plots the number density of sources as a

function of radio luminosity. Understanding how the RLF evolves with redshift

is integral to studies of galaxy evolution. While the RLF is well defined in the

local Universe (e.g. Mauch and Sadler 2007), it is less well understood at higher

redshifts where the sources appear fainter. ATLAS’s depth and breadth allows us

to study the RLF for low-luminosity radio sources to moderate redshifts. Further-

more, the relative fraction of star-forming galaxies and AGNmay be investigated

as a function of radio luminosity. For example, a recent study by Kimball et al.

(2011) suggests that the radio luminosity function of quasars is dominated by

the AGN component at high luminosities and star-formation in the host galaxy at

low-luminosities. Chapter 3 presents the ATLAS spectroscopic catalogue includ-

ing spectroscopic classifications and the radio luminosity function.

WATs may be used as probes for clusters of galaxies (e.g. Blanton et al. 2001).

In Chapter 4 we report the detection of six WATs in ATLAS and investigate

whether WATs may be detected to high redshifts and hence be used as probes

for high-redshift clusters. It is important to calibrate how well we can detect

WATs to high redshifts, as next-generation surveys such as EMU will likely de-

tect tens of thousands to hundreds of thousands of WATs and hence clusters. The

detection of high-redshift clusters will contribute significantly to research into

areas such as the evolution of clusters of galaxies, the formation of massive el-

liptical galaxies and the relationship between massive ellipticals and SMBHs (e.g

Blanton et al. 2003; Chiaberge et al. 2009).

The FRC holds for a wide range of galaxy types and is remarkably tight over

five orders of magnitude of bolometric luminosity. Understanding how it evolves

with redshift will place constraints on how properties such as magnetic field

strength and metallicity evolve with redshift. For example, evolution of the mag-

netic field strength should affect measured radio flux densities, and evolution in

dust properties and metallicity should affect measured infrared flux densities,

both of which may be expected to affect the FRC, especially at higher redshifts
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(e.g Murphy 2009; Amblard et al. 2010). The FRC has been used to distinguish

between star-forming galaxies and radio-loud AGN (e.g. Norris et al. 2006), and

Carilli and Yun (1999) has used the FRC to estimate distances to submillimetre

galaxies without optical counterparts. Thus it is very important to determine

whether the FRC holds at high redshifts. Chapter 5 presents our study into the

evolution of the FRC in to z ∼ 2.

Chapter 6 summarises and concludes this thesis.

25





2
ATLAS and the telescopes

2.1 ATLAS

The Australia Telescope Large Area Survey (ATLAS) is the widest deep-field radio

survey attempted to date at 1.4GHz, with the aim of imaging seven square de-

grees to 10µJy beam−1 rms using the Australia Telescope Compact Array (ATCA)

(Norris et al. 2006; Middelberg et al. 2008). ATLAS is observed over two fields to

minimise the effects of cosmic variance1: the Chandra Deep Field South (CDFS)

and the European Large Area ISO Survey–South 1 (ELAIS-S1). These fields are

chosen for their wealth of multi-wavelength data and have both been observed

extensively in the infrared as part of the Spitzer Wide-field InfraRed Extragalac-

tic survey (SWIRE Lonsdale et al. 2003) and the Spitzer Extragalactic Represen-

tative Volume Survey (SERVS Lacy and SERVS Team 2009).

Deep radio surveys are invaluable for understanding the formation and evolu-

tion of galaxies, especially because radio emission can penetrate obscuring dust.

1Cosmic variance in the context of this thesis is taken to mean the presence of large-scale
structures in the Universe (Moster et al. 2011). The only method of avoiding the effects of cosmic
variance is to survey a sufficiently large volume of the Universe so that it is fairly represented.

27



CHAPTER 2. ATLAS AND THE TELESCOPES

2.1.1 CDFS

The Chandra Deep Field South (CDFS) was initially observed as a single field

(∼16 × 16 arcminutes) with the ACIS (AXAF CCD Imaging Spectrometer) on the

Chandra X-ray Observatory for 1Ms (Giacconi et al. 2002). The CDFS now con-

tains the deepest X-ray observations (Xue et al. 2011) having been observed for

4Ms. The CDFS is probably the most intensely studied region of the sky and

incorporates the Southern field of the Great Observatories Origins Deep Survey

(GOODS-South, Dickinson et al. 2003), which also includes theHubbleUltradeep

Field (HUDF, Beckwith et al. 2006).

Prior to Norris et al. (2006), the CDFS had been observed with the ATCA at

1.4 GHz by Koekemoer et al. (2003). These observations reached a similar rms to

Norris et al. (2006), over a smaller area (Figure 2.1). Kellermann et al. (2008) and

Miller et al. (2008) have also observed the quarter of a square degree extended-

CDFS at 1.4 GHz with the Very Large Array (VLA) down to ∼8µJy beam−1 rms.

2.1.2 ELAIS-S1

The European Large Area ISO Survey (ELAIS) imaged 12 square degrees of sky at

15 and 90µmusing the Infrared Space Observatory (ISO) (Rowan-Robinson et al.

1999), including the South-one field. ELAIS was the largest project undertaken

with ISO. Subsequently ELAIS-S1 has been observed as part of both the SWIRE

and SERVS infrared surveys. ELAIS-S1 is also the subject of optical follow-up as

part of the ESO-Spitzer Imaging extragalactic Survey (ESIS Berta et al. 2006). At

the time of writing this thesis, the ESIS data has not yet been fully released.

Prior to Middelberg et al. (2008), the ELAIS-S1 had been observed with the

ATCA at 1.4 GHz by Gruppioni et al. (1999). These observations were a factor of

three lower in sensitivity, albeit over a slightly larger area.

2.1.3 ATLAS Science Goals

The broad scientific goals of ATLAS are to understand the formation and evolu-

tion of galaxies since the beginning of time. The specific science goals of ATLAS

include

1. Determining the relative contribution of star-forming galaxies and AGN at

faint radio flux densities. “Hybrid” sources are of particular interest, that
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is, sources with radio emission originating both from the star-forming disc

and the AGN.

2. Tracing the radio luminosity function to high redshifts.

3. Determining whether the far-infrared radio correlation changes with red-

shift.

4. Searching for overdensities of ultra-luminous infrared galaxies (ULIRGs)

at high redshifts, which are likely to be signposting the positions of proto-

clusters in the early Universe.

5. Exploring a region of uncharted parameter space that would enable us to

discover rare but important objects.

ATLAS radio observations were carried out with the Australia Telescope Com-

pact Array (ATCA, Project ID C1241) from 2004–2008 using the old ATCA corre-

lator, and from 2008–2011 using the Compact Array Broadband Backend (CABB

Wilson et al. 2011). The first data release (Data Release 1, or DR1) consists of the

preliminary data from the old correlator and reaches an rms sensitivity of∼ 30µJy

beam−1 (Norris et al. 2006; Middelberg et al. 2008). The final ATLAS data release

(DR3, Banfield et al. in preparation) will include the additional CABB data and

is expected to reach an rms sensitivity of ∼ 10µJy beam−1. Unless specified oth-

erwise, all ATLAS radio data in this thesis are from DR1. This is because at the

time of writing this thesis future data releases had not been finalised.

The radio data from DR1 comprised 173 hours on CDFS, or 8.2 hours per

pointing, and 231 on ELAIS-S1, or 10.5 hours per pointing. There are 2018 radio

sources in ATLAS within a total area of 7.65 square degrees. The ATLAS radio

fields are shown in Figures 2.1 and 2.2.

2.1.4 ATLAS Science Results

ATLAS data have yielded a number of science results including the discovery of

infrared faint radio sources, extending the infrared-radio correlation to lower flux

densities and the discovery of a large population of obscured AGNwith AGN-like

radio morphologies but star-forming spectral energy distributions (e.g Mao et al.

2010a).
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Figure 2.1: ATLAS 1.4 GHz radio image of CDFS from figure 1 of Norris et al.
(2006). The circles show the FWHM of the primary beam. The solid circles show
the new observations by Norris et al. (2006) while the dashed circles show the
field observed previously by Koekemoer et al. (2003). The black solid rectangle
shows the location of the GOODS field.
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Figure 2.2: ATLAS 1.4 GHz radio image of ELAIS-S1 from figure 1 of Middelberg
et al. (2008). The circles show the FWHM of the primary beam. The thin contours
show the noise levels of 25µJy, 35µJy and 45µJy and the thick contour marks the
area Middelberg et al. (2008) used for analysis.
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IFRS

Infrared Faint Radio Sources (IFRS) were first discovered by Norris et al. (2006)

and have since spawned a great deal of interest. Although radio sources with

no bright counterparts had been seen before (e.g. Richards et al. 1999), it was

assumed that the hosts were obscured by dust. Consequently, it was expected

that all radio sources detected by ATLAS would appear in the SWIRE catalogue

(Norris et al. 2006).

It was an unexpected result that ∼ 50 ATLAS sources did not have a counter-

part at any Spitzer wavelength. Norris et al. (2006) termed these sources IFRS.

IFRS were subsequently defined by Zinn et al. (2011) as sources that satisfied the

following two criteria:

• the ratio of radio to mid-IR flux density (S20cm/S3.6µm) exceeds 500 and,

• the 3.6µm flux density is less than 30µJy.

The large radio to mid-IR flux density ratio ensures the IFRS is radio-loud and

the faint infrared flux density limit ensures the IFRS is at z > 1.

The nature of the IFRS has been the subject of much debate. Norris et al.

(2007) observed two ATLAS IFRS, using Very Long Baseline Interferometry

(VLBI) with the Australian Long Baseline Array (LBA), and detected one. The

VLBI detection implies a brightness temperature that can only be produced by

non-thermal emission from an AGN. Middelberg et al. (2011) investigated the ra-

dio properties of IFRS and find their angular scales to be, in general, smaller than

typical galaxies. Moreover, they tend to have steep spectral indices soMiddelberg

et al. (2011) conclude they are likely to be high-redshift AGN. Norris et al. (2011c)

recently searched very deep 3.6µm SERVS data for IFRS counterparts and made

no firm detections. Stacking of the SERVS data at the IFRS positions yields a ten-

tative detection in the image centre. Norris et al. (2011c) concludes that IFRS are

likely to be radio-loud AGN at z < 3, or a new class of lower redshift (1 < z < 3)

radio-loud AGN, whose hosts are severely obscured by dust.

Mid-Infrared Radio Correlation

Beswick et al. (2007) traced the mid-infrared radio correlation at 24µm over

seven orders of magnitude, down to sources with 24µm flux densities of ∼ 80µJy.

Boyle et al. (2007) stacked ATLAS radio data to probe the correlation at µJy levels

and found that although the correlation held, it was inconsistent with previous
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Figure 2.3: 24µm infrared flux densities plotted against 1.4GHz radio flux den-
sities for ATLAS sources. The open symbols show the stacked data from Boyle
et al. (2007). Image credit: Norris et al. (2007)

studies. The correlation from Boyle et al. (2007) for ATLAS data is shown in Fig-

ure 2.3, and also includes AGN, which may be distinguished by the fact that they

do not lie on the correlation.

Boyle et al. (2007) discuss various explanations for their correlation, includ-

ing the possibility of error, but their simulations appear to rule this out. Norris

et al. (2007) suggest that the weak radio sources that are causing the correlation

may represent a new population of objects. Consequently, Norris has selected a

sample of 24µm-excess sources in the ATLAS fields to study this population. The

redshifts of these sources are presented in Appendix A.1.
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2.2 Telescopes

When commencing this thesis, ATLAS radio observations were not yet complete

and as a PhD student in the ATLAS team I was fortunate to participate in many

hours of observing at the Australia Telescope Compact Array. At the time of

writing, these data are close to being published in Banfield et al. (in preparation).

The initial aim of this thesis was to obtain spectroscopic redshifts for the AT-

LAS radio sources so that the formation and evolution of these sources could be

investigated. In order to achieve this we spent a total of 24 nights over three

years observing on the Anglo-Australian Telescope. Unfortunately, due to poor

weather, the goal of measuring spectroscopic redshifts for all radio sources in

ATLAS was not achieved, but sufficient data were obtained to measure the ra-

dio luminosity function for faint radio sources (∼ 150µJy beam−1) to moderate

redshifts (z ∼ 0.8). These data are presented in Chapter 3.

The following section provides a brief description of the two telescopes whose

data this thesis relies on, including a brief description of the AAOmega observa-

tions that I was primarily responsbile for.

2.2.1 The Australia Telescope Compact Array

The Australia Telescope Compact Array (ATCA) is a radio telescope located 237m

above sea level at −30◦18′47′′ South and 149◦33′01′′ East. The ATCA is part of

the Australia Telescope National Facility (ATNF), which is operated by CSIRO

Astronomy and Space Science (CASS), a division of the Commonwealth Scientific

and Industrial Research Organisation (CSIRO).

The ATCA is an array of six 22 metre antennas with a maximum baseline

of 6 km. Five of the antennas can be moved along a three kilometre East-West

railway track, with the sixth antenna located a further three kilometres away.

There is also a 214m North spur on the three kilometre track. The array may be

used between frequencies of 1.1GHz and 105GHz.

The Compact Array Broadband Backend Wilson et al. (CABB 2011) was re-

cently installed at the ATCA. The upgrade included a new correlator, increasing

the maximum bandwidth from 128MHz to 2GHz in each of its two IF bands, and

upgrades to the antenna feed and receiver systems. The CABB has improved the

continuum sensitivity of the ATCA by at least a factor of four.

The radio data from the ATCA presented in this thesis are all pre-CABB, but I

was actively involved in the commissioning of the CABB (Wilson et al. 2011) and
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have been actively involved in projects that have utilised CABB’s broad band-

width (e.g. Emonts et al. 2011b,a).

2.2.2 The Anglo-Australian Telescope

The Anglo-Australian Telescope (AAT) is a 3.9m optical telescope located 1165m

above sea level at −31◦16′24′′ South and 149◦03′52′′ East, near Coonabarabran in

NSW. The AAT is operated by the Australian Astronomical Observatory (AAO),

which was known as the Anglo-Australian Observatory until 2010. The AAT was

commissioned in 1974 as a joint Australia and United Kingdom initiative, but

Australia has funded it in its entirety since 2010, sparking the name change of

the organisation. The AAT kept its name for posterity.

The AAT hosts a range of instruments, and AAOmega, the multifibre spectro-

graph (Sharp et al. 2006), was used for the ATLAS spectroscopy. The AAOmega

spectrograph is a dual-beam system that can cover the spectral range between

3700Å and 8500Å using the 5700Å dichroic beam splitter, or 4700Å to 9500Å

using the 6700Å dichroic.

AAOmega’s two degree field (2dF) front-end has two sets of 392 fibres that

may be distributed over a two degree field so as to obtain multiple spectra simul-

taneously. Positioning the fibres can take up to an hour so a tumbling mechanism

allows one field to be observing while the alternate fibre set is being configured.

Although the ATLAS AAOmega observations and data reduction are sum-

marised briefly in Chapter 3, some additional details are provided below. For the

ATLAS observations, AAOmega was used in both the standardmulti-object mode

(Saunders et al. 2004; Sharp et al. 2006) and nod+shuffle mode (Glazebrook and

Bland-Hawthorn 2001) with the low-resolution 580V and 385R Volume Phase

Holographic gratings.

Science frames were generally observed for 1 – 2 hours with each exposure

totalling 1200 – 1800 seconds. Multiple independent science observations are

required for each science frame as exposures must be long enough to overcome

read-out noise, but short enough such that cosmic rays do not dominate the CCD.

Furthermore, a single observation could not exceed 3 hours of exposure as the

rotation in the sky required a new field to be configured.

All science frame observations had associated quartz-halogen flat fields and

combined CuAr+FeAr, Helium and Neon arc lamp frames. Additionally, zero-

second “bias” frames and “dark frames” exposed for the same length of time as

the science frames are taken.
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AAOmega data were reduced using the 2dfDR package provided by the AAO.

All data were preprocessed to remove bias and dark current structure. The ob-

servations of the “flat fields”, uniformly illuminated by quartz-halogen lamps,

were used to identify the fibres on the CCD and calibrate each individual fibre’s

relative response. The “arc frames”, which observe well-known spectral lines, are

used to determine the wavelength solution.

Although we are trying to observe extragalactic sources, the dominant signal

received by the telescope is from the sky. The sky has both continuum emission

and strong emission lines. In order to remove the sky spectrum from the sci-

ence targets, there are ∼20 dedicated sky fibres distributed over the 2dF plate.

The number of sky fibres is required to decrease the noise in the sky spectrum.

The sky fibres are averaged together to produce a less noisy sky spectrum that is

scaled and subtracted from the science fibres.

Unfortunately, the averaged sky spectrum will have systematic errors, such

as sky variations over the field, so the removal of the averaged sky spectrum

makes the noise in the science fibre non-Poissonion. While the Poissonion noise

decreases with the square root of the observing time, non-Poissonion noise from

systematic errors do not (e.g. Sharp and Parkinson 2010). Consequently, faint

sources cannot simply be observed for long integration times and other means of

sky removal must be explored.

The sensitive Principle Component Analysis (PCA) method described

in Sharp and Parkinson (2010) is ideal for observations of 10 – 100 hours.

Unfortunately, this technique was still under development at the time of our

observations and was not utilised.

Nod+shuffle (Glazebrook et al. 2004) allows for the accurate subtraction of

the sky during spectroscopic observations. Nod+shuffle works on the basis that

the unilluminated portions of a CCD may be used for storage. For example, after

the telescope has observed the science target, this signal is “shuffled” into storage

on the unilluminated portion of the CCD. Meanwhile, as the science target sits

in storage, the sky is being observed through the same fibre at the same pixels on

the detector. Consequently the observation of the sky has the same path and pixel

response as the source enabling near-perfect sky subtraction. This method is less

efficient than conventional modes of observing as two fibres must be dedicated

to each science target, but as this method removes systematic errors, noise levels

can be pushed closer to the Poisson limit leading to spectra being obtained for

much fainter sources.
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The resulting spectra were analysed using the runz package with redshifts de-

termined using either template cross-correlation or emission line fitting. Early-

type spectra have strong continuum features and were more easily fitted us-

ing template cross-correlations to determine redshifts. Conversely, star-forming

spectra have strong emission lines thus fitting to them was more easily achieved

using emission line fitting. All spectra were visually inspected to ensure the va-

lidity of the redshift.
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3
The Australia Telescope Large Area

Survey: Spectroscopic Catalogue and

Radio Luminosity Functions

This chapter is a reproduction of the first-author article The Australia Telescope

Large Area Survey: Spectroscopic Catalogue and Radio Luminosity Functions, Mao

M. Y., Sharp R., Norris R. P., Hopkins A. M., Seymour N., Lovell J. E. J., Middel-

berg E., Randall K. E., Sadler E. M., Saikia D. J., Shabala S. S., Zinn P., submitted

to MNRAS on March 23, 2012. I was responsible for leading this work and was

the primary person in charge of observing, reducing and analysing the optical

data from the 2007, 2008 and 2010 AAT observations. The article was wholly

written by me with the contributions of the coauthors as follows:

• Rob Sharp and Ray Norris supervised this work and assisted with the AAT

observations. Rob also assisted with the data reduction, provided an inde-

pendent set of eyes for the spectroscopic classifications and provided the

IDL code that I modified to produce Figure 3.2.
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• Andrew Hopkins, Nick Seymour and Elaine Sadler participated in many

valuable discussions about the radio luminosity function. Elaine in partic-

ularly worked through the data in depth to ensure the generation of the

radio luminosity function was correct.

• The remaining coauthors provided many valuable discussions towards the

final manuscript.

The text is largely unchanged with only minor modifications for consistency.
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Abstract

The Australia Telescope Large Area Survey (ATLAS) has surveyed seven square

degrees of sky around the Chandra Deep Field South (CDFS) and the European

Large Area ISO Survey - South 1 (ELAIS-S1) fields at 1.4GHz to ∼ 30µJy beam−1

rms. Here we present 466 new spectroscopic redshifts for radio sources in

ATLAS as part of our optical follow-up program. Of the 466 radio sources with

new spectroscopic redshifts, 142 have star-forming optical spectra, 282 show

evidence for AGN in their optical spectra, 10 have stellar spectra (which we

attribute to chance alignments) and 32 have spectra revealing redshifts, but with

insufficient features to classify. We compare our spectral classifications with

two mid-infrared diagnostics and find them to be in broad agreement. We also

construct the radio luminosity function for star-forming galaxies to z = 0.5 and

for AGN to z = 0.8. The radio luminosity function for star-forming galaxies

appears to be in good agreement with previous studies. The radio luminosity

function for AGN is more puzzling and appears inconsistent with previous

studies of the local AGN radio luminosity function. We explore the possibility of

evolution, cosmic variance and classification techniques affecting the AGN radio

luminosity function. ATLAS is a pathfinder for the forthcoming EMU survey

and the data presented in this paper will be used to guide EMU’s survey design

and early science papers.

3.1 Introduction

Extragalactic radio sources comprise both star-forming (SF) galaxies and active

galactic nuclei (AGN) (Condon 1992). In order to understand the history of the

Universe we must unravel the cosmic evolution of both classes.

Radio galaxy hosts display a range of different optical spectra. SF galaxy spec-

tra are made up of direct emission from starlight, and are quite easily identified

at low redshifts. Some radio-loud AGN galaxies display strong high-excitation

lines, either broad or narrow depending on obscuration and the orientation

(Antonucci 1993), while others have weak or no emission features (e.g. Sadler

et al. 2002). These spectral differences have been attributed to different accre-

tion modes (Hardcastle et al. 2007; Croton et al. 2006). Sources without high-

excitation lines are fuelled by the accretion of hot gas (‘hot mode’) while high-
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excitation sources require fuelling by cold gas (‘cold-mode’). The radiatively

inefficient ‘hot-mode’ accretion is driven by the gravitational instability (Pope

et al. 2012), and results in a geometrically thick, optically thin accretion disk

within the hot broad-line region. On the other hand, the radiatively efficient

”cold-mode” accretion results in a geometrically thin, optically thick accretion

disk within the broad-line region, and a narrow-line region further out. ‘Cold-

mode’ accretion may be triggered by a merger event (e.g. Shabala et al. 2011),

which can also trigger star-formation within the galaxy. Consequently, sources

undergoing ‘cold-mode’ accretion may appear as ‘hybrid’ objects, that is, objects

whose radio emission results from both star-formation and an AGN component

(e.g. PRONGS, Mao et al. 2010b). Norris et al. (2012) find that the extreme

ULIRG, F00183-7111, is such an object.

Early radio surveys such as the 3C and 3CR Radio Surveys (Edge et al. 1959;

Bennett 1962) had rms levels of a few Janskys and detected predominately power-

ful radio galaxies and quasars, allowing the cosmic history of these sources to be

determined. Subsequent studies found that powerful radio galaxies and quasars

evolve very strongly with redshift and the space density of these sources at z ∼ 2

is orders of magnitude higher than in the local Universe (e.g. Dunlop and Peacock

1990).

More recent wide-field radio surveys such as NVSS (Condon et al. 1998),

SUMSS (Mauch et al. 2003) and FIRST (Becker et al. 1995) have reached rms

levels of a few mJy. At these flux densities the radio source population is dom-

inated by radio galaxies and quasars powered by AGN (e.g. Sadler et al. 2002).

The most powerful of these can be seen out to the edge of the visible Universe.

Source counts show a well-characterised upturn below 1mJy beam−1, which is

above that predicted from the extrapolation of source counts for AGN with high-

flux densities. Some studies attribute this to strong evolution of the SF galaxy

luminosity function (e.g. Hopkins et al. 1998) while others find a significant con-

tribution from lower-luminosity AGN (e.g. Huynh et al. 2007). Sadler et al. (2007)

found that low-luminosity AGN undergo significant cosmic evolution out to z

= 0.7, consistent with studies of the optical luminosity function for AGN (e.g.

Croom et al. 2004).

The deepest radio surveys now reach rms levels below 10µJy beam−1 (e.g.

Owen and Morrison 2008), but cover very small areas on the sky. The distri-

bution of AGN and SF galaxies at low flux densities is not well known, with some

studies finding the proportion of AGN declining with decreasing flux density
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and emission due to star-formation (SF) dominating (e.g. Mauch and Sadler 2007;

Seymour et al. 2008), while other studies find the distribution is closer to a 50/50

split between SF galaxies and AGN down to ∼50µJy beam−1 (e.g. Smolčić et al.

2008; Padovani et al. 2009). The lack of consensus of the distribution of AGN and

SF at low flux densities is due to the small areas of sky surveyed at these sensitiv-

ities. Norris et al. (2011a) provide a brief comparison of the various studies and,

in their figure 4, show that the fraction of SF galaxies at <100µJy beam−1 could

range from 30 - 80 per cent.

To date, understanding the evolution of the faint radio source population has

been limited by the availability of sufficiently deep wide-area radio surveys. With

the aim of imaging approximately seven square degrees of sky over two fields

to 10µJy beam−1 at 1.4GHz, the Australia Telescope Large Area Survey (ATLAS,

Norris et al. 2006; Middelberg et al. 2008) is the widest deep field radio survey yet

attempted. ATLAS observes two separate fields so as to minimize cosmic variance

(Moster et al. 2011): Chandra Deep Field South (CDFS) and European Large Area

ISO Survey-South 1 (ELAIS-S1). The two fields were chosen to coincide with

the SpitzerWide-Area Infrared Extragalactic (SWIRE) Survey program (Lonsdale

et al. 2003), so optical and mid-infrared identifications exist for most of the radio

objects. CDFS also encompasses the Southern Great Observatories Origins Deep

Survey (GOODS) field (Giavalisco et al. 2004).

The first data release (Data Release 1, or DR1) from ATLAS consists of the

preliminary data published by Norris et al. (2006) and Middelberg et al. (2008)

and reaches an rms sensitivity of ∼30µJy beam−1. The flux densities of DR1 are

accurate to ∼10 per cent. The final ATLAS data release (DR3: Banfield et al.,

in preparation) will include additional data taken with the new CABB upgrade

(Wilson et al. 2011) to the ATCA, and is expected to reach an rms sensitivity of

∼10µJy beam−1. For this paper we use radio data only from DR1.

Spectroscopic data provide accurate redshift information that can be used to

determine absolute magnitudes, luminosities etc. This paper presents spectro-

scopic redshifts and spectral classifications of radio sources in the ATLAS fields

obtained using the AAOmega multi-fibre spectrograph at the Anglo-Australian

Telescope (AAT) of sources in the ATLAS fields. Section 2 describes the obser-

vations and data analysis while Section 3 provides spectral classifications and a

description of the redshift catalogue. Section 4 discusses how the spectral classi-

fications compare to mid-infrared diagnostics and presents the radio luminosity

function for ELAIS. Section 5 summarises our conclusions.
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This paper uses H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7 and the

web-based calculator of Wright (2006) to estimate the physical parameters. Vega

magnitudes are used throughout.

3.2 Observations and Data

3.2.1 Existing multi-wavelength data in ATLAS

Radio observations of ATLAS were carried out with the Australia Telescope Com-

pact Array (ATCA, Project ID C1241). The ATCA was used in a variety of con-

figurations to maximise uv coverage. ATLAS observations were performed in

mosaic mode with 40 pointings. The radio data used in this paper are from DR1

(Norris et al. 2006; Middelberg et al. 2008). CDFS was observed for 173 hours in

total, or 8.2 hours per pointing, and ELAIS was observed for 231 hours in total,

or 10.5 hours per pointing. There are 2018 radio sources in ATLAS within a to-

tal area of 7.65 square degrees. Smaller subsets of the ATLAS-CDFS field have

been observed using the VLA by Kellermann et al. (2008) and Miller et al. (2008)

at 1.4GHz. Cross-matching of the ATLAS radio sources to optical and infrared

counterparts is discussed by Norris et al. (2006) and Middelberg et al. (2008).

Infrared observations of ATLAS were obtained by SWIRE (Lonsdale et al.

2003), the largest Spitzer legacy program. SWIRE covers seven different fields

including CDFS and ELAIS, totalling 60 - 65 square degrees in area at all seven

Spitzer bands. SWIRE observes at 3.6, 4.5, 5.8, 8 and 24µm down to 5, 9, 43, 40

and 193µJy beam−1 respectively. The SWIRE data used in this paper are all from

the third SWIRE data release.

3.2.2 Anglo-Australian Telescope Observations and Data Re-

duction

Source Selection

The aim of the optical observations was to obtain spectra for all radio sources. A

small fraction (< 10%) have spectroscopic redshift information in the literature,

predominately in CDFS. Consequently, these were assigned a low observation

priority. Furthermore, radio sources with very faint or no optical counterparts

were also assigned a low observation priority.
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Table 3.1: Summary of AAT observations. N. obs gives the number of fibres
placed on science sources. The seeing information is from the AAT observing
log. All observations were performed in multi-object mode with the exception of
‘CDFS A ns’ and ‘CDFS B ns’, which were performed in nod+shuffle mode.

Observation N. obs. Exposure (s) Obs. date Dichroic Seeing (arcseconds)
CDFS A bright 329 3 × 1200 20071202 5700Å 2.4
CDFS A bright 343 4 × 1200 20071204 5700Å
CDFS B bright 329 4 × 1200 20071204 5700Å

CDFS A med 343 4 × 1800 20071207 5700Å 1.9-2.5
CDFS B med 329 2 × 1200 20071205 5700Å 1.8-2.3

CDFS A ns 162 1 × 1500 20071206 5700Å 1.4
CDFS A ns 162 13 × 2400 20071206,07,08 5700Å 1.2-3
CDFS A ns 187 5 × 2400 20071208 5700Å 1.2 - 1.7
CDFS B ns 187 1 × 1500 20071205 5700Å 2.3

CDFS A 2010 329 6 × 2400 20101206 5700Å
CDFS B 2010 329 2100+1500 20101207 5700Å
ELAIS bright 343 7 × 1200 20071205 5700Å 1.8
ELAIS bright 343 4 × 1800 20081221,22 6700Å 1.6-1.7
ELAIS bright 329 4 × 1800 20081224,25,26 6700Å 1.6-2.4

ELAIS 2010 343 1270+1770 20101208 5700Å 1.4 - 1.6

The position of counterparts for optical spectroscopy were identified with the

SWIRE mid-infrared positions to provide sub-arcsecond astrometry (Norris et al.

2006; Middelberg et al. 2008). Optical photometry at these positions was derived

from SWIRE1 (Lonsdale et al. 2003) to identify our sample (both ‘bright’ and

‘med’ in Table 3.1) consisting of sources with 16 < R < 22, which were suitable

for normal AAOmega observations. The optical photometric data in SWIRE is

not uniform, with areas where no data are available. Within these areas we used

photometric data from SuperCOSMOS (Hambly et al. 2001).

The ‘bright’ sample yielded the majority of the successfully determined red-

shifts presented in this paper. In addition, a ‘faint’ sample of sources with R > 22

was selected for nod+shuffle observing, but these were unable to be completed

because of poor weather. Of the 1120 sources observed in total, 692 were in the

‘bright’ sample, which yielded high quality redshifts for 466 sources.

Observation

We obtained AAOmega observations of the ATLAS radio sources from December

1 to December 8, 2007 and December 20 to December 27, 2008, all of which were

dark nights. AAOmega is the multi-object spectrograph on the Anglo-Australian

1http://swire.ipac.caltech.edu/swire/swire.html
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Telescope (AAT). We also obtained some observations for ATLAS sources from

December 1 to December 8, 2010 as part of a complementary project. The

AAOmega spectrograph was used in multi-object mode (Saunders et al. 2004;

Sharp et al. 2006) and nod+shuffle mode (Glazebrook and Bland-Hawthorn

2001). While the sensitive principle component analysis (PCA) based approach

for deep observations with AAOmega (Sharp and Parkinson 2010) would likely

have resulted in enhanced sensitivity, the technique was still under development

at the time of our observations. We used the dual beam systemwith the 580V and

385R Volume Phase Holographic gratings. The 2007 and 2010 observations used

the 5700Å dichroic beam splitter and covered the spectral range between 3700Å

and 8500Å at central resolutions in each arm of R∼1300 per 3.4 pixel spectral res-

olution element. The 2008 observations used the 6700Å dichroic beam splitter

and covered the spectral range between 4700Å and 9500Å, which allows detec-

tion of Hα to z ∼ 0.4.

Each of the three observing sessions over three years was compromised by

poor weather, with only 16.9% of scheduled time able to be used, severely re-

stricting the sensitivity of the observations. The seeing ranged from 1.2′′ to 3.0′′.

The observations are summarised in Table 3.1.

The sensitivity limit with AAOmega for our estimated exposure times was R ∼
22. The surface density of ATLAS sources at this sensitivity limit is ∼100/deg2,
with this value decreasing markedly for brighter sensitivity limits. Optimising

the placement of the fibres still resulted in ‘spare fibres’ that could not be placed

on ATLAS radio sources. The remaining fibres were allocated to three ATLAS re-

lated projects: the detection of a cluster associated with a wide-angle-tail galaxy,

a sample of luminous red galaxies and a large sample of 24µm excess sources2

in the ATLAS fields. The redshifts obtained for the cluster work have been pub-

lished in Mao et al. (2010a) and the 24µm data are presented in Appendix A.1

and will be discussed in further detail in Norris et al. (in preparation), but are

not discussed further in the context of this work.

Data Reduction

The spectroscopic data were processed using the 2dfDR software provided by the

AAO. Source redshifts were determined using the runz package using template

cross-correlation or emission line fitting with a redshift quality flag out of 5 as-

signed via visual inspection of the fit. Spectra with a quality flag of 2 or below

2Sources that have a high 24µm to radio flux density ratio are defined as 24µm excess sources.
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were discarded.

621 ATLAS radio sources were observed in ELAIS, with spectra of quality > 2

obtained for 306 sources. 499 ATLAS radio sources were observed in CDFS, with

spectra of quality > 2 obtained for 160 sources. A total of 1120 ATLAS radio

sources were observed, with spectra obtained for 466 sources yielding reliable

redshifts from the AAOmega observations.

Our observations achieve ∼ 70% completeness at R ∼ 20 (Figure 3.1). This

corresponds to the ability to detect typical SF galaxies to z ∼ 0.4 and typical early-

type galaxies to z ∼ 0.5.

3.3 Results

3.3.1 Spectral Classifications

In the course of measuring the redshift, each spectrum was inspected visually

to determine whether the dominant physical process responsible for the radio

emission was star-formation (SF) or an AGN. Sadler et al. (1999) reported that

visual classifications can be used with confidence to analyse spectra from 2dF,

the precursor to AAOmega.

SF galaxy spectra are typically dominated by strong, narrow emission lines

including the Balmer series. We classified these spectra as ‘SF’. AGN, on the

other hand, can have pure absorption-line spectra (‘E’), absorption-line spectra

with some low-ionisation emission lines such as [OII] (3726 Å, 3729 Å) (‘E+OII’),

emission-line spectra whose line ratios are indicative of AGN activity (‘AGNa’)

and broad-line spectra (‘AGNb’). Figure 3.2 provides examples of each type of

spectrum. Ten sources had stellar spectra and, upon visual inspection of the

field, we attribute this to chance alignments and discard these data from further

analysis in this work.

There are 142 SF, 282 AGN (110 E, 60 E+OII, 79 AGNe, 32 AGNb), 10 stars

and 32 ‘unknown’ spectra that we are unable to spectroscopically classify, despite

sufficient features for a redshift to be determined. The spectra that are classified

as ‘unknown’ are typically at z > 0.4, so Hα is redshifted out of the spectrum. Fur-

thermore, a ratio of [OIII]/Hβ ∼ 1 could either indicate SF or AGN, and without

further information spectral classifications cannot be made.
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Figure 3.1: Histogram of R-band magnitudes for the target sources. The black
histogram represents all ATLAS radio sources that have R-bandmagnitudes from
SuperCOSMOS (Hambly et al. 2001), the red histogram represents the sources
that were observed with AAOmega and the blue histogram represents all sources
that had quality > 2 spectra.
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Figure 3.2: Examples of each spectral classification. From top left the spectra
are ‘E’, ‘E+OII’, ‘AGNe’, ‘AGNb’ and ‘SF’. The red dotted lines indicate promi-
nent absorption features and the blue dotted lines indicate prominent emission
features. The green dashed lines indicate the Fraunhofer A+B atmospheric ab-
sorption bands from O2.
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Table 3.2: First 10 lines of the catalogue of new spectroscopic redshifts and spec-
tral classifications of the 466 radio-selected galaxies in ATLAS. Column 1 gives
the ‘SID’ from Norris et al. (2006); Middelberg et al. (2008) and Columns 2 and
3 provide the position of the optical counterpart. The radio flux densities in Col-
umn 6 are from Norris et al. (2006); Middelberg et al. (2008) and are uncorrected
for effects such as bandwidth smearing. Columns 5 and 6 give the SuperCOS-
MOS R and B-band magnitudes (Hambly et al. 2001). Columns 7 and 8 present
the spectroscopic redshifts and spectral classifications determined in this paper
and Columns 9 and 10 present the absolute R-bandmagnitude and 1.4GHz radio
luminosity.

SID RA Dec S20 R B z Spec. class. MR log L1.4GHz

(J2000) (J2000) (mJy) (Vega) (Vega) (W Hz−1)
S007 03:26:15.42 -28:46:30.80 0.71 20.19 22.52 0.7108 E+OII -23.68 24.15
S009 03:26:16.32 -28:00:14.72 1.66 20.46 0.5295 E+OII 24.22
S012 03:26:22.06 -27:43:24.53 27.81 19.12 19.37 1.3871 AGNb -25.01 26.42
S014 03:26:26.90 -27:56:11.65 4.14 17.98 18.92 0.8106 AGNb -25.46 25.05
S015 03:26:29.13 -28:06:50.80 0.31 16.66 17.21 0.0579 SF -20.44 21.40
S021 03:26:30.65 -28:36:58.03 1.86 18.98 21.54 0.4731 E -23.89 24.15
S031 03:26:39.12 -28:08: 1.57 42.29 16.89 18.43 0.2184 E -23.55 24.75
S037 03:26:43.38 -28:13:28.06 0.50 17.93 19.79 0.2956 SF -23.39 23.12
S038 03:26:43.34 -28:22:11.43 8.28 19.37 21.69 0.3220 AGNe -22.32 24.42
S042 03:26:48.47 -27:49:38.06 5.00 2.9869 AGNb 26.43

3.3.2 Redshift and Spectral Classification Catalogue

The catalogue of redshifts and spectral classifications is available as supplemen-

tary material in the online version of this paper. Table 3.2 provides the first ten

lines of the catalogue.

Figure 3.3 shows the redshift distribution of the 466 sources in ATLAS for

which we obtained redshifts from AAOmega. The median redshift for the entire

sample is 0.316 while the median redshift for CDFS is 0.332 and the median

redshift for ELAIS is 0.315. The redshift peak in the CDFS redshift histogram

at 0.6 < z < 0.7 corresponds to a known cosmic sheet (e.g. Norris et al. 2006).

There is also a redshift peak in the ELAIS redshift histogram at 0.2 < z < 0.4. Mao

et al. (2010a) discovered an overdensity in ELAIS at z ∼ 0.22, associated with a

large wide-angle tail galaxy (WAT). They also found an additional three WATs in

ELAIS at 0.3 < z < 0.4, each of which is likely to be associated with a cluster of

galaxies.

The most distant radio source in our observed sample is SWIRE3 J032648.47-

274938.0 at a redshift of z = 2.99, and has been spectroscopically confirmed as a

broad-line quasar with a radio power of 2.8 × 1026 W Hz−1.

Figure 3.4 shows the spectroscopic redshifts we have obtained plotted against
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Figure 3.3: Histogram of spectroscopic redshifts in ATLAS. The red line shows
data for CDFS and the blue line shows data for ELAIS. The black line is the total.
The bins are 0.1 z wide.
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photometric redshifts from Rowan-Robinson et al. (2008). There are 264 sources

with both photometric redshifts and spectroscopic redshifts. We calculated the

Pearson Product-Moment Correlation Coefficient for the entire sample to be

0.795+0.040−0.049, with the errors being the 95% confidence interval. This implies a

moderately strong positive relationship. However, when calculating this coeffi-

cient for only the early-type galaxies (spectral classification E or E+OII) we find

this value to be 0.936+0.021−0.032, which implies a very high degree of accuracy for the

photometric redshifts for these sources. This result is perhaps unsurprising given

the strong spectral break at ∼4000Å rest-wavelength present in early-type spec-

tra. The coefficient is 0.842+0.052−0.075 for SF galaxies and 0.745+0.092−0.134 for AGN. It is

evident from Figure 3.4 that at higher redshifts (z>0.7), the correlation becomes

weaker, consistent with Norris et al. (2006), who used a more limited spectro-

scopic redshift dataset.

We calculate the radio luminosity for each source with spectroscopic redshift

information using

Lν =
4πD2

LSνobs
(1 + z)1+α

(3.1)

where Lν is the luminosity in W Hz−1 at the frequency ν, DL is the luminosity

distance in metres, Sνobs is the observed flux density at the observing frequency,

and α is the spectral index where spectral index is defined as S ∝ να . We assume

α = -0.75, which is a typical mean value for the synchrotron emission observed

from faint radio sources (Ibar et al. 2010).

Figure 3.5 presents the luminosity histogram for sources with redshift

information. The median L1.4GHz for these sources is ∼ 1023.1WHz−1

with the SF source median L1.4GHz ∼ 1022.6WHz−1 and the AGN median

L1.4GHz ∼ 1023.4WHz−1. The large overlap between the radio luminosity ranges

for SF and AGN sources makes it impossible to determine whether sources with

the ‘unknown’ spectral classification are SF or AGN from this information alone.

3.4 Discussion

3.4.1 Mid-IR colours

We compare our spectral classifications with those determined frommid-infrared

colour-colour diagrams similar to those of Lacy et al. (2004) using the SWIRE data
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Figure 3.4: Spectroscopic redshifts plotted against photometric redshifts from
Rowan-Robinson et al. (2008). Our spectral classifications are overplotted as dif-
ferent colours.
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Figure 3.5: Radio luminosity histogram for our sample. Sources spectroscopically
classified as SF are shown in blue, while those classified as AGN are shown in red.
Those without spectral classifications are shown in green.
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from Spitzer. Not all of the 466 sources with spectral classifications have infrared

data at the SWIRE wavelengths and, as such, comparisons may only be made

where data is available at all wavelengths.

Figure 3.6 shows the [3.6µm] − [4.5µm] against [3.6µm] − [8µm] plot, where

[1] − [2] = −2.5log(S1/S2), that is, the SWIRE colours are given in AB magnitude

units to allow direct comparison with Richards et al. (2006). The spectral clas-

sifications are plotted in different colours. The demarcation between AGN and

SF galaxies is as expected (e.g Sajina et al. 2005), which provides an independent

validation of our visual spectral classification method.

Richards et al. (2006) suggest that Type 1 quasars may be selected by taking

[3.6]−[4.5] > −0.1. We apply this selection to our data and find 127 sources would

be classified as Type 1 AGN (Figure 3.6). Of these 127 sources, we had spectro-

scopically classified 55 as SF, 67 as AGN (27 AGNb, 36 AGNe, 4 E or E+OII) and

5 were ‘unknown’. While this method appears to select against E type sources

more robustly than the Lacy et al. (2004) method below, the contamination by SF

sources is considerable.

Lacy et al. (2004) imposed a MIR colour selection to select AGN in their sam-

ple of SDSS sources in the First Look Survey. Applying this selection criteria to

the ATLAS data we classify 100 sources as AGN (Figure 3.7). Of the 100 AGN

that satisfied the ‘Lacy’ AGN criteria, we had spectroscopically classified 18 as

SF, 65 as AGN (26 AGNb, 27 AGNe, 12 E or E+OII) and 17 were ‘unknown’. Our

spectral classifications show that there is a significant region of overlap between

SF and AGN sources on this MIR colour-colour plot. Indeed, the majority of the

‘unknown’ spectral classifications fall in this region of overlap. A more stringent

‘diagonal boundary’ on the AGN selection may be better for AGN selection, but

this would also lose many AGN in the overlap region. We note that Lacy et al.

(2007) shifted the vertical boundary of the ‘Lacy’ wedge slightly but this does not

affect our result significantly.

3.4.2 Mid-infrared Radio Correlation

Norris et al. (2006) and Middelberg et al. (2008) both use the Mid-Infrared

Radio Correlation (MRC) to discriminate AGN from SF galaxies with q24 =

S24µm/S1.4GHz ≤ −0.16 identified as AGN. We apply this discriminant and find

16 of the 466 sources satisfy this AGN criterion. The MRC using 24µm data is

plotted against redshift in Figure 3.8.

Only one source presents a conflict between the spectral classification and
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Figure 3.6: MIR [3.6µm] − [4.5µm] vs. [3.6µm] − [8µm] colour-colour plot. The
data in blue show the sources classified spectroscopically as SF and those in red
show the sources classified as AGN. Stars are shown in purple and the sources we
were unable to classify spectroscopically are shown in green. The grey shaded re-
gion shows the location of the Richards et al. (2006) selection for Type 1 quasars.
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Figure 3.7: MIR [3.6µm] − [5.8µm] vs. [4.5µm] − [8µm] colour-colour plot. The
data in blue show the sources classified spectroscopically as SF and those in red
show the sources classified as AGN. Stars are shown in purple and the sources we
were unable to classify spectroscopically are shown in green. The grey shaded
region shows the location of the Lacy et al. (2004) selection for AGN.
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Figure 3.8: The mid-infrared radio ratio, q24, against redshift. The data in blue
show the sources that were classified spectroscopically as SF and those in red
show the sources that were classified as AGN. The sources which we were unable
to classify spectroscopically are shown in green. Sources with q24 ≤ −0.16 are
shown in black and the dotted line is at q24 = −0.16.
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that based on q24. The source, S385 in CDFS, is spectroscopically classified as a

SF galaxy, and lies close to the selection boundary but, at z = 0.6, it is difficult to

assign a spectral classification due to the dearth of strong optical features in the

observed spectral range.

The IR colours and the MRC in this paper are primarily used to determine

the validity of the spectral classifications that we presented in Section 3.3.1. We

hereby conclude that our spectral classifications are broadly reliable and for the

remainder of this paper we will use the spectral classifications only. The 32

sources that we were unable to classify spectroscopically as SF or AGN could

not be unambiguously classified using the mid-infrared diagnostics.

We defer a more detailed exploration of classification limitations and ambigu-

ities to a future paper that shall also utilise 843MHz and 2.3GHz ATLAS radio

data from Randall et al. (2012) and Zinn et al. (in preparation). We also note

the strength of classification techniques such as the k-Nearest Neighbour (kNN)

classifier, which can operate on multi-dimensional datasets (e.g. Gieseke et al.

2011).

3.4.3 Computing the Radio Luminosity Function

The radio luminosity function (RLF) allows direct insight into the evolutionary

history of galaxies. SF galaxies are known to positively evolve with redshift, that

is, the radio luminosity and number density of SF galaxies is greater at higher

redshifts (Hopkins et al. 1998; Afonso et al. 2005, Dwelly et al., in preparation).

The evolution of powerful radio AGN is well understood with powerful radio

AGN also evolving positively with redshift. The evolution of low-luminosity ra-

dio AGN is less well understood with some studies finding no evidence for any

evolution of the RLF for low-luminosity radio AGN (e.g. Clewley and Jarvis 2004)

and others finding that low-luminosity AGN do evolve with redshift, albeit more

slowly than their high-luminosity counterparts (e.g Smolčić et al. 2009; McAlpine

and Jarvis 2011). Best and Heckman (2012) suggest that the luminosity depen-

dence of the evolution of the AGN RLF may be attributed to the varying fractions

of ‘hot’ and ‘cold’ mode sources with redshift.

In order to calculate luminosity functions, the sample must have known red-

shifts as well as both an optical magnitude limit and a radio flux density limit

(Schmidt 1968, 1977). Moreover, the sample volume must be large enough to

mitigate the effects of cosmic variance (Moster et al. 2011). It is imperative that

any incompleteness in the dataset is well understood.
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RLF Survey Area

The ATLAS radio data cover ∼ 7.5 square degrees on the sky, 2.96 square degrees

in CDFS and 4.69 square degrees in ELAIS. AAOmega observations of ATLAS

comprised two overlapping pointings in CDFS and a single pointing in ELAIS.

The total area covered by AAOmega in CDFS is 2.83 square degrees and the total

area covered by AAOmega in ELAIS is π square degrees3. The discrepancies in

size and coverage are due to CDFS’s shape and the AAOmega observations actu-

ally extended beyond the boundary of the radio observations, whereas in ELAIS

the AAOmega pointing was within the radio observations. For the construction

of the RLF, the survey area must be limited to where there is data at both radio

and optical bands.

Due to the presence of a strong (> 1 Jy) source near the centre of the CDFS

field (Norris et al. 2006) the CDFS radio image contains a number of artefacts.

More advanced data reduction techniques have been applied to DR2 and DR3

and the CDFS radio image from these data releases is less affected by artefacts

and has a more uniform rms. Due to the varying rms of the DR1 CDFS radio

image, the remainder of this Section will deal only with ELAIS4. The RLF for

CDFS will be deferred to the release of DR2 and DR3.

The AAT observations for ELAIS cover only a single pointing so we limit the

total area with which we can construct the RLF to π square degrees, the field-of-

view (FOV) of AAOmega.

The Radio Data

ATLAS DR1 is nominally quoted as having an rms of 30µJy beam−1, but the sen-

sitivity of the radio images is not uniform, typically being less sensitive closer

to the edges. Figures 3.9 and 3.10 shows the varying rms in ELAIS at each ra-

dio source position. These values were calculated by producing an rms map and

calculating the mean rms in the 75 × 75 pixels (∼15 × 15 synthesised beams) sur-

rounding the source position. To mitigate the effect of outlier pixels the brightest

and faintest pixel in the rms grid were discarded when calculating the mean rms.

In order to construct the radio luminosity function wemust calculate themax-

imum volume to which a source of a given radio luminosity may be detected

(VMAX). If the radio image had uniform sensitivity,

3AAOmega has a radius of 1 degree and hence an area of π square degrees.
4Although we could have taken the subset of the CDFS radio image that was uniform, this area

has fewer than 30 radio sources with optical counterparts, so we construct the RLF for ELAIS only.
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Figure 3.9: ELAIS’s rms characteristics, with four different rms bins chosen, and
colour-coded.
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Figure 3.10: RMS against both RA and Dec for ELAIS with the same symbol
scheme as above.
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VMAX =
4

3
πΩD3

MMAX (3.2)

where Ω is the solid angle (in steradians) subtended by the image, and DMMAX is

the maximum comoving distance in Mpc for a source of a given radio luminosity

(Hogg 1999).

In order to account for the non-uniform sensitivity however, we must treat

the radio image as a number of nested subimages, each with its own limiting flux

density. Consequently, each subimage may be approximated by a uniform radio

image, and sources that fall below 5× rms (Figure 3.9) are discarded. For a sample

with regions that have different sensitivies, the maximum volume available to

each source may be calculated using the method described in section IIc of Avni

and Bahcall (1980).

Using the Miriad task imhistwe are able to calculate the total area of the radio

image above each chosen flux density limit. Consequently, for each source we are

able to calculate the total volume available to the source, as well as the actual

volume enclosed by that source using the method of Avni and Bahcall (1980).

The calculations for Venclosed and Vavailable are shown in Appendix A.2.

The Optical Data

We use the SuperCOSMOS (Hambly et al. 2001) optical magnitude data, which

is limited at Bj ∼ 23 and R ∼ 22. Sources fainter than these limits are discarded.

Although deeper photometry exist within parts of the ATLAS fields (e.g., Lons-

dale et al. 2003), SuperCOSMOS is the only survey to date that covers our region

of interest uniformly. Moreover, the faintest sources observed successfully in our

spectroscopic observations using the AAT have R ∼ 22. Optical k-corrections

were applied using the method from De Propris et al. (2004). Because both R and

B band magnitudes are necessary to calculate the k-correction when calculating

absolute magnitudes, we must determine magnitude limits for our spectroscopic

observations for both photometric bands.

Figure 3.11 shows the completeness functions for both bands. We choose

Rlim=20 and Blim=22.5. There is still some incompleteness (∼30 per cent) at these

magnitude limits, but we choose these limits to maximise the number of sources

that we can use to calculate the luminosity function. There is an additional in-

completeness that we must account for (top panels of Figure 3.11) due to the
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Figure 3.11: The top panels shows the fraction of sources observed against optical
magnitude (left: R-band, right: B-band) within the FOV and the bottom panel
shows the fraction of sources whose observations yielded quality spectra. The
pink dotted lines indicate the magnitude limits. The error bars are Poisson. The
error bars at bright magnitudes are large due to the small numbers in each bin.

fraction of sources that were not observed with the AAT. This is, in part, due to

the poor observing conditions. In order to observe a dense field of sources com-

pletely it is often necessary to observe a number of fibre configurations and the

poor observing conditions limited our ability to observe multiple configurations.

We also selected against bright sources (R < 18) because the magnitude range

for any single observation is limited to ∼2 magnitudes to avoid the problem of

scattered light. To account for these completeness issues, we take the product of

these two corrections (Ci) and weight each source of a given magnitude by this

correction when calculating the RLF (below). We can now calculate themaximum

volume out to which the optical source could be detected. As two optical bands

are necessary for k-correcting this dataset, we calculate VMAX at both bands and

take the smaller of the two to be the limiting value. The maximum volume to

which the optical source can be detected may be calulated using Equation 3.2.

V/VMAX test

All sources fainter than the radio flux density and optical magnitude limits for

our dataset have now been discarded. We remove any sources with stellar spec-

tra as these are believed to be chance alignments, leaving a total of 226 sources in

64



3.4. DISCUSSION

ELAIS out of the original 306 with which to calculate the radio luminosity func-

tion. Perhaps unsurprisingly, 71 per cent (17/24) of the ‘unknown’ spectral-type

sources were discarded due to their faint optical magnitudes. We do not account

for the ‘unknown’ spectra for the remainder of this section. Although they will

undoubtedly affect either or both the SF or the AGN RLF, there are only seven of

these sources in our sample and their inclusion would not significantly change

any of our results.

We can now check the completeness of our dataset using the V/VMAX test of

Schmidt (1968, 1977). We calculated both the available and enclosed volumes for

each radio source, as well as both the volume and maximum volume out to which

the optical source might be detected. We compare the maximum volume out

to which the optical source may be detected (Equation 3.2) with the maximum

volume available to each radio source (Equation A.2) and take the smaller of the

two as the limiting value, as in Equation 3.3.

VMAX = min[V(MAX,OPT),V(available,RAD)] (3.3)

where VMAX,OPT is the maximum volume to which the optical source may be

detected, and VMAX,OPT is the maximum volume available to the radio source.

Of the 226 radio sources in ELAIS with which we are able to construct the

RLF, 146 (65 per cent) are detection-limited by the radio flux density limits. The

detection of sources with radio luminosities greater than 1024 W Hz−1 is almost

entirely governed by the optical magnitude limits. There is no discernable dif-

ference in the detection limit between SF and AGN. We calculate 〈V/VMAX〉 to be

0.563 ± 0.011, which is consistent with positive evolution as 〈V/VMAX〉 > 0.5.

The radio luminosity function for our sources was calculated using

Φ =

n
∑

i=0

1

VMAX,i
±

√

√

n
∑

i=0

1

(VMAX,i)2
(3.4)

where Φ is the density of sources in Mpc−3dex−1, n is the number of sources,

and VMAX is the maximum volume out to which we can see the source.

To correct for incompleteness, we apply the corrections from Figure 3.11. The

optical band that limits VMAX is used to determine which completeness correc-

tion is used.
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Φ =

n
∑

i=0

1

Ci ×VMAX,i
±

n
∑

i=0

1
√

(∆V2
MAX,i +∆C

2
i )

(3.5)

where Ci is from the completeness functions (Figure 3.11). Where the number

of sources is small (n < 40), the standard
√
n approximation to Poisson errors

are inaccurate, so for n < 40 we have evaluated the 1-sigma Poisson errors using

Gehrels (1986).

3.4.4 The RLF for ELAIS

Figure 3.12 and Table 3.3 show the resulting RLF over our entire redshift range.

We overplot data from Mauch and Sadler (2007) who calculated the local radio

luminosity functions for both SF galaxies and radio-loud AGN. The data from

Mauch and Sadler (2007) span a redshift range of 0.003 < z < 0.3 with a median

redshift of 0.043. The SF galaxy RLF for ATLAS-ELAIS appears to be higher than

the SF galaxy RLF of Mauch and Sadler (2007), especially for more luminous

sources. This may be attributed to our more sensitive radio observations, which

results in a higher median redshift for our sample. The median redshift for our

complete sample is z ∼ 0.316 compared to Mauch and Sadler (2007) whose me-

dian sample redshift is z ∼ 0.043. The SF galaxy RLF is known to positively

evolve with redshift, so our higher SF RLF is likely due to cosmic evolution of the

SF RLF. The AGN RLF also appears to be higher than the AGN RLF of Mauch and

Sadler (2007) by a factor of ∼3. This may be due to evolution, cosmic variance,

differences between how we classify sources, particularly composite sources, or

a combination of these factors. Detailed discussion of the SF galaxy and AGN

luminosity functions are presented below in Sections 3.4.5 and 3.4.6.

The dashed line in Figure 3.13 shows the flux density limit for the study from

Mauch and Sadler (2007). The dotted line in Figure 3.13 shows the flux density

limit for the COSMOS survey (Scoville et al. 2007). Smolčić et al. (2009) calcu-

lated the RLF for low-power AGN in the COSMOS sample using predominately

photometric redshifts and found mild evolution to z∼1.3.

3.4.5 RLF for SF galaxies

The RLF for SF galaxies has been proposed to evolve positively with redshift

(e.g. Rowan-Robinson et al. 1993; Hopkins et al. 1998). We compare our RLF

for SF galaxies with that of previous work by Afonso et al. (2005) and Mauch
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Table 3.3: Radio luminosity function at 1.4GHz for all radio sources, SF galaxies
and AGN in ELAIS.

Total SF AGN

log10L1.4 N log10Φ N log10Φ N log10Φ

(W Hz−1) (Mpc−3 dex−1) (Mpc−3 dex−1) (Mpc−3 dex−1)

20.5 1 -2.19+0.52−0.76 0 1 -2.19+0.52−0.76
21.0 0 0 0

21.5 3 -2.68+0.30−0.35 1 -3.38+0.52−0.76 2 -2.77+0.37−0.47
22.0 10 -2.86+0.16−0.17 5 -3.08+0.23−0.26 5 -3.26+0.23−0.26
22.5 25 -3.33+0.10−0.10 16 -3.61+0.12−0.12 9 -3.66+0.16−0.18
23.0 67 -3.42+0.06−0.07 32 -3.73+0.08−0.08 33 -3.74+0.08−0.08
23.5 66 -3.89+0.06−0.07 17 -4.55+0.12−0.12 48 -4.02+0.07−0.08
24.0 28 -4.51+0.09−0.09 3 -5.60+0.30−0.34 22 -4.58+0.10−0.10
24.5 17 -4.78+0.12−0.12 0 16 -4.82+0.12−0.12
25.0 6 -5.18+0.20−0.22 0 6 -5.18+0.20−0.22
25.5 2 -5.82+0.37−0.46 0 2 -5.82+0.37−0.46
26.0 0 0 0

26.5 0 0 0

27.0 1 -7.72+0.52−0.77 0 1 -7.72+0.52−0.77
Total 226 74 145

<V/VMAX > 0.564± 0.011 0.594± 0.020 0.532± 0.013
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Figure 3.12: The blue diamonds are the RLF for SF sources, the red diamonds are
for the AGN RLF and black is the total. The solid pale blue and pink lines are
the parametric fits to the local RLF from Mauch and Sadler (2007). Errors are
Poisson.
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Figure 3.13: Radio luminosity plotted against redshift for our sources. The lines
show different flux density limits. The solid line corresponds to a flux density
limit of 150µJy beam−1, which is ∼5 × rms for our data. The dashed line corre-
sponds to the flux density limit for Mauch and Sadler (2007) and the dotted line
corresponds to the flux density limit for COSMOS (Smolčić et al. 2009).
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Table 3.4: Radio luminosity function at 1.4GHz for SF galaxies and AGN in
ELAIS at two different redshift bins.

SF 0<z≤0.2 SF 0.2<z≤0.5 AGN 0<z≤0.2 AGN 0.2<z≤0.4 AGN 0.4<z≤0.8
log10L1.4 N log10Φ N log10Φ N log10Φ N log10Φ N log10Φ

(W Hz−1) (Mpc−3 dex−1) (Mpc−3 dex−1) (Mpc−3 dex−1) (Mpc−3 dex−1) (Mpc−3 dex−1)
20.5 0 0 1 -2.19+0.52−0.76 0 0

21.0 0 0 0 0 0

21.5 1 -3.38+0.52−0.76 0 2 -2.77+0.37−0.47 0 0

22.0 5 -3.08+0.23−0.26 0 5 -3.26+0.23−0.26 0 0

22.5 8 -3.78+0.17−0.19 8 -3.25+0.17−0.19 6 -3.73+0.20−0.23 3 -3.62+0.30−0.34 0

23.0 8 -3.89+0.17−0.19 24 -3.63+0.10−0.10 5 -3.90+0.23−0.26 27 -3.64+0.09−0.09 1 -5.03+0.52−0.76
23.5 0 16 -4.49+0.12−0.12 2 -4.35+0.37−0.49 35 -3.97+0.08−0.08 11 -4.43+0.15−0.15
24.0 0 3 -5.46+0.30−0.34 1 -4.49+0.52−0.83 11 -4.53+0.15−0.15 10 -4.95+0.15−0.16
24.5 0 0 0 7 -4.71+0.19−0.20 7 -4.98+0.19−0.20
25.0 0 0 0 5 -4.87+0.22−0.25 1 -6.10+0.52−0.77
25.5 0 0 0 1 -5.69+0.52−0.77 1 -5.83+0.52−0.77
Total 22 51 22 89 31

<V/VMAX > 0.632± 0.039 0.480± 0.019 0.526± 0.032 0.548± 0.017 0.578± 0.030

and Sadler (2007) (Figure 3.14 and Table 3.4). Although the total SF galaxy RLF

for our dataset is higher than the SF galaxy RLF of Mauch and Sadler (2007)

– especially for more luminous sources – this is attributed to cosmic evolution.

When the SF galaxy RLF is separated into two redshift bins5 it is apparent that

the low redshift bin is in good agreement with Mauch and Sadler (2007). Afonso

et al. (2005) found their data were consistent with pure luminosity evolution in

the form L1.4GHz ∝ (1+z)Q, with Q = 2.7 ± 0.6 (Hopkins 2004). Our dataset has

very similar optical and radio limits to Afonso et al. (2005), and we find our SF

RLF to agree within the uncertainties with theirs at both redshift bins.

3.4.6 RLF For AGN

To determine the cosmic evolution of the RLF for AGN, we bin the data in redshift

and compute the RLFs for each redshift bin. Figure 3.15 and Table 3.4 show the

RLFs for the three redshift bins. We compare our AGN RLF with Mauch and

Sadler (2007) and find that our data is systematically inconsistent with the AGN

RLF from Mauch and Sadler (2007), being a factor of ∼3 higher.

Padovani et al. (2011) calculated the RLF for AGNs using the VLA-CDFS sam-

ple (Kellermann et al. 2008) and also find their RLF to be a factor of 3 – 4 higher

than Mauch and Sadler (2007). We compare our data with theirs over the same

redshift range and find them to be in good agreement (Figure 3.16).

5In order to construct the RLF for different redshift slices it is necessary to impose a maximum
and minimum z. Consequently, VMAX = min(VZMAX,VMAX)− VZMIN.
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Figure 3.14: Radio luminosity function for SF galaxies in ATLAS. We have split
our data into two redshift bins so as to allow for direct comparison against Afonso
et al. (2005). The grey data points are from Afonso et al. (2005). Errors are
Poisson. The parametric fit to the SF RLF from Mauch and Sadler (2007) is also
shown, both in its original form and after applying luminosity evolution in the
form L1.4GHz ∝ (1+z)Q, with Q = 2.7±0.6 (Hopkins 2004) and z = 0.2 and z = 0.5.
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Figure 3.15: Radio luminosity function for AGN in ATLAS-ELAIS. We have split
our data into three redshift bins. The pink line is the local AGN RLF fromMauch
and Sadler (2007). Errors are Poisson.
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Figure 3.16: Radio luminosity function for AGN in ATLAS-ELAIS with data from
Padovani et al. (2011) overplotted. Both the total AGN RLF and the RLF for the
redshift range 0.1 < z ≤ 0.35 are plotted to allow direct comparison with Padovani
et al. (2011). The pink line is the local AGN RLF from Mauch and Sadler (2007).
Errors are Poisson.
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Why is our AGN RLF ‘high’?

The AGNRLF for ELAIS is puzzling as it appears inconsistent with the local AGN

RLF of Mauch and Sadler (2007). For example, the median redshift for the eight

lowest luminosity AGN (the left-most three green data points in Figure 3.15) is

z ∼ 0.05, which is comparable to the median redshift of z ∼ 0.07 fromMauch and

Sadler (2007). We specifically investigate whether these eight sources may have

been mis-classified in some way. Four of the eight have clear evidence for AGN

acitivity in their optical spectra (e.g. broad lines, high NII/Hα ratios etc) and the

other four have early-type spectra. The one source that also had sufficient mid-

infrared data is likely to be AGN as it has mid-infrared colours consistent with

other early-type galaxies.

The AAOmega spectra are obtained through fibres 2 arcsec in diameter, which

corresponds to a projected diameter of 6.4 kpc at z=0.2. Consequently, in the

cases where we detect an early-type spectrum, it is possible that we are only see-

ing the bulge of a star-forming galaxy (see e.g. Mauch and Sadler 2007). This

is supported by the fact that the total RLF in Figure 3.12 agrees very well with

Mauch and Sadler (2007) at L1.4GHz < 1022.5 WHz−1, but the SF RLF is lower and

the AGN RLF is higher.

The next redshift slice, 0.2 < z ≤ 0.4 is equally puzzling as it too is a factor of

∼ 3 higher than the local AGN RLF. Some of this may be attributed to evolution,

although the large error bars preclude us from drawing any strong conclusions.

We note the further possibility that these sources are hybrid in nature, and it is

possible for a source to have both a star-forming disk and a nuclear AGN. While

an investigation into this would be useful, it is beyond the scope of this paper.

Another factor contributing to the higher number density of AGN may be the

presence of clusters or other large-scale structures, which can have the effect of

inflating the AGN RLF in ELAIS due to the small volumes probed (e.g. Padovani

et al. 2011). For example, Mao et al. (2010a) detected a large overdensity at z ∼
0.2 associated with a wide-angle tailed galaxy. The removal of galaxies in this

overdensity lowers the overall AGN RLF, although not by a significant amount

(δΦ < 15%). However, there are three additional WATs in ELAIS (Mao et al.

2010a) at 0.3 < z < 0.4, each of which is likely to be associated with a cluster. The

sampling of a larger volume would mitigate the effects of cosmic variance.

Sadler et al. (2007) calculated the RLF for AGNs at 0.4 < z ≤ 0.7 using radio

data from FIRST and optical data from 2SLAQ. We compare our data with theirs

over the same redshift range and find them to be in good agreement (Figure 3.17).
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Figure 3.17: Radio luminosity function for AGN in ATLAS-ELAIS with data from
Sadler et al. (2007) overplotted. The RLF for the redshift range 0.4 < z ≤ 0.7 is
plotted to allow direct comparison with Sadler et al. (2007). The pink line is the
local AGN RLF from Mauch and Sadler (2007). Errors are Poisson.
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At this redshift range we should be probing a volume large enough to sample the

Universe fairly and hence be free of the effects of cosmic variance.

We are not able to determine definitively why the AGNRLF for ELAIS appears

to be ‘high’. We have explored the possibility of evolution, cosmic variance and

the possibility of spectra being unrepresentative of the source. The AGNRLFmay

be suffering the effects of any one of these factors, or possibly a combination. DR3

will provide this study with more data so that we may determine why our AGN

RLF is high.

3.5 Summary and Conclusions

We have presented 466 new spectroscopic redshifts for radio sources in ELAIS

and CDFS as part of ATLAS, using AAOmega on the AAT. We have classified

the sources as AGN or SF based on their spectra and compared these spectral

classifications with mid-IR diagnostics and found them to be in good agreement.

Of the 466 sources, 282 are AGN, 142 are SF, 32 are either SF or AGN (none of

the diagnostics used in this paper were able to determine if they were SF or AGN)

and 10 are chance alignments with stars.

We have constructed the RLF for ELAIS for both SF galaxies and AGN.We find

positive evolution, consistent with previous studies, to z = 0.5 for the SF RLF. We

find our AGN RLF to be consistent with previous work by Padovani et al. (2011),

and a factor of ∼3 higher than the work by Mauch and Sadler (2007).

We cannot make any definitive statements as to why the SF RLF for ELAIS is

consistent with previous studies whereas the AGN RLF for ELAIS appears incon-

sistent. We attribute the inconsistencies to the possibility of evolution, cosmic

variance, obtaining spectra of only the bulge of a SF galaxy leading to an over-

estimate of early-type galaxies, or possibly an amalgamation of all these factors.

We shall perform these analyses on DR3 where the extra data will allow us to

draw more definitive conclusions.

ATLAS is the pathfinder for the forthcoming EMU Survey (Norris et al.

2011a), planned for the new ASKAP telescope (Johnston et al. 2008), which will

survey the entire visible sky to an rms depth of 10µJy beam−1. Because the AT-

LAS and EMU surveys are well-matched in sensitivity and resolution, the results

obtained in this and other papers on the ATLAS survey will be used to guide the

survey design and early science papers for EMU. In particular, the spectroscopy

on ATLAS sources will provide a valuable training set to guide the algorithms
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(e.g. for statistical redshifts) used to determine the redshift distribution of the

anticipated 70 million EMU sources.
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Radio galaxies are often linear

But in some cases they are not

We call these bent-looking sources

Wide-angle tailed galaxies or WATs

WATs are found in high-density regions

In cluster mergers, an unrelaxed place

Thus they are often used as probes

For high density regions in space

We searched for WATs in ATLAS

And found six in our sample of lots

Evidence is found for overdensities

In four of the detected WATs

I’ll leave you with one last thought

WATs can probe an overdense place

With the advent of EMU with ASKAP

We’ll probe ten-to-the-five clusters in space

My 30-second “Sparkler” talk, presented at the 2010 Astronomical Society of Aus-

tralia’s Annual General Meeting in Hobart





4
Wide-Angle Tail Galaxies in ATLAS

This chapter is a reproduction of the first-author peer-reviewed journal article

Wide-angle tail galaxies in ATLAS, Mao M. Y., Sharp R., Saikia D. J., Norris R. P.,

Johnston-Hollitt M., Middelberg E., Lovell J. E. J., 2010, MNRAS, 406, 2578. I

was responsible for leading this work and the article was wholly written by me

with the contributions of the coauthors as follows:

• Rob Sharp supervised this work, helped with the target selection for the

observations, performed the AAT service observations on October18,2008,

reduced the resulting data and produced Figure 4.3.

• Dhruba Saikia participated in many valuable discussions about the indi-

vidual sources and noted the potential importance of the asymmetric FRI

source in the vicinity of S1189.

• Ray Norris supervised this work and helped develop the model discussed

in Section 4.5.

• Melanie Johnston-Hollitt participated in many valuable discussions about

clusters of galaxies in general.
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• Enno Middelberg made the initial discovery of the relic in ELAIS and

spurred the generation of this work.

• Jim Lovell supervised this work and partipated in many useful discussions

for the overall paper.

The text is largely unchanged with only minor modifications for consistency.
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Abstract

We present radio images of a sample of six Wide-Angle Tail (WAT) radio sources

identified in the ATLAS 1.4GHz radio survey, and new spectroscopic redshifts for

four of these sources. TheseWATs are in the redshift range of 0.1469−0.3762, and
we find evidence of galaxy overdensities in the vicinity of four of the WATs from

either spectroscopic or photometric redshifts. We also present follow-up spectro-

scopic observations of the area surrounding the largest WAT, S1189, which is at

a redshift of ∼0.22. The spectroscopic observations, taken using the AAOmega

spectrograph on the AAT, show an overdensity of galaxies at this redshift. The

galaxies are spread over an unusually large area of ∼12 Mpc with a velocity

spread of ∼4500 km s−1. This large-scale structure includes a highly asymmet-

ric FRI radio galaxy and also appears to host a radio relic. It may represent an

unrelaxed system with different sub-structures interacting or merging with one

another. We discuss the implications of these observations for future large-scale

radio surveys.

4.1 Introduction

Wide-Angle Tail (WAT) galaxies are radio galaxies whose radio jets appear to

bend in a common direction. They are generally detected in dynamical, non-

relaxed clusters of galaxies (e.g. Burns 1990) and may be used as probes or trac-

ers for clusters (Blanton et al. 2000, 2001). Clusters of galaxies are the largest

gravitationally bound structures in the Universe and are powerful testbeds of

cosmological models (e.g. Borgani et al. 2004; Sahlén et al. 2009; Kravtsov et al.

2009). Clusters also host diffuse radio emission in the form of radio haloes and

relics (Giovannini and Feretti 2000; Feretti 2005; Ferrari et al. 2008; Giovannini

et al. 2009).

The bent nature ofWATs has commonly been attributed to strong intra-cluster

winds caused by dynamical interactions such as cluster-cluster mergers (Burns

1998). WATs are preferentially found in enhanced X-ray regions (Pinkney et al.

2000) and are usually associated with dominant cluster galaxies (Owen and Rud-

nick 1976). Mao et al. (2009a) found the tailed radio galaxies, including WATs,

to be located in the densest regions of clusters in the local Universe, consistent

with earlier studies (e.g. Burns 1990; Blanton et al. 2000, 2001). Thus WATs rep-

resent valuable tracers of high density regions in the intracluster medium (ICM),
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and this approach has been used in a number of recent studies (e.g. Blanton et al.

2000, 2003; Smolčić et al. 2007; Giacintucci and Venturi 2009; Kantharia et al.

2009; Oklopčić et al. 2010).

Here we present the radio properties of six WATs that we have identified in

ATLAS, the Australia Telescope Large Area Survey, carried out with the Australia

Telescope Compact Array (ATCA) at 1.4GHz (Norris et al. 2006; Middelberg et al.

2008). ATLAS 1 will image seven square degrees of sky over two fields to an rms

sensitivity of 10 µJy beam−1. The ATLAS fields have been observedwith a number

of different ATCA configurations, and the typical resolution of the observations

is ∼10 arcsec. The two ATLAS fields, Chandra Deep Field South (CDFS) and Eu-

ropean Large Area ISO Survey-South 1 (ELAIS-S1), were chosen to coincide with

the SpitzerWide-Area InfraRed Extragalactic (SWIRE) survey program (Lonsdale

et al. 2003) so that corresponding optical and infrared photometric data are avail-

able.

In addition to the radio properties we present new spectroscopic redshifts

for four of the WATs and follow-up spectroscopic observations of galaxies in the

vicinity of the largest WAT in order to probe its surrounding structure. This

WAT was first identified as radio source S1189 by Middelberg et al. (2008), and is

associated with the SWIRE source SWIRE4 J003427.54-430222.5 (Lonsdale et al.

2003).

In this paper we present a summary of the data in Section 2, while theWATs in

ATLAS are presented in Section 3. Section 4 presents the results of spectroscopic

observations of S1189 and its surrounding region, and discusses the large-scale

structure in its vicinity. In Section 5 we discuss cosmological inverse-Compton

quenching and the implications for deep wide radio surveys and ATLAS. This

paper uses H0 = 71 km s−1 Mpc−1, ΩM = 0.27 and ΩΛ = 0.73 and the web-based

calculator ofWright (2006) to estimate the physical parameters. Vegamagnitudes

are used throughout.

4.2 Data

4.2.1 Radio Data

ATLAS radio observations are currently partially complete with an rms noise of

∼20 - 30 µJy beam−1 at 1.4 GHz. The data used in this paper are taken from the

1http://www.atnf.csiro.au/research/deep/index.html
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first ATLAS catalogues (Norris et al. 2006; Middelberg et al. 2008) which contain

2004 radio sources. We expect ∼16000 radio sources at the completion of the

survey.

4.2.2 Spectroscopy

As part of ATLAS, we are undertaking a program of redshift determination

and source classification of all ATLAS radio sources with AAOmega (Sharp

et al. 2006) on the Anglo-Australian Telescope (AAT). We are currently partway

through our ATLAS spectroscopy campaign. A summary of these observations

are presented by Mao et al. (2009b) while the detailed results will be presented

by Mao et al. (in preparation). 169 ATLAS sources already have spectroscopic

redshifts from the literature. We have obtained 395 new spectroscopic redshifts

using AAOmega giving a total so far of 564 spectroscopic redshifts: 261 in CDFS

and 303 in ELAIS-S1. All of the WATs presented in this paper have spectroscopic

data from either our AAT observations or 2dFGRS (Colless et al. 2001).

4.2.3 Follow-up Spectroscopy of the region around S1189

There appears to be a cluster of galaxies within ∼2 arcmin of S1189 in the opti-

cal and infrared images (see Fig. 4.1). We obtained AAOmega observations for

sources within a degree of S1189 in service mode during the night of 2008 Oc-

tober 18. The AAOmega spectrograph was used in multi-object mode (Saunders

et al. 2004; Sharp et al. 2006) and centred on the WAT. We used the dual beam

system with the 580V and 385R Volume Phase Holographic (VPH) gratings cen-

tred at λ4800 and λ7150 covering the spectral range between 3700Å and 8500Å

at central resolutions in each arm of R∼1300 per 3.4 pixel spectral resolution el-

ement. The 5700Å dichroic beam splitter was used. Observing conditions were

good with clear skies and an average seeing of ∼1.6 arcsec. Two fibre configura-

tions were observed with 3 × 1200 sec integrations and associated quartz-halogen

flat fields and combined CuAr+FeAr, Helium and Neon arc lamp frames.

Targets were identified from the SWIRE catalogues (Lonsdale et al. 2003). The

target magnitude range was limited to 19 < R < 20.5. The bright limit was cho-

sen to select against foreground galaxies based on the expected low number of

galaxies brighter than L* in the potential cluster. The faint limit was chosen due

to the bright-of-moon service observations. The magnitude range yielded ∼7000
sources within a one degree radius (the field of view of the 2dF/AAOmega fibre
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Figure 4.1: SWIRE 3.6-µm image of the WAT, S1189, and the putative cD galaxy
located south-west of the WAT. The 1.4 GHz radio contours which are overlaid
start from 100 µJy beam−1 (3 × rms) and increase by factors of 2.
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Table 4.1: Priority assignment for the target observations. AAOmega is config-
ured based on source location and user-defined priority assignment with 9 being
the highest priority and 1 being the lowest. Columns 1 and 2 list the priority
assignment and the number of sources in each priority bin. Column 3 presents
the number of sources for which we were able to obtain redshifts, while Column
4 gives the radii of the priority bin from S1189. Column 5 describes how many
sources were selected randomly using Fisher-Yates shuffles. Priority 1 sources
were not included in the target list.

Priority No. sources Redshifts Radii Comment
9 1 1 putative cD
8 12 0 < 2′

7 60 7 2′ to 5′

6 100 8 5′ to 10′ 100/187 randomly selected
5 200 15 10′ to 15′ 200/328 randomly selected
4 200 28 1′5 to 30′ 200/1956 randomly selected
3 200 19 30′ to 1 deg 200/4426 randomly selected
2 46 8 sources with previously determined zspec
1 6197 0 > 5′ sources not randomly selected

positioner (Lewis et al. 2002)) centered on S11892. Targets were prioritized based

on radial separation from the WAT S1189 with the exception of the putative cD

galaxy which was assigned the highest priority to ensure that its redshift was

obtained. Targets farther than 5 arcmin were randomly sampled using Fisher-

Yates shuffles, to decrease the input catalogue to a practical working sample for

the configure software and the Simulated Annealing fibre allocation algorithm

(Miszalski et al. 2006), as given in Table 4.1. Regrettably no star-galaxy separa-

tion was performed resulting in the inclusion of stars in the input catalogue. Al-

though ∼400 AAOmega science fibres are available, fibre allocation requires tar-

get separations in excess of 30 arcsec due to physical limitations. Consequently

two independent fibre configurations were observed to secure as many high pri-

ority sources as possible.

Data reduction followed the standard pattern for AAOmega spectroscopy us-

ing the 2dfdr software package. The red and blue arms were reduced indepen-

dently and then spliced together so as to produce a continuous spectrum. The

redshift was then determined from the spectra using runz.

2The SWIRE input catalogue of Lonsdale et al. (2003) excludes a number of small regions at
the outer edge of the field.
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4.3 WATs in ATLAS

We have identified six WATs in ATLAS by visually examining the greyscale AT-

LAS images (Norris et al. 2006; Middelberg et al. 2008). Fig. 4.2 shows the ATLAS

greyscale radio images of the WATs in the left column, while images of the WATs

superposed on the Digitized Sky Survey (DSS) red and 3.6-µm Infrared Array

Camera (IRAC) images are shown in the middle and right columns respectively.

The WATs range in redshift from 0.1469 to 0.3762, and their properties are sum-

marized in Table 4.2. The radio luminosities at 1.4 GHz range from ∼2−6×1024

W Hz−1 which places them in the FRI (Fanaroff and Riley 1974) category. For

comparison the median luminosities of radio sources associated with cD galaxies

in rich and poor clusters studied by Giacintucci et al. (2007) are 0.7×1024 and

0.2×1024 W Hz−1 at 1.4 GHz. We have estimated the absolute R-band magni-

tudes of our ATLAS sources and find that these lie close to the transition region

in the absolute red-magnitude−1.4 GHz radio luminosity plot of Owen and Led-

low (1994). The optical spectra of the five sources for which we have determined

redshifts, of which four (S132, S483, S1189 and S1192) are new, are presented in

Fig. 4.3. The redshift of the sixth WAT galaxy, S409, was determined by Colless

et al. (2001).

We have probed for overdensities of galaxies in the vicinity of the WATs. In

addition to our observations of S1189 mentioned earlier, we have examined the

2dFGRS (Colless et al. 2001) spectroscopic survey, as well as the photometric

redshifts of galaxies in the SWIRE field by Rowan-Robinson et al. (2008). The

2dFGRS shows an overdensity of galaxies associated with S409, which is the near-

est WAT in our sample, while the photometric redshifts indicate overdensities of

galaxies associated with S483 and S1192.

We have examined archival ROSAT All-Sky Survey (RASS) data for X-ray de-

tections, and found no RASS detections towards these WATs. This implies an

upper limit to the X-ray luminosity of potential host clusters of ∼2−11×1037 W

s−1 which spans the upper values typical for clusters of galaxies with known X-

ray emission (Böhringer et al. 2001). This indicates upper limits to the masses of

∼2−6× 1014M⊙ (Pratt et al. 2009).

4.3.1 S132

The largest angular size of the source from end to end along the axis of the source

is 0.96 arcmin, corresponding to a physical size of ∼309 kpc. The peak of emis-
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Table 4.2: Sample of WATs in ATLAS. Columns 1 and 2 give the ATLAS and SWIRE names, Column 3 gives the redshift.
Column 4 lists the observed R-band magnitude from SWIRE, except for S132 where we have listed the value from super-
COSMOS since a value from SWIRE is not available, while Column 5 lists the absolute R-band magnitude. Columns 6 and 7
list the flux density and luminosity respectively at 1.4 GHz. Columns 8 and 9 list the angular and physical size. All the WAT
redshifts were obtained from our AAT observations with the exception of S409 whose redshift was determined by Colless
et al. (2001).

ATLAS SWIRE Counterpart z Robs Rabs Flux1.4 Power1.4 Sizeang Sizephys
(mag) (mag) (mJy) (1024W/Hz) (arcmin) (kpc)

ELAIS-1
S132 SWIRE4 J003236.18-442101.1 0.3762 18.1 −23.41 5.35 2.58 1.0 309
S483 SWIRE4 J003311.21-435512.3 0.3164 18.28 −22.79 6.72 2.16 1.5 413
S1189 SWIRE4 J003427.54-430222.5 0.2193 17.12 −23.04 45.03 6.25 5.0 1053
S1192 SWIRE4 J003320.68-430203.6 0.3690 18.92 −22.54 10.46 4.82 0.9 274
CDFS
S031 SWIRE3 J032639.11-280801.5 0.2183 16.63 −23.52 42.29 5.81 2.7 567
S409 SWIRE3 J033210.74-272635.5 0.1469 16.35 −22.84 42.35 2.41 2.6 396
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S132

S483

S1189

S1192

S031

S409

Figure 4.2: The six WATs in ATLAS. From top to bottom the WATs are S132,
S483, S1189 and S1192 in ELAIS-S1, and S031 and S409 in CDFS. The left col-
umn shows the 1.4 GHz radio continuum emission of the WATs in greyscale.The
middle column shows the radio contours overlaid on DSS red images. The right
column shows the radio contours overlaid on 3.6-µm IRAC images. The radio
contours start from 100 µJy beam −1(3 × rms) and increase by factors of 2. S409
is located at the edge of the 3.6-µm image.
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Figure 4.3: Spectra of the host galaxies of the five WATs for which we have mea-
sured redshifts using the AAOmega spectrograph on the AAT. The spectra are
typical of early-type galaxies that host luminous radio sources. The red dot-
dashed lines indicate the prominent stellar absorption features typical of an
early-type galaxy spectrum (Ca H+K, G-band, H-beta and Mg-b) from which the
redshift has been derived via template cross correlation. The green dash-dot-dot-
dot lines indicate the Fraunhofer A+B atmospheric absorption bands from O2

and the blue long dashed lines indicate the atmospheric water absorption band,
neither of which have been corrected due to the absence of appropriate telluric
standards in the redshift survey data.
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sion to the southwest of the host galaxy has been determined to be an unrelated

source, S131 (Middelberg et al. 2008). There are several galaxies to the west of

the southern tail which are seen more clearly in the 3.6-µm image, but at present

no redshift information is available for these galaxies. The tails appear to bend

away from this overdensity of galaxies.

4.3.2 S483

This WAT, which has an overall linear size of 413 kpc, is highly asymmetric in

the brightness of the two tails, with the peak brightness in the northern tail being

higher by a factor of ∼5. It would be useful to image the source, especially the

southern tail, with higher surface brightness sensitivity to confirm the present

classification. The photometric redshifts of the galaxies (Rowan-Robinson et al.

2008) within a radius of 2 arcmin, which corresponds to ∼550 kpc at z=0.3164,

show a concentration of galaxies at about the redshift of S483 (Fig. 4.4).

4.3.3 S1189

S1189 is the largest WAT in our sample with an overall linear size of ∼1053 kpc.

Its opening angle, defined by the lines connecting the regions of highest surface

brightness to the optical galaxy is ∼70◦, which is slightly smaller than for the

high-redshift WAT reported by Blanton et al. (2001) which has an opening angle

of ∼80◦. Clearly these opening angles would depend on the resolution of the ob-

servations and projection effects. Rudnick and Owen (1977) distinguish between

narrow-, intermediate- and wide-angle tails by requiring that the opening angle

be less than ∼20◦ for narrow-angle tailed sources and greater than ∼90◦ forWATs,

based largely on tailed sources at smaller redshifts than our sources. Although

it would be relevant to examine the effects of resolution and surface brightness

sensitivity as one finds more tailed sources at moderate and high redshifts, the

opening angle of S1189 is close to that of a WAT. Although WATs do tend to be

associated with the dominant galaxy, it could be associated with a bright galaxy

close to the brightest galaxy in a cluster or group (see Rudnick and Owen 1977;

Blanton et al. 2001). The associated galaxy of S1189 is the next brightest galaxy,

only 0.75 mag fainter than the cD galaxy. Rudnick and Owen (1977) also sug-

gested that WATs tend to have larger sizes than the narrow-angle tailed sources.

With a total size of over a Mpc, it would be more consistent with the sizes of

WATs. Considering all the aspects, we presently classify it as a WAT. We discuss
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the results of our AAOmega observations and the environment of this source in

Section 4.4.

4.3.4 S1192

S1192 is similar to S132 in both shape and extent, but the two tails in S1192 are

more symmetric in brightness. Both the DSS red and 3.6-µm images show a num-

ber of galaxies forming a filamentary-like structure along with the host galaxy of

theWAT. The photometric redshifts (Rowan-Robinson et al. 2008) within a radius

of 2 arcmin, which corresponds to ∼500 kpc at z=0.3690, show a concentration

of galaxies at about the redshift of S1192 (Fig. 4.5). This overdensity is largely

due to the galaxies in the filamentary-like structure.

4.3.5 S031

Although S031 exhibits distinct gaps of emission between the radio core and the

two tails of emission, the identification process described by Norris et al. (2006)

unambiguously classifies these three components as a triple radio source. The

peaks of emission in the tails are towards the radio core as expected in FRI radio

sources. We do not have redshift information at present to determine which of

the galaxies seen in Fig. 4.2 may be a part of the group or cluster associated with

S031. The gaps of emission between the central source and the lobes are reminis-

cent of the large radio galaxy in Abell 2372 (Owen and Ledlow 1997; Giacintucci

et al. 2007), which has been suggested by Giacintucci et al. (2007) to be due to re-

current radio activity (see Saikia & Jamrozy 2009 for a review). Although such a

possibility cannot be ruled out, more detailed spectral and structural information

are required to clarify whether this is indeed the case.

4.3.6 S409

S409 is the closest of the WATs in ATLAS with a redshift of 0.1469 (Colless et al.

2001) and a size of 396 kpc. It has an interesting radio structure with the western

lobe exhibiting two sharp bends and forming a long narrow tail of emission. A

deep X-ray image would be useful to understand how the gas distribution may

have shaped the unusual radio structure. The 2dFGRS data (Colless et al. 2001)

within a radius of ∼1 Mpc show a clear excess of galaxies in the same redshift bin

as S409 (Fig. 4.6). Within a radius of 500 kpc (3.5 arcmin at z = 0.1469) we find

3 galaxies at about the redshift of S409.
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4.4 Large-Scale Structure Around S1189

There are a total of 309 galaxies with spectroscopic redshifts within a radius of

one degree of S1189, including 94 galaxies whose redshifts we have measured

from our service mode observations with the AAOmega spectrograph. The other

redshifts are obtained from spectroscopic observations of ATLAS sources (Section

4.2.2). The redshifts of these 94 new galaxies are listed in Appendix A.

4.4.1 Redshift distribution

The redshifts of the 309 galaxies within a radius of one degree (∼12.6 Mpc at z

∼ 0.22) from the WAT source extend to ∼1.95. The distribution for the subset of

299 galaxies with z≤0.8 is shown in Fig. 4.7. The data are binned in intervals of

∆z = 0.005 which corresponds to 1500 km s−1. There is a clear excess of galaxies

at the redshift of the WAT source, with a distinct peak at the redshift bin 0.22

≤ z < 0.225. 20 galaxies lie in the peak-redshift bin, and a further 22 galaxies

lie in the two neighbouring bins resulting in 42 galaxies over three redshift bins,

the concentration being significant at ∼7σ . Properties of the galaxies in the peak

histogram bin and the two adjacent bins, which includes the putative cD galaxy

at a redshift of 0.2204, are listed in Table 4.3. The total spread in velocity of the

42 galaxies is ∼4500 km s−1, and the velocity dispersion is ∼870 km s−1. This

is similar to the spread for typical rich clusters in the local Universe undergoing

mergers such as A3667 and A3376 which both show radio relic emission and

have a velocity spread of ∼4200 km s−1 (Johnston-Hollitt et al. 2008; Owers et al.

2009). The redshift distribution of the 42 galaxies is shown in greater detail as

an inset in Fig. 4.7. The distribution is not a smooth Gaussian and shows sub-

structure, consistent with dynamic, merging systems.

4.4.2 Spatial Distribution

In Fig. 4.8 we plot the positions of the 42 galaxies listed in Table 4.3, with the

galaxies in the three redshift bins (0.215 ≤ z < 0.22; 0.22 ≤ z < 0.225; 0.225

≤ z < 0.23) indicated by circles of varying size. Despite considerable overlap,

there is a suggestion of a velocity gradient with the galaxies in the lowest redshift

bin (largest circles) extending towards the south-west and those in the highest

redshift bin (smallest circles) extending towards the south-east. Although galaxy

redshifts were measured within a radius of ∼12 Mpc from the WAT, ∼60 per cent
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Figure 4.4: Photometric redshift distribution of galaxies within 2 arcmin of S483
(∼550 kpc at z = 0.3164). The data is binned in intervals of∆z = 0.03. The vertical
dotted line indicates the redshift of the host galaxy.

Figure 4.5: Photometric redshift distribution within 2 arcmin of S1192 (∼500 kpc
at z = 0.3690). The data is binned in intervals of ∆z = 0.03. The vertical dotted
line indicates the redshift of the host galaxy.
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Table 4.3: Optical and infrared properties of the putative cluster members. Col-
umn 1 gives the SWIRE identification. Column 2 lists the R-band magnitude
from SWIRE while Column 3 lists the redshifts. Column 4 lists the radio flux
density at 1.4 GHz while Column 5 provides comments.

SWIRE ID R mag z
Radio flux

comment
(mJy)

SWIRE3 J003236.91-432040.8 19.44 0.2169
SWIRE4 J003411.57-425952.0 18.92 0.2171 0.53
SWIRE4 J003107.43-434037.5 0.2176 0.24
SWIRE4 J003559.43-430324.8 18.74 0.2180 0.21
SWIRE4 J003109.85-435010.9 0.2181 3.93
SWIRE4 J003512.31-425437.5 0.2181 14.79
SWIRE3 J003203.05-434121.6 18.07 0.2184
SWIRE3 J003500.92-430309.5 20.06 0.2187
SWIRE3 J003355.92-424153.9 0.2190
SWIRE4 J003123.87-430940.5 0.2191 0.34
SWIRE4 J003427.54-430222.5 17.12 0.2193 45.03 WAT
SWIRE3 J003422.08-430623.7 19.53 0.2201
SWIRE4 J003432.80-424555.1 0.2202 1.08
SWIRE4 J003748.72-430211.9 18.65 0.2203 0.23
SWIRE4 J003525.13-432941.4 18.93 0.2204 0.15
SWIRE3 J003419.26-430334.0 16.37 0.2204 cD galaxy
SWIRE4 J003713.54-431342.8 17.53 0.2214 2.39
SWIRE3 J003339.84-430908.8 18.07 0.2215
SWIRE3 J003711.92-430711.4 18.32 0.2215
SWIRE3 J003415.87-430840.9 18.97 0.2220
SWIRE4 J003714.11-430833.3 17.59 0.2221 0.53
SWIRE3 J003526.70-430418.7 18.45 0.2222
SWIRE3 J003503.98-425710.2 0.2222
SWIRE4 J003645.81-432016.0 17.73 0.2222 0.49
SWIRE3 J003443.66-424544.6 0.2225
SWIRE4 J003344.79-431627.8 17.87 0.2228 0.91
SWIRE3 J003707.12-430302.7 19.18 0.2229
SWIRE4 J003242.01-432630.6 18.78 0.2230 0.32
SWIRE4 J003326.18-434051.0 18.76 0.2232 0.27
SWIRE3 J003229.91-425457.7 0.2233
SWIRE3 J003242.01-432630.5 18.78 0.2233
SWIRE4 J003721.05-434240.0 17.40 0.2251 1.33
SWIRE4 J003306.30-431029.8 17.71 0.2252 12.33 double radio
SWIRE4 J003609.95-435002.2 19.84 0.2252 0.32
SWIRE3 J003322.00-430419.5 20.12 0.2253
SWIRE4 J003604.09-435802.3 0.2255 0.18
SWIRE4 J003340.23-432542.2 18.24 0.2258 0.34
SWIRE4 J003640.42-430000.1 17.32 0.2263 0.75
SWIRE4 J003734.09-433339.3 17.92 0.2263 1.20
SWIRE3 J003659.30-431824.1 18.20 0.2263
SWIRE4 J003502.52-432410.9 18.02 0.2265 0.19
SWIRE3 J003300.09-432819.9 18.26 0.2267
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Figure 4.6: 2dFGRS spectroscopic redshifts (Colless et al. 2001) of sources within
7 arcmin of S409 (∼1 Mpc at z = 0.1469). The data is binned in intervals of ∆z =
0.005. The vertical dotted line indicates the redshift of the host galaxy.

of the galaxies listed in Table 4.3 are within 6 Mpc of the WAT (30 arcmin). We

also note that the larger number of sources in the southern part of Fig. 4.8 is due

to the uneven coverage of the one-degree-radius field surrounding S1189.

4.4.3 cD Galaxy

The bright galaxy, SWIRE3 J003419.26-430334.0, located southwest of the WAT

source, has a redshift of 0.2204, implying a velocity difference between the two

galaxies of ∼320 km s−1. Their projected separation is ∼2 arcmin, corresponding

to ∼420 kpc at a redshift of 0.22. SWIRE3 J003419.26-430334.0 is the brightest

galaxy in the cluster and has a diffuse envelope, therefore we classify it as a pos-

sible cD galaxy. There is a marginal detection of associated radio emission with

a flux density of ∼140 µJy at 1.4 GHz which corresponds to a radio luminosity

of 1.96 × 1022 W Hz−1. Centrally dominant cD galaxies are usually giant ellip-

ticals residing in the centres of clusters of galaxies. These are much larger and

brighter than other galaxies in the cluster and are often surrounded by a diffuse

envelope (Matthews et al. 1964). Their large size is usually attributed to mergers

and galaxy cannibalism (e.g. De Lucia and Blaizot 2007).
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Figure 4.7: Histogram of redshifts of 299 galaxies located within a one degree
radius centred on the WAT, S1189, and with redshifts less than or equal to 0.8.
The redshift bin size is 0.005 which corresponds to 1500 km s−1. The inset shows
the redshift distribution of the galaxies at the peak and two adjacent bins (0.215
≤ z < 0.23). The redshift bin size is 0.00125 which corresponds to 375 km s−1.
The vertical dotted lines in both histograms are at z=0.2193, the redshift of the
WAT source.
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Figure 4.8: Spatial distribution of all galaxies in the field surrounding S1189 that
have spectroscopic redshifts. The circled sources are at 0.215 ≤ z < 0.23. The
largest circles show the sources that are at 0.215 ≤ z < 0.22. The medium circles
show the sources that are at 0.22 ≤ z < 0.225 and the smallest circles show the
sources that are at 0.225 ≤ z < 0.23. The location of the WAT is indicated by the
large “X”.
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4.4.4 Extended radio sources in the vicinity of the WAT

In addition to double-lobed radio sources, radio haloes, relics and core haloes

or mini haloes may also be associated with clusters of galaxies. Core-haloes are

usually less than ∼500 kpc in extent and associated with the dominant galaxy

in cooling core clusters. Haloes and relics are not associated with any particular

galaxy, and are often larger in size. Radio haloes are usually projected towards

the cluster centre, while relics are seen towards the periphery (e.g. Giovannini

and Feretti 2004). There are ∼30 radio haloes in nearby (z<0.4) clusters of galax-

ies (e.g. Giovannini et al. 2009), and there are ∼30 clusters of galaxies with at

least one radio relic (Giovannini and Feretti 2004). While models for haloes range

from re-acceleration of particles by turbulence to production of relativistic elec-

trons by hadronic collisons, relics are believed to arise due to cluster mergers

and/or matter accretion (Sarazin 1999; Ryu et al. 2003; Pfrommer et al. 2006;

Giacintucci et al. 2008; Johnston-Hollitt et al. 2008; Brown and Rudnick 2009).

Recent work suggests that halos are found inmassive, unrelaxed clusters, with

the radio and X-ray luminosity being strongly correlated, consistent with the re-

acceleration scenario (Brunetti et al. 2007; Venturi et al. 2008; Cassano 2009).

However, the present studies have been based on X-ray selected clusters of galax-

ies, and possible biases arising from it should be borne in mind. For example, the

limited sensitivity of the radio observations would make it easier to detect halos

in only the more X-ray luminous clusters of galaxies.

Radio relics on the other hand are believed to arise due to mergers accompa-

nied by shocks and/or matter accretion (e.g. Bagchi et al. 2006, and references

therein). These shocks are capable of accelerating particles to high energies, giv-

ing rise to the observed synchrotron radio emission. Harris et al. (1980) and

Tribble (1993) were amongst the early ones to suggest and explore the possibility

of acceleration of particles due to shock fronts on a large scale caused by mergers.

These ideas were expanded upon by Ensslin et al. (1998), Roettiger et al. (1999)

Enßlin and Gopal-Krishna (2001) and Ricker and Sarazin (2001), producingmore

sophisticated models.

The ATLAS radio image at 1.4 GHz (Fig. 4.9) shows two more extended

sources within ∼20 arcmin of the WAT source, one of which (S1081) appears

to be a radio relic (Middelberg et al. 2008), while the other (S1110) is an FRI

radio galaxy. Superpositions of the radio image of the relic on an optical DSS

red image as well as an infrared 3.6−µm image are shown in Fig. 4.10. While

no optical object is visible within the radio contours, there is an infrared ob-
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ject towards the central region of the source. This object has been classified as

an Sbc galaxy (optical template type 5) using a total of 6 photometric bands by

Rowan-Robinson et al. (2008). Its photometric redshift has been estimated to be

1.18. Given the properties of the object, it is likely to be unrelated. The radio

properties of the WAT and these two sources are summarised in Table 4.4. At a

redshift of 0.22, the relic would have a physical size of ∼274 kpc and a luminos-

ity of 3.3×1023 W Hz−1, which would make it similar to the relics found in the

periphery of clusters of galaxies in the local Universe (Ferrari et al. 2008). The

relic is at a projected distance of ∼2 Mpc from the cD galaxy. Typically relics

have been observed at distances of about a Mpc from the cluster centre, although

some systems are known to have relics up to distances of ∼4Mpc (e.g. Giovannini

and Feretti 2004). Some of the known examples of relics which lie at distances

beyond ∼2 Mpc from the nearest cluster core, such as B0917+75 (Harris et al.

1993; Johnston-Hollitt 2003), are typically associated with structure larger than

a single cluster. In the case of B0917+75 it is the Rood 27 cluster group. This

is similar to our situation. It is also relevant to note that the minor axis of the

relic does not point towards either the WAT source or the cD galaxy, suggesting

sub-structure in this large-scale structure. Simulations of shock generation dur-

ing hierarchical mass assembly suggest relics can be produced over 8 Mpc from

the cluster centre (Miniati et al. 2000; Pfrommer et al. 2006, 2008; Hoeft et al.

2008; Vazza et al. 2009). These aspects along with its radio structure and lack of

an obvious optical identification make it very likely to be a radio relic. One could

enquire whether this object might be a dying radio galaxy. The non-detection of

an early-type galaxy associated with it suggests that this is unlikely to be the case.

There are very few relics known beyond a redshift of ∼0.2 (e.g. Giovannini and

Feretti 2004), which makes this finding a significant one.

The other interesting source in the field is the FRI radio source S1110. The

radio emission from S1110 is symmetric within ∼80 kpc from the host galaxy,

SWIRE4 J003306.30-431029.8, reminiscent of the large-scale jets in FRI radio

sources. However, the extended lobes are highly asymmetric, the peak brightness

in the outer extremities differing by a factor of ∼4. This may be due to density

asymmetries on opposite sides of the source.
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Table 4.4: Radio properties of S1189 and extended radio sources in its vicinity. The size of the WAT (S1189) was measured
from the outer edge of one lobe to the core and out to the outer edge of the other lobe. The relic is assumed to be at a redshift
of 0.22.

ATLAS ID
RA Dec

Redshift
S1.4 Power1.4 sizeang sizephy

(J2000) (J2000) (mJy) (10 24 W Hz−1) (arcmin) (kpc)
WAT S1189 00 34 27.6 -43 02 22.5 0.2193 45.03 6.25 5.0 1053
Double radio S1110 00 33 06.3 -43 10 29.8 0.2252 12.33 1.82 2.6 559
Relic S1081 00 34 11.7 -43 12 39.4 (0.22) 2.35 (0.33) 1.25 (274)

1
0
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Figure 4.9: 1.4GHz radio image showing the WAT (S1189), the double-lobed ra-
dio galaxy (S1110) and the radio relic (S1081). The WAT S1192 , at z = 0.3690, is
also seen in the image.
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Figure 4.10: 1.4GHz radio contours of the relic (S1081) overlaid on the DSS red
optical image (left panel) and the 3.6 µm IRAC image (right panel) The contours

start at 100 µJy beam−1 and increase by factors of
√
2.

4.5 Implications for Deep Wide Radio Surveys and

ATLAS

In this paper we have reported the detection of six WATs from a sample of 2004

radio sources. Extrapolating this to future deep wide surveys, we might expect

to detect about 200,000 WATs from the catalogue of 70 million radio sources that

will be generated by the ASKAP-EMU (Australia SKA Pathfinder - Evolutionary

Map of the Universe) project (Norris 2009). Since each of these WATs is likely

to be associated with a cluster, such surveys will be powerful tools for detecting

clusters and exploring their properties, particularly since the radio luminosity of

WATs makes them detectable and capable of being studied up to high redshifts.

Such surveys are therefore likely to contribute significantly to areas such as

the formation and evolution of clusters, the formation of massive ellipticals,

and the relationship between giant ellipticals and supermassive black holes, or

SMBHs (e.g. Blanton et al. 2003; Chiaberge et al. 2009). Furthermore, while op-

tical and X-ray surveys tend to select the optically-rich or most X-ray-luminous

clusters of galaxies at moderate and high redshifts, sensitive radio observations

could help identify clusters with a wide range of optical and X-ray properties.

However, WATs are characterized by diffuse lobes of emission extending to

hundreds of kpc, and two effects potentially make such structures difficult to

observe at high redshift.

First, the radiating electrons of a synchrotron source lose energy by inverse-

104



4.5. IMPLICATIONS FOR DEEP WIDE RADIO SURVEYS AND ATLAS

Compton (iC) scattering of the cosmic microwave background radiation (CMBR),

whose energy density increases as (1+z)4. This effect is supported by evidence

that the X-ray emission from the lobes of large radio galaxies is due to iC scatter-

ing of the radiating electrons with the CMBR, which has been used to make an

independent estimate of the magnetic field strength of the radio lobes (e.g. Cros-

ton et al. 2004, 2005; Konar et al. 2009). Furthermore, Konar et al. (2004) have

found that the bridge emission in giant radio sources is less prominent at higher

redshifts, which they interpret as being caused by iC scattering with the CMBR.

Loss of electron energy by iC scattering from the CMBR overtakes syn-

chrotron cooling at a redshift z ∼ 0.556
√
B−1 where B is the synchrotronmagnetic

flux density in µGauss (Schwartz et al. 2006). So, for a constant B, one might ex-

pect synchrotron emission to fall sharply above that redshift.

However, if a low-luminosity radio source is modelled as two cones of expand-

ing plasma on either side of the central SMBH, then the magnetic field would be

expected to fall as the square of the distance r from the SMBH, resulting in a tran-

sition radius rcrit at which the dominant electron cooling mechanism switches

from synchrotron to iC, where rcrit ∝ (1 + z)−1. Thus, rather than synchrotron

emission falling sharply above some redshift, the size of the synchrotron-emitting

region shrinks linearly with redshift.

We conclude that, while iC cooling reduces the apparent size of the emitting

region, it does not impose a fundamental redshift limit above which WATs will

be invisible.

Second, high-redshift galaxies are subject to cosmological surface brightness

dimming, (e.g. Lanzetta et al. 2002, and references therein) which causes the

observed surface brightness per unit frequency interval of a resolved source to

decrease as (1+z)3. Thus, nearby radio galaxies are detectable to much lower

intrinsic surface brightness thresholds than high-redshift sources.

While both these effects are going to present challenges to the identification

of WATs at high redshifts, they accentuate the normal challenges of resolution

and sensitivity, rather than presenting fundamental limits of observability. In

their search for FRI radio sources in the redshift range 1<z<2 using the Faint

Images of the Radio Sky at Twenty-Centimeters (FIRST) radio survey, Chiaberge

et al. (2009) find that most of the sources are compact. Blanton et al. (2003)

have identified a WAT galaxy at z=0.96, while Saikia et al. (1993) and Saikia

et al. (1987) explored the possibility that B1222+216 (4C21.35) and B21419+315

might be WAT quasars at redshifts of 0.435 and 1.547 respectively.
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To explore and understand these aspects will require more detailed modelling

and significantly deeper large-scale radio surveys, which is the primary goal of

ASKAP-EMU.

4.6 Conclusions

We have identified a sample of six Wide-Angle Tail (WAT) radio sources. We

present new spectroscopic redshifts for four of these sources, and find that these

WATs lie in the redshift range 0.1469−0.3762. We have examined the fields using

both spectroscopic and photometric redshifts of galaxies in the vicinity of the

WATs and find evidence of an overdensity of galaxies in four of these WATs.

From a more detailed study of the field around S1189 we find an overdensity

of galaxies which is spread over ∼12 Mpc and has a velocity spread of ∼4500 km

s−1, and a velocity dispersion of ∼870 km s−1. This large-scale structure hosts a

putative cD galaxy with, at best, weak radio emission, a radio relic which has a

size of ∼274 kpc, and an asymmetric FRI radio galaxy with an extent of ∼559 kpc.

The peak brightness at the extremities of the outer lobes of the FRI source differ

by a factor of ∼4, possibly due to differences in the environment on opposite

sides. The minor axis of the relic is not directed towards either the host galaxy of

the WAT or the putative cD galaxy. This large-scale structure may represent an

unrelaxed system with different sub-structures interacting or merging with one

another. Therefore, deep X-ray observations of the field would be very valuable

to further understand this interesting large-scale structure.

WATs are known to occur in clusters of galaxies, and could in principle be

useful tracers of clusters at moderate and high redshifts. IC cooling of electrons

by interaction with CMBR increases rapidly with z. However, this does not imply

a sharp drop in the number of WATs at high z. Deep and wide-field surveys, such

as the Evolutionary Map of the Universe (EMU) (Norris 2009), should provide

additional information and insights on the range of structures at moderate and

high redshifts. We expect these to be invaluable probes of large-scale structure.
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5
No Evidence for Evolution in the

Far-Infrared-Radio Correlation out to z

∼ 2 in the ECDFS

This chapter is a reproduction of the first-author peer-reviewed journal article

No Evidence for Evolution in the Far-Infrared-Radio Correlation out to z ∼ 2 in the

ECDFS, Mao M. Y., Huynh M. T., Norris R. P., Dickinson M., Frayer D., Helou G.,

Monkiewicz J. A., 2011, ApJ, 731, 79. This work was performed in part during

a six-month period as an IPAC Graduate Research Fellowship at Caltech. The

majority of this work was performed after the Fellowship’s completion and as

such I have included it in this thesis. Although the project was conceived by Dr

Minh Huynh, I was responsible for leading this work and the article was wholly

written by me with the contributions of the coauthors as follows:

• Minh Huynh supervised this work at IPAC Caltech, provided me with ex-

ample IDL code for many tasks. Minh performed the stacking analysis and

produced Figure 5.11.

• Ray Norris supervised this work upon my return to Australia.
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• Mark Dickinson is PI of FIDEL and participated in valuable discussions

about the FIDEL data.

• Dave Frayer participated in many valuable discussions about the evolution

of the FRC, and provided us with the AGN and SF templates in Figure 5.8.

• George Helou partipated in many valuable discussions about the evolution

of the FRC.

• Jacqueline Monkiewicz was involved in the data reduction process of the

FIDEL data that we use.

The text is largely unchanged with only minor modifications for consistency.
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Abstract

We investigate the 70µm Far-Infrared Radio Correlation (FRC) of star-forming

galaxies in the Extended Chandra Deep Field South (ECDFS) out to z > 2. We

use 70µm data from the Far-Infrared Deep Extragalactic Legacy Survey (FIDEL),

which comprises the most sensitive (∼0.8mJy rms) and extensive far-infrared

deep field observations using MIPS on the Spitzer Space Telescope, and 1.4GHz

radio data (∼8µJy beam−1 rms) from the VLA. In order to quantify the evolution

of the FRC we use both survival analysis and stacking techniques which we find

give similar results. We also calculate the FRC using total infrared luminosity

and rest-frame radio luminosity, qT IR, and find that qT IR is constant (within 0.22)

over the redshift range 0 - 2. We see no evidence for evolution in the FRC at

70µm, which is surprising given the many factors that are expected to change

this ratio at high redshifts.

5.1 Introduction

The correlation between the far-infrared (FIR) and radio emission for star-

forming galaxies in the local Universe was first observed by van der Kruit (1971,

1973) and is the tightest and most universal correlation known among global

parameters of galaxies (Helou and Bicay 1993). The correlation is linear, spans

five orders of magnitude of bolometric luminosity and has been shown to hold

for a wide range of Hubble types (de Jong et al. 1985; Helou et al. 1985; Condon

1992; Yun et al. 2001).

The FIR-radio correlation (FRC) has been attributed to the presence of young,

high-mass (M > 8M⊙) stars. The FIR emission arises from the absorption by dust

of the UV emission and subsequent reradiation of the energy at IR wavelengths.

The radio emission is dominated by non-thermal synchrotron emission from cos-

mic ray electrons which are accelerated by supernovae shocks. There is also a

thermal component which arises from free-free emission from ionized hydrogen

in HII regions, but this contributes only ∼10% of the radio emission at lower

frequencies (<5GHz, Condon 1992), and becomes more significant at higher fre-

quencies.

The “calorimeter theory” (Voelk 1989) suggests that the FRC holds because

galaxies are both electron calorimeters and UV calorimeters so the total radio

and IR outputs remain proportional independent of variations within the galaxy.
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This theory however, requires that galaxies are optically thick to UV light from

the young high-mass stars, and thus does not hold for optically-thin galaxies.

Helou and Bicay (1993) proposed the non-calorimetric “optically thin” scenario

involving a correlation between disk scale height and the escape scale length for

cosmic ray electrons, while Bell (2003) concludes that the linearity of the FRC is a

conspiracy as the star-formation rate is underestimated for low-luminosity galax-

ies at both radio and infrared frequencies. However, these models typically leave

out proton losses and non-synchrotron cooling (Lacki et al. 2010). Ultimately, the

physical origin of the FRC is still not clear.

The far-reaching nature of the FRC has made it a valuable diagnostic. Some

examples of its application include: using the FRC to identify radio-loud AGN

(Donley et al. 2005; Norris et al. 2006); using the FRC to define the radio luminos-

ity/SFR relation (Bell 2003); and, at higher redshifts, using the FRC to estimate

distances to submillimetre galaxies without optical counterparts (e.g., Carilli and

Yun 1999). Consequently it is of great importance to determine whether the FRC

holds at high redshifts.

The FRC may fail at high redshifts for a number of reasons. Electrons are

expected to lose energy by inverse Compton interactions with the cosmic mi-

crowave background, whose energy density scales as (1+z)4, implying a lower

level of radio emission at higher redshifts. Moreover, synchrotron emission is

proportional to the magnetic field strength squared, so evolution of magnetic

field strength should affect the FRC at higher redshifts (e.g., Murphy 2009).

Changes in the spectral energy distributions (SEDs) may also be expected due

to evolution in dust properties and metallicity (e.g., Amblard et al. 2010; Hwang

et al. 2010; Chapman et al. 2010). Nonetheless, current studies show no firm evi-

dence for evolution in the FRC (e.g., Garrett 2002; Appleton et al. 2004; Seymour

et al. 2009; Bourne et al. 2011; Ivison et al. 2010a,b; Sargent et al. 2010a,b; Huynh

et al. 2010).

Herschel was launched in May 2009 and can probe the FIR to submillimetre

regime from 55µm to 671µm, deeper than ever before (Pilbratt et al. 2010). Most

recently, Jarvis et al. (2010) and Ivison et al. (2010b) used data from Herschel and

found no evidence for evolution in the FRC out to z = 0.5 and z = 2 respectively.

This paper studies the dependence of the FRC on redshift using deep 70µm

data from the Spitzer Space Telescope and 1.4GHz data from the Very Large

Array (VLA). This work differs from previous studies as we are using FIDEL

(Far-Infrared Deep Extragalactic Legacy Survey) 70µm data, which is the deepest

112



5.2. DATA

70µm data taken to date. FIDEL reaches a point source rms sensitivity of 0.8mJy

at 70µm, making it far more sensitive than previous studies of the FIR at 70µm

such as Sargent et al. (2010b) whose data reached a point source rms sensitivity

of 1.7mJy.

We focus on the 70µm data as this band probes closer to the dust emission

peak (∼100µm) than, for example, 24µm. Furthermore, for z < 3, the 70µm band

is not affected by emission from polycyclic aromatic hydrocarbons (PAHs; 7 - 12

µm). While Bourne et al. (2011) also study the FRC using FIDEL data, their work

was entirely based on stacking analysis. This work is the first to use such deep

70µm data to study the evolution of the FRC based on individual sources.

The data are described in Section 2, Section 3 describes the data analysis while

Section 4 presents our results and analysis. This paper uses H0 = 71 km s−1

Mpc−1, ΩM = 0.27 and ΩΛ = 0.73.

5.2 Data

5.2.1 FIDEL

FIDEL, the Far-Infrared Deep Extragalactic Legacy Survey, is a legacy science pro-

gram (PI: Dickinson) which comprises the most sensitive and extensive FIR deep

field observations using the Multiband Imaging Photometer for SIRTF (MIPS) on

the Spitzer Space Telescope. Characteristics of the FIDEL data are described in

detail in Magnelli et al. (2009) and other papers. FIDEL observed three fields:

ECDFS, EGS and GOODS-North. Observations were taken at 3 bands: 24µm,

70µm and 160µm, focusing specifically on the 70µm data. This paper concen-

trates only on the 30′ × 30′ ECDFS field centred on 03 32 00, -27 48 00 (J2000).

The observations were designed to achieve roughly uniform sensitivity at 70µm

across most of the ECDFS, although the FIDEL data include a somewhat deeper

central region with data from a GO program (PI: Frayer). The mean 70µm expo-

sure time over the ECDFS is approximately 6600s, yielding an RMS point source

sensitivity of approximately 0.8mJy. The 24µm exposure time varies consider-

ably more over the field, from 5000 to 35000 seconds over most of the ECDFS,

with an average exposure time of approximately 16000 seconds. The RMS point

source sensitivity at 24µm thus also varies, but is typically in the range 8 to 14

µJy over most of the field. FIDEL data were processed using the Mosaicking and

Point-source Extraction (MOPEX, Makovoz and Marleau 2005) package to form
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the mosaicked images. The final 70µmmosaic has a pixel scale of 4.0 ′′/pixel and

a point response function (PRF) with an 18′′ FWHM. The final 24µm mosaic has

a pixel scale of 1.2 ′′/pixel and a PRF with a 5.9′′ FWHM.

5.2.2 Ancillary data

Radio data

The ECDFS has been observed at 1.4GHz by both the VLA and the ATCA (Norris

et al. 2006; Kellermann et al. 2008; Miller et al. 2008). Here we use the Miller

et al. (2008) radio data due to its high angular resolution and sensitivity over our

field. The radio data encompass a 34′ × 34′ region, centred on 03 32 28.0, -27

48 30.0 (J2000). The data have a typical rms sensitivity of 8µJy per 2.8′′ × 1.6′′

beam. The catalogue contains 464 sources above a 7 sigma cutoff.

Redshift data

We obtained both spectroscopic and photometric redshift data from COMBO-17

(Wolf et al. 2004), MUSYC (Gawiser et al. 2006; Cardamone et al. 2010), GOODS

(Balestra et al. 2010) and ATLAS (Mao et al. 2009b).

COMBO-17 has photometric data in 17 passbands from 350nm to 930nm

for 63501 objects in the ECDFS. The photometric redshifts are most reliable for

sources with R ≤ 24 (Wolf et al. 2004).

MUSYC (Multiwavelength Survey by Yale-Chile) has photometric data in the

ECDFS. Cardamone et al. (2010) combined photometric data from the literature

with new deep 18-medium-band photometry into a public catalogue of ∼80000
galaxies in ECDFS, from which they computed the photometric redshifts. The

photometric redshifts are most reliable for sources with R ≤ 25.5. Cardamone

et al. (2010) also compile a spectroscopic redshift catalogue of 2551 galaxies from

the literature (e.g., Balestra et al. 2010; Vanzella et al. 2008; Le Fèvre et al. 2004).

Balestra et al. (2010) observed the GOODS-South field (within the ECDFS) us-

ing VIMOS to obtain spectroscopic redshifts. Their campaign used two different

grisms to cover different redshift ranges and used 20 VIMOS masks. They com-

bined their resulting redshifts with those available in the literature to produce a

catalogue containing 7332 spectroscopic redshifts. Quality flags were provided

for all the redshifts and we took only those redshifts that had quality flags of “se-

cure” and “likely” yielding a catalogue of 5528 spectroscopic redshifts. Although

114



5.3. DATA ANALYSIS

Cardamone et al. (2010) includes Balestra et al. (2010) data in their compilation

of spectroscopic redshifts, they only include a subset of the data.

Mao et al. (2009b) are undertaking a program of redshift determination and

source classification of all ATLAS (Australia Telescope Large Area Survey) radio

sources with AAOmega (Sharp et al. 2006) on the Anglo-Australian Telescope

(AAT). Using redshifts from both the literature and their own campaign they

have a total of 261 spectroscopic redshifts in ECDFS and its surrounding region.

X-ray data

We use the 2 Ms Chandra Deep Field South X-ray catalogues from Luo et al.

(2008) to identify AGN in our 70µm catalogue (Section 5.4.1). This is one of

the most sensitive X-ray surveys ever performed and detects 462 sources in 436

arcmin2. While the X-ray data cover a smaller region than the FIDEL data, we

use these data to eliminate some AGN from our sample (Section 5.4.1).

5.3 Data Analysis

5.3.1 FIDEL

70µm

The 70µm catalogue was produced with the Astronomical Point Source Extrac-

tion (APEX) module within the MOPEX package. APEX subtracts the local back-

ground by calculating the median in a region, which we set to 34 × 34 pixels,

surrounding each pixel, and removing the 100 brightest pixels. Peak values with

a S/N greater than three were fitted using the PRF. The 3-sigma catalogue ex-

tracted using APEX contained 515 sources.

24µm

A similar source detection and extraction process to the 70µm data were used for

the 24µm data. However a four sigma cutoff was used to reduce the number of

spurious sources. Visual inspection was required to remove spurious sources due

to artefacts surrounding bright objects. The final catalogue of 24µm sources in

the ∼30′ × 30′ region of interest contained 5319 sources.
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Final catalogue

To test the completeness of the 70µm catalogue, we performed Monte-Carlo sim-

ulations. A simulated source was injected at a random location in the 70µm

image, and source extraction was performed using the same technique as for the

production of the catalogue. The input flux density of the simulated source var-

ied over the range of flux densities in the “real” image. This process was repeated

10000 times and we tracked the simulated source recovery rate, which enables us

to estimate the overall completeness over the entire image. Figure 5.1 presents

the completeness as a function of flux density. Our catalogue is almost 100%

complete at 9mJy, and 50% complete at ∼2.5mJy. This high level of complete-

ness at 2.5mJy (∼3 sigma) is probably due to the 70µm image not being com-

pletely uniform. The 10 × 10 arcminute region in the centre has an RMS point

source sensitivity of∼0.6mJy, so 2.5mJy is a >4 sigma limit for∼11% of the image

area. The completeness plot does not reach 100% due to the random positioning

of the simulated source. If, by chance, the simulated source is injected upon a

real source, the simulated source is not recovered as an individual source, and

instead, the “real” source is recovered with a larger flux density.

The 70µm catalogue of 515 sources obtained using APEX may contain con-

fused sources, as well as spurious sources. We determined which sources re-

quired deblending by comparing it with the 24µm catalogue which has better

resolution. First, we matched the 70µm catalogue to the 24µm catalogue using a

matching radius of 9′′ (the half-width at half maximum of the PRF at 70µm). We

then calculated the ratio of the flux density of the brightest 24µm source to the

total flux density of all 24µm sources within the 9′′ matching radius (see Figure

5.2). Those sources for which the ratio is one would not require deblending. Us-

ing arguments similar to those of Pope et al. (2006), we assume that if a source

is bright at 24µm, it will also be bright at 70µm. Consequently, if the ratio was

greater than 0.8 (that is, if the brightest 24µm source contributed >80% of the

total flux density in the matching radius), the 70µm emission was determined to

be from the brightest 24µm source. If the ratio is less than 0.8, we considered

the 70µm source as a candidate for deblending. Using these criteria we deter-

mined that 164 sources were deblend candidates. In principle, it is possible that

for sources with a ratio of greater than 0.8, we are overestimating the 70µm flux

density by up to 20%. An overestimation of the 70µm flux density may result in

a higher FRC, but this effect is much less than ∆q70 = 0.1.

The sources were deblended using double, triple or even quadruple Gaussian
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Figure 5.1: The percentage completeness plotted against flux density. Our cata-
logue is almost 100% complete at 9mJy, and 50% complete at ∼2.5mJy.
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Figure 5.2: Histogram of the ratio of the maximum 24µm flux density over the
total 24µmflux density within a 9′′ radius. Sources with a ratio less than 0.8 were
deemed deblend candidates.
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fits, constraining the centres of the Gaussians to the 24µm positions. We visually

inspected all the deblend candidates and a small number of these clearly did not

require deblending as the secondary 24µm source was right on the edge of the 9

arcsecond radius with which we computed the deblend criteria, and were subse-

quently discarded as deblend candidates. In total, 143 sources were deblended

resulting in a total catalogue of 658 putative sources. In the course of the visual

inspection, we identified 41 spurious sources. 30 of these were sources that were

faint (<4 σ) in the 70µm catalogue, and did not have 24µm counterparts, and 11

were clearly part of the Airy ring of an adjacent, bright source. This resulted in a

final catalogue containing 617 70µm sources.

Assuming Gaussian statistics, noise spikes are expected to produce approxi-

mately 34 spurious sources above our 3-sigma cutoff in the 70µm data, and ap-

proximately 7 spurious sources above our 4-sigma cutoff in the 24µm data. The

probability of any spurious 70µm source lying within a 9 arcsec radius of any

spurious 24µm source is approximately 2%, and so we conclude that none of the

617 sources is likely to be spurious.

We note that after deblending the 70µm catalogue we increased the number

of faint sources, which changes the completeness levels. While we have improved

our completeness at the fainter flux density levels, this change cannot easily be

quantified.

This catalogue of 617 70µm sources wasmatched to the 24µmcatalogue using

a matching radius of 4′′. Following Huynh et al. (2008), the matching radius was

determined by plotting the number of candidate matches against position offset

(Figure 5.3). The matches from chance alone are determined from the source

densities of the catalogues. Although Figure 5.3 suggests that a greater number

of matches would be obtained using a matching radius of 8”, we choose the more

conservative 4′′ as our matching radius to minimise spurious matches.

Given the relative sensitivities of the 70µm and 24µm data it is expected that

most, if not all the 70µm sources will have a 24µm counterpart. A small number

(10) of strong 70µm sources did not have 24µm counterparts in the catalogues,

while the 24µm image showed faint detections. We therefore performed aperture

photometry on these faint sources and successfully extracted eight. The final

catalogue has only two 70µm sources without 24µm counterparts but neither of

these have extreme S70/S24 ratios.
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Figure 5.3: Number of candidate 24µm counterparts of 70µm sources as a func-
tion of position offset. The line shows the number of matches from chance alone.
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5.3.2 Radio, Optical and X-ray Counterparts

Radio Counterparts

The 70µm catalogue was matched to the radio catalogue of Miller et al. (2008),

hereafter M08, using a matching radius of 5′′. The matching radius was deter-

mined in a similar manner to that described in the previous section. Where

available, the 24µm position was used because the higher resolution at 24µm

allows for better positional accuracy. This resulted in 171 radio sources matched

to the 70µm catalogue.

The M08 radio catalogue has a 7 sigma cutoff. In order to increase the number

of radio counterparts, and given that we have the additional information of the

70µm sources, we extracted radio sources at the known 70µm source positions

that had radio detections greater than 3 sigma. This was done by performing

Gaussian fits twice, first with a fixed size (2.8′′ x 1.6′′ - the beam of M08 data),

and then without a fixed size. The relationship between peak and integrated flux

densities was determined by:

Sint
Speak

=
θmajθmin

bmajbmin
, (5.1)

where Sint is the total integrated flux density, Speak is the peak flux density, θmaj

is the semi-major axis of the free Gaussian, θmin is the semi-minor axis of the

free Gaussian, bmaj is the semi-major axis of the fixed Gaussian, and bmin is the

semi-minor axis of the fixed Gaussian.

If Sint/Speak was less than 1.2, the source was determined to be unresolved

and the peak flux density for the fixed Gaussian was determined to be the final

flux density. If the ratio was greater than 1.2, the source was determined to be

extended, and the integrated flux density was taken to be the final radio flux

density. This resulted in 353 70µm sources with radio counterparts.

In summary, our final 70µm catalogue contains 617 sources, 615 of which

have a 24µm counterpart. 353 of these have a radio detection greater than 3

sigma from Miller et al. (2008). Figure 5.4 shows the histogram of the 70µm

flux densities. We also overplot the population of sources with and without radio

counterparts. Sources with no radio counterparts have a median 70µm flux den-

sity of 3.3mJy while sources with radio counterparts have a median 70µm flux

density of 5.2mJy.

121



CHAPTER 5. NO EVIDENCE FOR EVOLUTION IN THE FRC IN ECDFS

Figure 5.4: Histogram of 70µm flux densities. The black line is the histogram for
all 617 sources, while the red diagonally shaded histogram shows the 353 sources
that have a radio detection and the blue horizontally shaded histogram shows the
264 sources that do not have a radio detection.
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Table 5.1: Table of redshift catalogues. Column 1 names the catalogue while
Column 2 gives the matching radius which was used to match the redshift data
to the 70µm data. Columns 3 and 4 give the catalogue size and whether the
redshift data is photometric or spectroscopic and Columns 5 and 6 give the total
number of sources that are matched to the 70µm data as well as the number that
are in the final catalogue. Column 7 gives the reference for the catalogue. There
are 562 sources with redshifts, of which 206 are spectroscopic.

Catalogue Radius (arcsec) Spec/Phot Size Nmatched Nf inal Reference

COMBO-17 2 phot 62337 555 122 Wolf et al. (2004)
MUSYC 1.5 phot 59693 410 234 Cardamone et al. (2010)
MUSYC 1.5 spec 2551 114 26 Cardamone et al. (2010)
GOODS 2 spec 7332 (5528) 160 148 Balestra et al. (2010)
ATLAS 5 spec 254 32 32 Mao et al. (2009b)

Redshift Data and Infrared Luminosities

The final 70µm catalogue was matched to the various redshift catalogues using

the matching radii shown in Table 5.1. Due to the better resolution of the radio

data we used radio positions where available, followed by 24µm positions where

available to match to the redshift catalogues.

Where possible we matched spectroscopic redshifts to the sources. Where

more than one spectroscopic redshift was available, we chose to prioritise ATLAS

spectroscopic redshifts over GOODS spectroscopic data as we have access to the

ATLAS spectra. The difference in redshift, ∆z, was <0.0015 for the 12 sources in

common.

Where no spectroscopic data were available we used photometric redshifts.

Where both COMBO-17 and MUSYC photometric redshifts were available we

chose to prioritize MUSYC data over COMBO-17 because MUSYC’s photomet-

ric redshifts are derived from 32 bands as opposed to COMBO-17, which uses

17. Furthermore, MUSYC has photometric data extending into the near-infrared

(JHK), which improves the accuracy of the photometric redshift.

In summary, 562 of the 617 (91%) 70µm sources have redshift information,

206 (33%) of which are spectroscopic (Figure 5.5).

The total infrared luminosity (8 – 1000µm) of the sources in our sample was

estimated by fitting the 24µm and 70µm flux density to the SED templates of

Chary and Elbaz (2001), hereafter CE01, while letting the templates scale in lu-

minosity. The CE01 templates show observed 24µm/70µm flux density ratios

which are more representative of z ∼ 1 galaxies than Dale and Helou (2002) or

Lagache et al. (2003) templates. Magnelli et al. (2009) found that 70µm data
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Figure 5.5: Histogram of all 562 sources that have redshift information. The
black line is the histogram for all sources that have redshift information while
the red diagonally shaded histogram shows sources with spectroscopic redshifts
and the blue horizontally shaded histogram shows sources with photometric red-
shifts.
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Figure 5.6: The total IR luminosity (8 – 1000 µm) as a function of redshift for
all IR sources with redshift information (562/617). Sources with spectroscopic
redshifts are shown with filled circles while sources with photometric redshifts
are shown with open circles.

seems to provide an estimate of LIR that is nearly independent of the SED library

used, but this is partly because 70µm is close to the peak emission, and therefore

carries the largest fraction of FIR power.

We integrate the best fit template over 8 – 1000 µm to derive the total IR

luminosity (LIR) (Figure 5.6). We find luminous IR galaxies (LIRGs, 1011L⊙ < LIR

< 1012L⊙) are detected out to z ∼ 1.25, while ultraluminous IR galaxies (ULIRGs,

LIR > 1012L⊙) are detected out to z = 3.

X-ray Counterparts

Using the 2Ms Chandra data (Luo et al. 2008), we find 55 of the 70µm sources are

within 2 arcseconds of an X-ray source. We use this data to calculate the hardness

ratio so as to discriminate against AGN (Section 5.4.1).
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5.4 Results and Analysis

We define qIR as

qIR = log10(
SIR
Sradio

), (5.2)

where SIR is the observed infrared flux density at the specified IR wavelength

(e.g. 70µm), and Sradio is the observed flux density at 1.4GHz.

5.4.1 AGN identification

We wish to study the FRC of predominantly star-forming galaxies and so we re-

moved galaxies from our sample if they satisfied any of the following four criteria

which indicate AGN.

1. The source has a radio morphology that displays the classic double-lobed

AGN morphlogy. Figure 5.7 shows the three sources that were identified

and subsequently removed from our sample.

2. The source has log(S70/S24) < 0.5, because AGNs are expected to have low

S70/S24 ratios (Frayer et al. 2006). 22 sources were identified as AGN in

this way. Figure 5.8 shows the log of the ratio of 70µm flux density over

24µm flux density, plotted against redshift.

3. The source has a hardness ratio > 0.2 based on the 2Ms Chandra data (Luo

et al. 2008), where hardness ratio is defined as:

HR =
Shard − Ssof t
Shard + Ssof t

, (5.3)

where HR is the hardness ratio, Shard is the flux density of the 2 - 8 keV

band, Ssof t is the flux density of the 0.5 - 2.0 keV band (Rosati et al. 2002).

14 sources were identified as AGN in this way.

4. The source has a soft X-ray (0.5-2 keV) to R-band flux density ratio of greater

than one, as used by Luo et al. (2008) to classify AGN. 14 sources were

identified as AGN in this way.

Low q70 and q24 values may also be used to discriminate against AGN (e.g.

Middelberg et al. 2008). However, doing so could potentially bias our results
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Figure 5.7: Sources which we classified as AGN based on radio morphology. The
greyscale image is the 70µm image and contours are the 1.4GHz image starting
at 24 µJy (∼3 times the rms) and increasing by factors of 2.

Figure 5.8: The ratio of 70µmflux density over 24µmflux density plotted against
redshift. Sources with no redshift information are shown at an artificial redshift
of -0.05. The blue line represents a simple modified blackbody SED model for
starbursts with a dust temperature of 30K with a mid-infrared slope of α = 2.4,
while the red line represents a model for AGNs with a dust temperature of 90K
with a mid-infrared slope of 1.1 (Frayer et al. 2006). Error bars are derived by
combining in quadrature the standard errors in radio and IR flux densities.
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against low values of q. Applying these criteria removed only a further five AGN

from our sample and we found made a negligible difference to our results, so we

do not use these criteria here.

In total, 44 (∼7%) sources were classified as AGN and subsequently removed

from further analysis, leaving us with a final catalogue of 573 70µm sources.

Most of the sources were identified as AGN based on only one of the above four

diagnostics, highlighting the need for multiple AGN diagnostics. There were only

six sources that were identified as AGN by both the X-ray diagnostics. 41/44 of

the sources identified as AGN had redshift information. The median redshift of

the AGNs is 0.969, slightly higher than the median redshift of the entire sample

(0.655). The median LIR of the AGNs is 5.10 × 1011 L⊙, also higher than the

median LIR of the entire sample (2.07 × 1011 L⊙). The AGN tend to be at higher

redshifts and higher LIR due to Malmquist bias.

5.4.2 q70

To explore how the FRC, as probed by the observed 70µm band, changes with

redshift, we plot q70 against redshift in Figure 5.9. Our data are plotted in black

and lower limits of q70 from the radio non-detections are plotted as blue arrows.

The lower limits are calculated by choosing the upper limit to the radio flux den-

sity for the radio non-detections to be 3 × rms. Data from the Spitzer Extragalac-

tic First Look Survey (xFLS, Appleton et al. 2004) are plotted as red open circles.

It is immediately evident that our data contain many more high redshift (z > 1)

sources than the xFLS data. Appleton et al. (2004) found a q70 value of 2.15 ±
0.16 for their sample. The data points that are at low q70 values are likely to be

AGN.

We also overplot the expected q70 ratio as a function of redshift from IR SED

templates of Dale and Helou (2002) (DH02) and Chary and Elbaz (2001) (CE01).

The CE01 SED templates are obtained from low-redshift galaxies with appro-

priate luminosities. We use four CE01 templates which range in LIR from 109

(normal galaxy) to 1013 L⊙ (ULIRGs). The DH02 SED templates are derived from

combining theoretical SEDs from dust emission of individual regions within a

galaxy. We use four DH02 templates with α= 1, 1.5, 2 and 2.5, where α represents

the relative contributions of the different dust emission SEDs. The overplotted

q70 tracks are derived using the IR SED templates, while the radio flux density is

derived from the infrared flux density assuming both thermal and non-thermal

components and a constant value of q.
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Figure 5.9: The 70µm FIR-radio correlation plotted against redshift. The black
points are sources that have both 70µm and 1.4GHz detections while the blue ar-
rows show the lower limit of q70 for sources with no radio detection. The red open
circles are data from xFLS (Appleton et al. 2004). The black lines are expected q70
tracks derived from SED templates for galaxies with total infrared luminosities of
109 (normal galaxies), 1011, 1012 and 1013L⊙ (ULIRGs) going from bottom to top,
from Chary and Elbaz (2001) and the blue lines are q70 tracks derived from SED
templates from Dale and Helou (2002). Sources with no redshift information are
shown at an artificial redshift of -0.05. Error bars are derived by combining in
quadrature the standard errors in radio and IR fluxes.
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Figure 5.10: Median q values for different redshift bins. The black circles show
the median q70 values for sources with both 70µm and 1.4GHz detections, the
red triangles show the median q70 value for all sources taking into account the
lower limits using survival analysis and the green squares show the median q70
value after stacking. The tracks derived from the SED templates are the same as
in Figure 5.9. Vertical error bars denote standard errors and horizontal error bars
indicate the range of the redshift bin.

In order to quantify the evolution of q70, we binned all data with both 70µm

and radio detections in redshift and determined the median q70 in each redshift

bin. The results are shown in Table 5.2 as well as in the black points of Figure

5.10. We calculate a median q70 of 2.16 ± 0.03 out to z = 0.5, which is in agree-

ment with Appleton et al. (2004), as well as other previous studies (e.g., Seymour

et al. 2009). Sources with no redshift information have a mean q70 ratio similar

to z ∼ 1 sources.

Figure 5.10 shows no evidence for evolution in the FIR-radio correlation be-

cause the data points are consistent with the overplotted q70 tracks. At z > 1.25 we

are detecting only ULIRGs (see Figure 5.6), and this is reflected in the higher me-

dian q70 values, which are better traced by the q70 track derived from the ULIRG

SED template.
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Table 5.2: Median q70 for different redshift bins for only sources with both 70um
and radio detections, and are not classed as AGN. There are a total of 323 sources.

z median z Nsources median q70
0 ≤ z < 0.25 0.148 53 2.20 ± 0.05

0.25 ≤ z < 0.50 0.370 46 2.07 ± 0.04
0.50 ≤ z < 0.75 0.626 93 1.87 ± 0.04
0.75 ≤ z < 1.00 0.890 43 1.81 ± 0.03
1.00 ≤ z < 1.50 1.13 52 1.80 ± 0.04

z ≥ 1.50 1.91 10 1.65 ± 0.11
no redshift 26 1.79 ± 0.06

5.4.3 Survival Analysis

Our 70µm selected sample has sources with both 70µm and 1.4GHz detections,

as well as sources that do not have 1.4GHz detections. To study the full IR sam-

ple, we have to include radio non-detections. As we know the rms of the 1.4GHz

data we can estimate an upper limit to the radio flux density, which translates

to a lower limit for q70. We choose the upper limit to the radio flux density for

the radio non-detections to be 3 × rms. One method of including limits from

non-detections is using a branch of statistics called survival analysis. Survival

analysis is an extensive field of statistics and was first applied to astronomy by

Feigelson and Nelson (1985). We perform survival analysis on our data using the

ASURV (Astronomical SURVival analysis) package developed by Lavalley et al.

(1992).

We took the 50th percentile of the Kaplan-Meier estimator to obtain a median

q70 value for each redshift bin. The results are shown in Table 5.3, as well as

in Figure 5.10. The two highest redshift bins appear to have higher median q70

values, but this is because at z > 1.25 we are detecting only ULIRGs, and hence

these two points lie along the most actively star-forming, or ULIRG track.

Our q70 values appear to agree, within the errors, to the q70 tracks derived

from the empirical SED templates from the local Universe. This is evidence for

little, if any evolution in q70, which implies that galaxies at high redshifts (z ∼
2.5) share many of the same properties as galaxies in the local Universe.
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Table 5.3: Median q70 for different redshift bins, calculated using survival anal-
ysis, for all 70um sources that are not classed as AGN. Survival analysis was
performed for radio flux density limits of 3 × rms. The range of values given for
the q70 values derived from model SED templates of DH02 are for α = 2.5 (first
value) and α = 1. The range of values given for the model q70 values derived from
SED templates of CE01 are for normal galaxies and ULIRGs. There are a total of
573 sources.

z median z Nsources median q70 (3σ) q70 (DH02) q70 (CE01)
0 ≤ z < 0.25 0.141 107 2.39 ± 0.06 2.11 - 2.32 1.87 - 2.22

0.25 ≤ z < 0.50 0.370 80 2.20 ± 0.06 2.00 - 2.35 1.90 - 2.13
0.50 ≤ z < 0.75 0.646 154 2.06 ± 0.04 1.88 - 2.33 1.88 - 2.01
0.75 ≤ z < 1.00 0.862 75 2.01 ± 0.06 1.77 - 2.28 1.83 - 1.92
1.00 ≤ z < 1.50 1.13 85 1.97 ± 0.06 1.66 - 2.20 1.75 - 1.81

z ≥ 1.50 1.88 20 1.90 ± 0.12 1.41 - 1.92 1.48 - 1.55
no redshift 52 2.18 ± 0.08

0 ≤ z < 0.25 0.25 ≤ z < 0.50 0.50 ≤ z < 0.75 0.75 ≤ z < 1.00 1.00 ≤ z < 1.50 z ≥ 1.5 no z

Figure 5.11: Postage stamps of the radio stacks of the IR sources, for the redshift
bins as shown. The stacks are 16 × 16 arcsec in size. There is a significant radio
detection at the centre of the stack in all of the redshift bins. The measured flux
densities are reported in Table 5.4.

5.4.4 Stacking

To extend the results we performed a stacking analysis of the IR sources by stack-

ing the radio sources in bins of redshift. We started by stacking the M08 radio

data at the positions of all sources not detected in the radio image, using a noise-

weighted mean, for which the noise was determined from the radio image in the

vicinity of the IR source. The stacked radio flux density was then obtained from

a Gaussian fit to the signal at the centre of the radio stack, leaving all Gaussian

parameters unconstrained. The resulting stacks are shown in Figure 5.11, and

each has a significant detection.

To derive an average q70 for all IR sources in the various redshift bins (green
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Table 5.4: Summary of radio stacking results of IR sources. Ndet is the number of
IR sources in each bin which are detected in the radio image. Nstack is the number
of IR sources not detected in the radio image and therefore the number stacked
in this analysis, resulting in the stacked S1.4GHz listed in column 5. Average q70
is the FIR-radio flux density ratio for all IR sources in the redshift bin, obtained
by combining the detections with the stacked results.

z median z Ndet Nstack stacked S1.4GHz (µJy) average q70
0 ≤ z < 0.25 0.141 53 54 27.7 ± 2.8 2.11+0.02−0.03

0.25 ≤ z < 0.50 0.370 46 34 25.4 ± 1.9 2.12+0.03−0.04
0.50 ≤ z < 0.75 0.646 93 61 19.7 ± 1.5 1.85+0.04−0.04
0.75 ≤ z < 1.00 0.862 43 32 18.9 ± 1.6 1.88+0.05−0.06
1.00 ≤ z < 1.50 1.13 52 33 13.6 ± 0.9 1.89+0.05−0.05

z ≥ 1.50 1.88 10 10 19.5 ± 2.5 1.71+0.04−0.04
no redshift 26 26 46.8 ± 9.4 1.93+0.06−0.07

points in Figure 5.10), we calculated a mean by adding the flux densities of the

detected sources to the stacked flux density. Each was added with a weight =1/n

(where n is the total number of measurements, including both stacked and de-

tected images) and the stacked flux density was weighted by m/n where m is the

number of stacked images. The results are summarised in Table 5.4. The higher

redshift bins have higher q values when compared to the survival analysis results

because stacking analysis imposes lower limits on the radio flux densities. As

before, the FIR-radio flux density ratios appear to follow the ratios expected for

local SEDs and hence we find little evolution in the FIR-radio correlation as a

function of time.

5.4.5 qT IR

We computed the ratio of total infrared luminosity over rest frame radio luminos-

ity to compare our results from Sections 5.4.2 to 5.4.4. Furthermore, this allows

us to make direct comparisons with other studies that compute the FRC in this

way.

We computed qT IR for all 521 sources that had redshift information (and were

not identified as AGN) using:

qT IR = log(
LIR

3.75× 1012W)− log(L1.4GHz

WHz−1
), (5.4)
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Table 5.5: Median qT IR for different redshift bins for only sources with both 70µm
and radio detections, and are not classed as AGN. There are a total of 297 sources.

z median z Nsources median qT IR
0 ≤ z < 0.25 0.148 53 2.54 ± 0.05

0.25 ≤ z < 0.50 0.370 46 2.52 ± 0.04
0.50 ≤ z < 0.75 0.626 93 2.41 ± 0.03
0.75 ≤ z < 1.00 0.890 43 2.35 ± 0.04
1.00 ≤ z < 1.50 1.13 52 2.33 ± 0.03

z ≥ 1.50 1.91 10 2.52 ± 0.11

Table 5.6: Median qT IR for different redshift bins, calculated using survival anal-
ysis, for all 70µm sources that are not classed as AGN. Survival analysis was per-
formed using L1.4GHz calculated from radio flux density limits of 3 × rms. There
are a total of 521 sources.

z median z Nsources median qT IR (3σ)
0 ≤ z < 0.25 0.141 107 2.74 ± 0.06

0.25 ≤ z < 0.50 0.370 80 2.70 ± 0.06
0.50 ≤ z < 0.75 0.646 154 2.60 ± 0.04
0.75 ≤ z < 1.00 0.862 75 2.53 ± 0.06
1.00 ≤ z < 1.50 1.13 85 2.55 ± 0.06

z ≥ 1.50 1.88 20 2.75 ± 0.12

134



5.4. RESULTS AND ANALYSIS

where LIR is the total infrared luminosity (Section 5.3.2), and L1.4GHz is the rest-

frame 1.4GHz luminosity. In order to account for k-correction in the radio, we set

the spectral index, α, to 0.81, following the work of Ibar et al. (2010) and Sargent

et al. (2010b).

Figure 5.12 shows the distribution of qT IR as a function of redshift. For

sources without a radio detection we set an upper limit to the radio flux den-

sity of 3 × rms. Similar to Figure 5.9, sources without a radio detection (ie. lower

limits) tend to have higher qT IR when compared to sources with a radio detec-

tion. In order to take into account the effect of the radio non-detections, we bin

our data in redshift and perform survival analysis. Figure 5.13 shows the median

qT IR for only the detected sources (black circles), and for all sources by using sur-

vival analysis (red triangles). We have included results from previous studies in

Figure 5.13. The blue star at z = 0 is at qT IR = 2.64, the mean qT IR found by Bell

(2003). The open upside-down triangles are qT IR derived from stacking analyses

by Bourne et al. (2011) and the open squares are the “uncorrected” qT IR for star-

forming galaxies, from Sargent et al. (2010b) (See Section 5.4.5 for a discussion

on the Kellermann Correction).

Our qT IR values are all within ∼0.22 of each other. Our values agree, within

the errors, with the work of Sargent et al. (2010b), and also agree with the work

of Bourne et al. (2011), with the exception of the redshift bins 0.75 < z <1 and

z > 1.5, where our values differ by <2σ compared to the values given by Bourne

et al. (2011) for similar redshift ranges. Sargent et al. (2010b) use 3 × rms to

determine the upper limit of the radio flux density for their dataset. Unlike the

work by Bourne et al. (2011) and Sargent et al. (2010b), our qT IR values do not

consistently increase or decrease over the redshift range studied, although we do

see marginally significant evidence for a decreasing qT IR over the redshift range

0 to 1.5, followed by an increase from 1.5 to 3. However, Figure 5.13 shows that

the data points that use survival analysis (which are more reliable than those that

do not) are statistically consistent with a horizontal line at about qT IR = 2.62, and

so we conclude that these apparent variations of qT IR with redshift may not be

statistically significant.

Bourne et al. (2011) find their qT IR values are systematically higher than the

median qT IR found by Bell (2003) of 2.64 ± 0.02, except at z > 1 where it appears

to decline. They suggest the apparent decline may be attributed to the assump-

tions they make about spectral indices. Sargent et al. (2010b) find that their qT IR

1Sν ∝ ν−α , where Sν is the flux density at frequency ν.
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Figure 5.12: The total infrared luminosity FIR-radio correlation plotted against
redshift. The same symbol and colour scheme is used as for Figure 5.9.
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Figure 5.13: Median qT IR values for different redshift bins. The black filled cir-
cles show the median qT IR values for sources with both 70µm and 1.4GHz detec-
tions and the red triangles show the median qT IR value for all sources taking into
account the lower limits using survival analysis. The grey upside-down open tri-
angles show the median qT IR values derived by Bourne et al. (2011) and the grey
open squares show the median qT IR values derived by Sargent et al. (2010b) for
star-forming galaxies. None of the data shown include the Kellermann correction
(Section 5.4.5). Vertical error bars are standard errors for both our dataset and
Bourne’s data, but the vertical error bars for Sargent’s data are upper and lower
95% confidence levels. The blue star at (1+z) = 1 represents the median qT IR=
2.64 ± 0.02 from Bell (2003).
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values are constant with redshift when they apply a correction (see Section 5.4.5),

otherwise ∼0.3 dex of evolution is found. While Bourne et al. (2011) also uses FI-

DEL data in the ECDFS, their sample is IRAC selected whereas our sample is

70µm selected. Sargent et al. (2010b) use a 24µm selected sample to study the

qT IR in the COSMOS field.

There are a number of factors that may contribute to uncertainties in qT IR.

The predominant source of uncertainty is in the estimation of LIR as we are fit-

ting the 24µm and 70µm fluxes to SED templates. The uncertainty from the

choice of model SEDs can add 0.2 to 0.3 dex (Magnelli et al. 2009; Le Floc’h et al.

2005). Uncertainties also arise from the rest-frame radio luminosity where we

are assuming α = 0.8.

Jarvis et al. (2010) suggest that the slight upturn in qIR seen at low redshifts

(z < 0.5) in high redshift studies of the FRC (e.g. Bourne et al. 2011) may be

attributed to the resolving of extended structure, which means radio flux density

would be missed and hence increase the FRC. Our radio data has a 2.8′′ × 1.6′′

beam, so if the Jarvis hypothesis is correct, we would expect to see this effect at

low redshifts.

Although we see a slight upturn in qT IR from z = 1 to z = 0, this increase

has a roughly constant gradient, implying that resolution effects are important

as high as z = 1. However, at z = 1 a typical star-forming galaxy of diameter 10

kpc is unresolved by our beam. Thus, the increasing qT IR towards low redshifts

is probably not due to this effect.

The Kellermann Correction

Kellermann (1964) showed that flux density ratios (such as q) or spectral indices

of a flux density-limited sample are biased by a factor which depends sensitively

on the scatter in the flux density ratio and on the source intensity distribution,

and in particular on the power law index β of the differential source counts (i.e.,

dN/dS ∝ S−β ). Other formulations of the same effect are given by Condon (1984),

Francis (1993) and Lauer et al. (2007), and were first noted as being relevant to

the evolution of q by Sargent et al. (2010a).

Sargent et al. (2010b) assume a Euclidean (β=2.5) source intensity distribution

at z < 1.4 and a sub-Euclidean (β ∼1.5) at 1.4 < z < 2 to derive a correction of 0.22

in their value of q at z > 1.4. However we note that (a) the expression assumes

a common value of β for both the radio and infrared source counts, and (b) the

value of β is very uncertain at low flux densities. For example, the median radio
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flux density for our detected sources at z < 1.4 is ∼ 72 µJy, at which the radio

source count power law index lies in the range ∼ 1.5 - 2.5 (e.g., Huynh et al.

2005), leading to a correction factor between 0.22 (the adopted value of Sargent,

which gives no evolution of q with z) and 0.51 (which implies that q decreases

with z with marginal significance).

Because of this uncertainty in the value of the Kellermann correction for faint

sources such as those studied here and for consistency with other authors (e.g.,

Appleton et al. 2004; Seymour et al. 2009; Bourne et al. 2011), we do not apply it

to our data but note that it is responsible for a further uncertainty in the slope of

q as a function of redshift. The range of possible Kellermann corrections (which

depend strongly on the assumed value of β) to the variation of q over our redshift

range is roughly centred on zero, with a total spread of about ± 0.3.

5.5 Summary and Conclusions

We have studied the FRC out to z > 2 of ULIRGs in ECDFS. Our results for q70

showed that they could be broadly described by q70 tracks derived from the SED

templates of Chary and Elbaz (2001) and Dale and Helou (2002). To quantify the

evolution of q70 we binned our data in redshift and determined the median q70

using both survival analysis and a stacking analysis. Both survival analysis and

the stacking analysis gave similar results. We see no clear evidence for evolution

in the FRC at 70µm.

We also calculate the FRC using LIR and L1.4GHz and find that evolution in

qT IR is constrained within 0.22. Our calculated qT IR appears slightly lower than

previous studies but this may merely be due to uncertainties involved in calcu-

lating qT IR. We also acknowledge the importance of the Kellermann correction

but due to uncertainties in the value we do not apply it to our data.

A lack of evolution in the FRC is surprising because it implies that the myriad

of effects on which the FRC rely must either also not evolve, or must evolve in

such a way so as to preserve the FRC. Effects such as inverse Compton cooling

of the electrons (Murphy 2009), evolution of the magnetic field strength, and

evolution in the SEDs due to dust and metallicity changes should all affect the

FRC.

We therefore conclude that either all these factors are insignificant at z ∼ 2 or

there is a complex interplay between these factors conspiring in the preservation

of the FRC at high redshifts.
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Early science results from Herschel have already hinted that the FRC shows

no evidence for evolution to z = 2 (Jarvis et al. 2010; Ivison et al. 2010b). More

results on the FRC fromHerschel are expected over the next few years as observa-

tions are completed and the data analysed. Herschelwill measure the far-infrared

properties of normal galaxies to z ∼ 1 and ULIRGs out to z ∼ 4. Consequently,

we will be able to study the FRC out to higher redshifts and hence gain a better

understanding of the evolution of star-forming galaxies, especially in the high

redshift Universe.
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6
Summary and Conclusions

The discovery of galaxies beyond our own has led to a gamut of studies in extra-

galactic astronomy, with the formation and evolution of galaxies remaining one

of the hottest topics in modern astronomy.

With the aim of imaging seven square degrees of sky to 10µJy beam−1, ATLAS

is one of the widest deep radio surveys attempted to date. ATLAS pushes the

limit of conventional telescopes in order to study how galaxies have formed and

evolved since the Big Bang.

This thesis has presented work based on the optical spectroscopy of ATLAS

radio sources.

• Chapters 1 and 2 set the scene for this thesis and summarised ATLAS in-

cluding its science goals and current status.

• Chapter 3 presented the optical data that we obtained throughout the dura-

tion of my thesis, including redshifts and classifications based on the spec-

tra. The cosmic evolution of radio sources was studied in detail and we

have constructed the radio luminosity function for both star-forming galax-

ies and AGN.

• Chapter 4 presented six wide-angle tail galaxies in ATLAS. This work be-
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gan as a side-project after our first year of optical observations was almost

completely washed out. Armed with the knowledge that WATs tend to be

associated with dynamical clusters of galaxies, we obtained service time1 on

the AAT using AAOmega to probe the environment surrounding the largest

WAT in our sample.

• Chapter 5 presented an investigation into the far-infrared radio correlation

and, despite the myriad of elements upon which the FRC is dependent, we

found no evidence for its evolution to redshifts of ∼2.

6.1 ATLAS Spectroscopic Catalogue and RLFs

The ATLAS Spectroscopic Catalogue presents 466 new spectroscopic redshifts

obtained using AAOmega on the AAT for radio sources in ATLAS. The cata-

logue includes spectroscopic classifications of the sources as either star-forming

or AGN-driven. The spectroscopic classifications were performed by visual in-

spection and a sample of these were independently verified by at least one other

collaborator. These spectroscopic classifications were compared to mid-infrared

SF/AGN diagnostics and found to be in good agreement.

60% (282) of sources were classified as AGN, 30% (142) were found to be star-

forming galaxies and we were not able to unambiguously classify 32 spectra. 10

radio sources appeared to have stellar spectra but these were found to be chance-

alignments.

The RLF was constructed for ELAIS for both SF galaxies and AGN. We were

unable to do this for CDFS due to the presence of artefacts in the DR1 radio

image. The SF galaxy RLF is found to evolve to z ∼ 0.5, with a higher number

density of SF galaxies at higher redshifts. This is consistent with previous studies.

The AGN RLF was less clear cut, and although consistent with work by Padovani

et al. (2011), it appears inconsistent with work by others, such as Mauch and

Sadler (2007).

We have demonstrated that by using ATLAS radio data with optical spec-

troscopy follow-up data from AAOmega, we were able to distinguish between

AGN and star-forming galaxies, and construct the RLF for ELAIS. ATLAS DR3

has solved the artefact issue in CDFS so our future work will include construct-

ing the RLF for CDFS thereby overcoming the cosmic variance problem we may

1The weather for the service observations was very good.

142



6.2. WATS IN ATLAS

be facing having only constructed the RLF for ELAIS. Furthermore, as our opti-

cal observations suffered from poor weather conditions wewere unable to achieve

our target magnitude limit. Obtaining deeper optical spectroscopy, especially for

DR3, will also occur in the near future.

This work has important value as it will provide the training set to guide

algorithms that will be used to determine the redshift distribution for EMU and

other next-generation radio surveys.

6.2 WATs in ATLAS

Wide-angle tail radio sources are associated with clusters of galaxies and are usu-

ally found near the centres of clusters that are undergoing mergers. We identified

a sample of six WATs in ATLAS and all four that had sufficient data in their im-

mediate vicinity showed evidence for residing in overdense environments.

The largest WAT in our sample is S1189 in ELAIS, which has a redshift of

∼ 0.22. We obtained service time on AAOmega to investigate the environment of

S1189 and found an overdensity of galaxies that is spread over ∼ 12Mpc. The

overdensity has a velocity dispersion of ∼ 870km s−1, consistent with rich clus-

ters undergoing mergers in the local Universe. We conclude that the overden-

sity probably represents an unrelaxed system that may be undergoing a cluster-

cluster merger. The true nature of the system could be probed using deep X-ray

observations.

We also investigated the likelihood of using WATs to probe clusters at high

redshifts and found that while inverse Compton cooling will reduce the apparent

size of the emitting region, WATs should still be detectable at high redshifts if

they exist. We estimate that up to 2× 105 WATs may be detected in EMU. Given

that each WAT is likely to be associated with a cluster, EMU will be invaluable

for the detection of clusters.

6.3 The Far-Infrared Radio Correlation

The far-infrared correlation was discovered over 40 years ago and holds for a wide

range of Hubble types over five orders of magnitude of bolometric luminosity. We

studied the FRC of ULIRGs in ECDFS to z > 2 in order to determine if the FRC

evolved with redshift.

Using both stacking analysis and survival analysis we find no clear evidence
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for evolution in the FRC at 70µm. This is surprising because the FRC relies on a

number of effects including inverse Compton cooling of electrons and magnetic

field strength. We concluded that these effects must either be insignificant over

the redshift range we are looking at, or there is some complex interplay resulting

in the apparent conspiracy to preserve the FRC.

Herschel will measure the far-infrared properties of ULIRGs to z ∼ 4 allowing

the FRC to be probed to higher redshifts.

6.4 Legacy of ATLAS and future work

The work presented in this thesis is already being utilised by the EMU team to

design the EMU Survey see Norris et al. (2011a) for more details). While EMU

science could be greatly enhanced by redshift data, EMU expects to detect ∼70
million radio sources, and obtaining spectroscopic redshifts for all of these would

be impossible. Consequently, the EMU team (Salvato et al. in preparation) are in-

vestigating the possibility of using statistical redshifts. To optimise the accuracy

of statistical redshifts, well-studied spectroscopic surveys are imperative. The

ATLAS spectrocopic catalogue presented in this thesis is already being used by

the EMU team as a training set to guide the statistical redshift algorithms. Fur-

thermore, as demonstrated by this thesis, spectrosopic redshifts are imperative

for many different studies.

With the release of ATLAS DR3 (Banfield et al. in preparation), many more

radio sources will be detected in ATLAS. Proposals aiming to obtain spectrosopic

redshifts for these sources have already been submitted. I intend to use the cur-

rent data on hand, and DR3 data in the future, to produce a more in-depth inves-

tigation into discriminating between star-forming galaxies and AGN, making use

of the deep ancillary data available (e.g. infrared from SWIRE and SERVS, X-ray

data from Chandra). I shall also focus specifically on determining the relative

contributions of star-formation and AGN in composite sources, of which we sus-

pect there to be many. It is only with the advent of sensitive radio observations,

such as ATLAS, that such studies have been made possible.

Although ATLAS radio observations have been completed and the project is

drawing to a close, the legacy of ATLAS will remain strong. ATLAS is already

acting as a pathfinder to EMU, which will use the ASKAP, heralding a new era of

radio survey astronomy with the next-generation of radio telescopes.
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H. Böhringer, P. Schuecker, L. Guzzo, C. A. Collins, W. Voges, S. Schindler, D. M.

Neumann, R. G. Cruddace, S. De Grandi, G. Chincarini, A. C. Edge, H. T.

149



BIBLIOGRAPHY

MacGillivray, and P. Shaver. The ROSAT-ESO flux limited X-ray (REFLEX)

galaxy cluster survey. I. The construction of the cluster sample. A&A, 369:

826–850, April 2001.

J. G. Bolton and G. J. Stanley. Variable Source of Radio Frequency Radiation in

the Constellation of Cygnus. Nature, 161:312–313, February 1948.

S. Borgani, G. Murante, V. Springel, A. Diaferio, K. Dolag, L. Moscardini, G. Tor-

men, L. Tornatore, and P. Tozzi. X-ray properties of galaxy clusters and groups

from a cosmological hydrodynamical simulation. MNRAS, 348:1078–1096,

March 2004.

N. Bourne, L. Dunne, R. J. Ivison, S. J. Maddox, M. Dickinson, and D. T. Frayer.

Evolution of the far-infrared-radio correlation and infrared spectral energy dis-

tributions of massive galaxies over z= 0-2. MNRAS, 410:1155–1173, January

2011.

I. S. Bowen. The Origin of the Nebulium Spectrum. Nature, 120:473, October

1927.

B. J. Boyle, T. J. Cornwell, E. Middelberg, R. P. Norris, P. N. Appleton, and I. Smail.

Extending the infrared radio correlation. MNRAS, 376:1182–1188, April 2007.

J. W. Broderick and R. P. Fender. Is there really a dichotomy in active galactic

nucleus jet power? MNRAS, 417:184–197, October 2011.

S. Brown and L. Rudnick. Diffuse Cluster-Like Radio Emission in Poor Environ-

ments. AJ, 137:3158–3171, February 2009.

G. Brunetti, T. Venturi, D. Dallacasa, R. Cassano, K. Dolag, S. Giacintucci, and

G. Setti. Cosmic Rays and Radio Halos in Galaxy Clusters: New Constraints

from Radio Observations. ApJ, 670:L5–L8, November 2007.

J. O. Burns. The radio properties of cD galaxies in Abell clusters. I - an X-ray

selected sample. AJ, 99:14–30, January 1990.

J. O. Burns. Stormy Weather in Galaxy Clusters. Science, 280:400, April 1998.

C. N. Cardamone, P. G. van Dokkum, C. M. Urry, Y. Taniguchi, E. Gawiser,

G. Brammer, E. Taylor, M. Damen, E. Treister, B. E. Cobb, N. Bond, K. Schawin-

ski, P. Lira, T. Murayama, T. Saito, and K. Sumikawa. TheMultiwavelength Sur-

150



BIBLIOGRAPHY

vey by Yale-Chile (MUSYC): Deep Medium-band Optical Imaging and High-

quality 32-band Photometric Redshifts in the ECDF-S. ApJS, 189:270–285,

August 2010.

C. L. Carilli and M. S. Yun. The Radio-to-Submillimeter Spectral Index as a Red-

shift Indicator. ApJ, 513:L13–L16, March 1999.

R. Cassano. Large-scale Diffuse Radio Emission fromClusters of Galaxies and the

Importance of Low Frequency Radio Observations. In D. J. Saikia, D. A. Green,

Y. Gupta, & T. Venturi, editor, The Low-Frequency Radio Universe, volume 407 of

Astronomical Society of the Pacific Conference Series, page 223, September 2009.

S. C. Chapman, R. J. Ivison, I. G. Roseboom, R. Auld, J. Bock, D. Brisbin, D. Bur-

garella, P. Chanial, D. L. Clements, A. Cooray, S. Eales, A. Franceschini, E. Gio-

vannoli, J. Glenn, M. Griffin, A. M. J. Mortier, S. J. Oliver, A. Omont, M. J.

Page, A. Papageorgiou, C. P. Pearson, I. Pérez-Fournon, M. Pohlen, J. I. Rawl-
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O. Le Fèvre, G. Vettolani, S. Paltani, L. Tresse, G. Zamorani, V. Le Brun,

C. Moreau, D. Bottini, D. Maccagni, J. P. Picat, R. Scaramella, M. Scodeggio,

A. Zanichelli, C. Adami, S. Arnouts, S. Bardelli, M. Bolzonella, A. Cappi,

S. Charlot, T. Contini, S. Foucaud, P. Franzetti, B. Garilli, I. Gavignaud,

L. Guzzo, O. Ilbert, A. Iovino, H. J. McCracken, D. Mancini, B. Marano,

C. Marinoni, G. Mathez, A. Mazure, B. Meneux, R. Merighi, R. Pellò, A. Pollo,
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A
Appendix for Chapter 3

A.1 Redshifts for 24µm excess sources

Redshifts for 697 of 1080 non-ATLAS sources were obtained. 472 of these are

24µm excess sources and form the basis of further investigation into the radio-

FIR correlation (Norris et al., in preparation). Their redshifts were determined in

the process of determining ATLAS redshifts and are presented here for the first

time in Table A.1.

A.2 Venclosed/Vavailable

The ELAIS radio image is ∼4.7 square degrees, of which π square degrees were

observed with the AAT. In Figure 3.9 we presented the rms at each radio source

position. Figure A.1 presents the same data with the AAOmega field-of-view

overlaid.

We can treat this non-uniform radio image as four overlapping radio images

each with a different rms. Table A.2 presents these areas, designated images A

- D with A being the deepest and D being the shallowest image. The following

equations and analyses are based on the equations provided in Avni and Bahcall
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Figure A.1: RA-Dec plot of ELAIS’s rms characteristics, with four different rms
bins chosen, and colour-coded. To keep the plot simple, only parts of the image
that aren’t also part of a deeper image are plotted. That is, Image D covers the
entire radio image, and Image C’s datapoints can be thought of as being overlaid
on Image D. The field-of-view of AAOmega is overlaid.
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Table A.1: First 10 lines of the catalogue of new spectrosopic redshifts for 24µm
excess sources in ATLAS.

SID RA Dec z
(J2000) (J2000)

SWIRE3 J033350.32-280807.2 3:33:50.32 -28:08:07.30 0.2885
SWIRE3 J033300.84-280957.3 3:33:00.84 -28:09:57.30 0.2147
SWIRE3 J033246.75-280846.9 3:32:46.76 -28:08:47.00 3.1880
SWIRE3 J033223.92-281126.8 3:32:23.92 -28:11:26.80 0.1961
SWIRE3 J033221.93-281005.8 3:32:21.94 -28:10:05.90 0.1811
SWIRE3 J033347.81-281622.0 3:33:47.82 -28:16:22.00 0.1029
SWIRE3 J033159.87-280953.0 3:31:59.87 -28:09:53.00 0.2363
SWIRE3 J033154.67-281035.9 3:31:54.67 -28:10:36.00 0.2148
SWIRE3 J033417.62-281712.8 3:34:17.62 -28:17:12.90 0.3400
SWIRE3 J033237.30-280847.2 3:32:37.30 -28:08:47.30 0.7683

Table A.2: The rms limits for the four overlapping radio images ELAIS is broken
down into.

Image RMS limit Area
(µJy beam−1) (deg2)

A 30 0.95
B 40 1.75
C 65 2.56
D 100 3.14

(1980).

Although whether the source is detected is both a function of the source’s po-

sition in the field, and its luminosity, the actual volume available to the source is

dependent only upon its luminosity. That is to say, the source may be distributed

anywhere within the total volume. This is because the volume available to the

source is bound by the flux density limits presented in Table A.2.

For a source of a given luminosity, the volume available (in Mpc3) to a source

in our sample is
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Vavailable =
1

4π

4

3
π(Ω(D−C)D

3
MMAX,D

+Ω(C−B)D
3
MMAX,C

+Ω(B−A)D
3
MMAX,B

+ΩAD
3
MMAX,A) (A.1)

=
1

3
(Ω(D−C)D

3
MMAX,D

+Ω(C−B)D
3
MMAX,C

+Ω(B−A)D
3
MMAX,B

+ΩAD
3
MMAX,A) (A.2)

where ΩX is the solid angle (in steradians) subtended by the image X, and

DMMAX,X is the maximum comoving distance in Mpc for image X. In this way,

each source is accounted for only once. This corresponds to Equation 9 of Avni

and Bahcall (1980).

The actual volume enclosed by the source, corresponding to Equation 10

of Avni and Bahcall (1980), is dependent on the source’s redshift (and hence

DM,source). For a source whose redshift is less than the maximum redshift the

shallowest image (D) can detect, the enclosed volume is simply

Venclosed =
1

3
(ΩDD

3
M,source) (A.3)

where DM,source is the comoving distance in Mpc for the source.

However, for a source whose redshift is less than or equal to the maximum

redshift the deepest image (A) can detect, the enclosed volume is

Venclosed =
1

3
(Ω(D−C)D

3
MMAX,D

+Ω(C−B)D
3
MMAX,C

+Ω(B−A)D
3
MMAX,B

+ΩAD
3
M,source) (A.4)

This is shown schematically in Figure A.2. These are for the two extremes but

the same procedure is followed for sources with redshifts between zMAX,C and
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zMAX,D as well as for sources with redshifts between zMAX,B and zMAX,C .
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Figure A.2: A simple model depicting Vavailable (solid black line) and Venclosed

(shaded region) for a source whose redshift is less than the maximum redshift
detectable in the shallowest image (upper panel) and for a source whose redshift
is less than the maximum redshift detectable in the deepest image (lower panel).
The x-axis is an idealised cross-section of the area and the y-axis is the redshift.
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B.1 New Redshifts
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Table B.1: New redshifts of galaxies near S1189.

SWIRE ID z SWIRE ID z
SWIRE3 J003134.02-425148.8 0.21061 SWIRE3 J003443.66-424544.6 0.22247
SWIRE3 J003147.97-432431.8 0.44433 SWIRE3 J003445.06-425832.2 0.42247
SWIRE3 J003152.98-431701.7 0.24509 SWIRE3 J003446.92-431108.0 0.32148
SWIRE3 J003203.05-434121.6 0.21837 SWIRE3 J003446.92-431221.4 0.02507
SWIRE3 J003205.98-432339.9 0.39604 SWIRE3 J003448.84-424223.5 0.38740
SWIRE3 J003209.95-432147.1 0.20451 SWIRE3 J003452.68-430124.9 0.18383
SWIRE3 J003223.48-432147.1 0.27936 SWIRE3 J003455.92-433249.9 0.18833
SWIRE3 J003229.13-434406.2 0.35209 SWIRE3 J003458.93-430150.5 0.31710
SWIRE3 J003229.91-425457.7 0.22330 SWIRE3 J003458.95-425637.6 0.32933
SWIRE3 J003236.91-432040.8 0.21686 SWIRE3 J003459.03-425642.3 0.33043
SWIRE3 J003242.01-432630.5 0.22334 SWIRE3 J003500.92-430309.5 0.21871
SWIRE3 J003243.83-430936.9 0.20711 SWIRE3 J003501.04-424205.0 0.41316
SWIRE3 J003243.91-425533.9 0.14944 SWIRE3 J003503.98-425710.2 0.22218
SWIRE3 J003248.95-425132.5 0.21149 SWIRE3 J003506.23-425900.7 0.12141
SWIRE3 J003249.79-423818.9 0.30177 SWIRE3 J003509.89-430642.4 0.20673
SWIRE3 J003251.92-432910.4 0.28767 SWIRE3 J003513.81-430046.2 0.32167
SWIRE3 J003300.09-432819.9 0.22674 SWIRE3 J003519.09-431158.8 0.17832
SWIRE3 J003308.14-430217.3 0.18372 SWIRE3 J003526.70-430418.7 0.22216
SWIRE3 J003309.95-430020.2 0.37209 SWIRE3 J003526.75-435641.2 0.32339
SWIRE3 J003310.94-424121.5 1.24725 SWIRE3 J003527.25-425327.0 0.04506
SWIRE3 J003312.88-431547.4 0.27951 SWIRE3 J003530.92-424426.3 0.53011
SWIRE3 J003313.91-432722.2 0.33233 SWIRE3 J003535.18-430900.6 0.32241
SWIRE3 J003317.94-432925.6 0.19152 SWIRE3 J003537.70-422625.0 0.03611
SWIRE3 J003322.00-430419.5 0.22525 SWIRE3 J003538.08-425640.0 0.26549
SWIRE3 J003322.79-431047.0 0.07282 SWIRE3 J003542.74-425959.5 0.05296
SWIRE3 J003335.04-425458.6 0.21277 SWIRE3 J003551.83-424442.1 0.07070
SWIRE3 J003339.84-430908.8 0.22149 SWIRE3 J003552.04-430205.0 0.18486
SWIRE3 J003343.91-432149.5 0.40215 SWIRE3 J003552.98-432142.4 0.39342
SWIRE3 J003348.84-430904.4 0.20033 SWIRE3 J003556.02-421810.9 0.24246
SWIRE3 J003351.10-424258.2 0.26489 SWIRE3 J003556.95-433947.0 0.42403
SWIRE3 J003355.92-424153.9 0.21902 SWIRE3 J003600.06-424555.6 0.54820
SWIRE3 J003400.08-430537.8 0.20725 SWIRE3 J003609.00-424433.8 0.18637
SWIRE3 J003403.95-425805.9 0.32737 SWIRE3 J003611.10-425004.1 0.33055
SWIRE3 J003404.81-431335.8 0.18986 SWIRE3 J003619.16-424839.2 0.20139
SWIRE3 J003404.90-430945.6 0.27894 SWIRE3 J003630.77-423814.6 0.05462
SWIRE3 J003408.19-431736.3 0.14801 SWIRE3 J003636.80-432152.6 0.15536
SWIRE3 J003410.81-424105.3 0.27872 SWIRE3 J003645.06-423419.9 0.32288
SWIRE3 J003410.96-430444.7 0.42139 SWIRE3 J003645.88-431028.3 0.30023
SWIRE3 J003413.83-425647.6 0.32816 SWIRE3 J003647.94-431037.1 0.29938
SWIRE3 J003415.22-430234.2 0.18821 SWIRE3 J003655.07-425404.1 0.27827
SWIRE3 J003415.87-430840.9 0.22201 SWIRE3 J003659.30-431824.1 0.22634
SWIRE3 J003419.26-430334.0 0.22040 SWIRE4 J003706.38-431442.3 0.66842
SWIRE3 J003421.99-425817.0 0.41943 SWIRE3 J003706.70-431836.0 0.01959
SWIRE3 J003422.08-430623.7 0.22014 SWIRE3 J003707.12-430302.7 0.22293
SWIRE3 J003426.01-434349.1 0.20469 SWIRE3 J003711.92-430711.4 0.22153
SWIRE3 J003428.82-425203.7 0.12161 SWIRE3 J003728.02-434143.2 0.20727
SWIRE3 J003430.97-425901.6 0.14762 SWIRE3 J003748.09-433353.8 0.30986
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So long, and thanks for all the fish.

Douglas Adams


