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Abstract

This thesis presents observations of dusty, luminous, high redshift galaxies using mid
Infra-Red and radio observations of samples of galaxies uncovered using the Wide-Field
Infra-Red Survey Explorer (WISE) All-Sky Mission. Observations of these galaxies
are critical to understanding the evolution of galaxies during the epoch of the peak
in mergers and star formation activity. Two samples of galaxies are investigated in
Chapter 3 and Chapter 4.

The galaxies in Chapter 3 were selected using the WISE-All Sky mission, with additional
constraints at 1.4 GHz (21 cm) to select for radio-intermediate emission. These galaxies
are expected to have radio jets still embedded in their galactic hosts, and the sample
within this thesis resides between redshifts of 1.3 < z < 2.9. To understand the nature
of the environments that these powerful, luminous galaxies inhabit, the possibility of
mergers between nearby galaxies is estimated using mid Infra-Red Spitzer observations
over square 5.12 ′ × 5.12 ′ fields.

The galaxies in Chapter 4 were also discovered using the WISE-All Sky mission, but
with no constraints on their radio power. These galaxies are among the most luminous
known, with Infra-Red luminosities in excess of 1014 L�, placing them in the HyLIRG
regime. These luminous, dusty galaxies are expected to contain extremely powerful
AGN in their centres, heating the surrounding dust to temperatures & 60 K. Using
∼ 30 GHz observations of a sample of these galaxies, estimates of their radio properties
can be determined to understand the level of free-free and synchrotron emission, and
the rates of star formation in the galaxy hosts.
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Chapter 1

Introduction

1.1 Overview and Motivation

The focus of the research presented in this thesis is to understand the environments of

high-redshift, luminous Infra-Red (IR) galaxies. To this end, the thesis presents follow-

up observations of galaxies selected using the Wide Field Infra-red Survey Explorer

(WISE; Wright et al., 2010) All-Sky Survey. Deeper measurements of some of the

reddest-selected galaxies in this survey can be used to build an understanding of how

these galaxies formed and what processes are occurring in their local environment. By

doing so, one can determine the mechanisms producing these extremely luminous IR

galaxies.

It is now believed that many local galaxies were formed at high-redshift via major

mergers between galaxies (Toomre & Toomre, 1972; Toomre, 1977; Mihos & Hernquist,

1994; Somerville et al., 2001; Tacconi et al., 2008; Conselice, 2014). During these
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CHAPTER 1. INTRODUCTION

mergers, gas from the progenitor galaxies is distorted via tidal torques and shocked

(Hernquist, 1989), forming bars and spiralling into the central regions of the galaxy

as it loses angular momentum (Hernquist, 1989; Barnes & Hernquist, 1996; Hopkins

et al., 2008). Some of this gas is accreted onto the central Supermassive Black Hole

(SMBH) of the newly formed galaxy, while some increases the star formation rate of

the host galaxy (Elbaz & Cesarsky, 2003). Further, simulations of clusters of galaxies

by Chiang et al. (2017) suggest that within the entire 10 − 20 Mpc of the simulated

clusters of galaxies at 1.5 < z < 5 there appears to be an excess density of star-

forming galaxies. To fully understand this period of rapid growth, observations of

obscured, luminous galaxies in the IR and their environments are necessary. Through

shallow, wide-field surveys and specific selection criteria, deeper follow-up observations

can determine properties of these galaxies, such as star formation rates, galaxy masses,

dust masses and temperatures. This thesis will constitute part of such a study.

1.2 Diversity of Galaxies

The diversity of observed galaxies has been well established since Edwin Hubble’s ob-

servations, which suggested a “Hubble Sequence” (Hubble, 1936), classifying galaxies

into several morphological groups (see Fig. 1.1). These galaxies can be arranged into

three morphological types; spiral galaxies with columns of stars, gas and dust in spirals

emerging from central regions of the galaxy and a bulge towards the galactic centre,

elliptical galaxies appearing as generally featureless orb-like structures of stars, and

lenticular galaxies, which appear with a central bulge similar to spiral galaxies, albeit

with no spiral structure and a simple disk of stars orbiting the central region. These

galaxy classes have various subsets to define additional observed features (e.g. strength

of ellipticity for elliptical galaxies), and can classify other galaxy types, such as irregu-

2



CHAPTER 1. INTRODUCTION

Figure 1.1: Figure shows the Hubble Sequence, a morphological classification system de-
vised by Edwin Hubble in the 1920s to explain the observed difference between galaxies.
The Hubble Sequence shows the transitions between different morphologies, suggest-
ing galaxy evolution. Current theories of galaxy evolution have utilised galaxy merger
theory and dark matter to understand the observed differences.

lar/peculiar galaxies, which have neither bars, spirals nor disks.

The different morphologies are expected to be produced via interactions with the envi-

ronment or processes within the galaxies (Barnes & Hernquist, 1998). “Red and dead”

galaxies, which have little ongoing star formation appear red from the emission of older

stars. The lack of younger stellar emission is most likely produced via winds from the

central SMBH, causing star forming gas to be expelled from the galaxy (Lynden-Bell,

1969), suppressing star formation. For many galaxies, therefore, the morphologies can

be explained via the motion of gas and dust, such that understanding these properties

at high-redshifts is useful in determining how galaxies formed.

3
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1.3 Active Galactic Nuclei

Some of the first observations of Active Galactic Nuclei (AGN) were made using spec-

troscopic observations which revealed emission lines from NGC 1068 and Messier 81 by

Edward Fath in 1909 (Fath, 1909). Instead of a continuous spectrum of stellar absorp-

tion lines, these objects showed composite spectra of bright absorption and emission

lines, and later work showed that these emission lines were spread across a wide range

of frequencies (Slipher, 1917). In 1943, Carl Seyfert discussed broad emission lines

emanating from the nuclei of several spiral galaxies, and galaxies with these emission

lines are commonly known as Seyfert Galaxies (Seyfert, 1943). Over the following

decades, further types of AGN were discovered, all unusually compact and extremely

bright but with faint or no host emission. Analysing these objects at various different

wavelengths produce Spectral Energy Distributions (SEDs) of the central regions of the

galaxies, which showed broad and narrow emission lines, suggesting that these AGN

were extremely powerful objects.

Accretion of matter onto a central SMBH has been used to explain the feeding mech-

anism for AGN (Salpeter, 1964) and a paper published by Lynden-Bell (1969) showed

that accretion onto the SMBH was the source of non-stellar emission in Seyfert galaxies

(see Section 1.3.1). Accretion onto the central SMBH has long been argued to be the

most efficient method to transport energy onto these compact objects and convert it

to radiation. The Eddington Limit (see Eqn. 1.1), calculated by equating the radiation

pressure with the gravitational attraction from a massive body, shows the output from

accretion onto a black hole has an extremely large maximum energy. This is in general

agreement with estimates of AGN, suggesting that accretion onto a SMBH is the main

mechanism by which AGN are powered. With matter-energy conversion efficiencies of

4
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ε . 40%, compared with an efficiency of ε ∼ 0.7% for stars, this shows that accretion

onto a black hole is the most efficient process for emitting energy from matter.

LEdd =
4πGMmpc

σT
(1.1)

where LEdd is the Eddington luminosity, M is the mass of the central black hole, mp is

the mass of the proton and σT is the Thomson scattering cross-section. G and c are

the gravitational constant and speed of light respectively. Typically, the value of the

Eddington luminosity is between 1×1040 < LEdd < 1×1045 W, and requires > 1×1024 kg

of matter to produce this luminosity.

1.3.1 Types of AGN

In the following section, I briefly discuss the different types of AGN and how they are

classified. The differences are observed at a wide range of frequencies, in which the

central AGN will vary with luminosity. Models have been used to explain the observed

difference between the variety of AGNs. Urry & Padovani (1995) suggests that the

main difference between Type 1 and Type 2 AGN is the orientation of the obscuring

torus with respect to the observer (Kellermann et al., 1989), shown in Fig. 1.2. This is

expected to produce the observed broad and narrow line emission observed at optical

and UV wavelengths in Type 1 AGN, whereby the central nucleus is visible, while only

faint, narrow line emission is observed from Type 2 AGN. In the instance of Type 2

AGN, the broad line emission is blocked by the obscuring torus (see Netzer, 2013, for

a complete review), and the faint, narrow line emission is from narrow-line emitting

clouds. The model shown in Fig. 1.2 does not explain the differences between all

5
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Figure 1.2: Figure from Urry & Padovani (1995) illustrating the unified model of AGN,
whereby the viewing angle of the observer affects the observed characteristics of the
AGN. The model shows (green arrows) the different viewing angle which could produce
the observed AGN and (white arrow) the features produced by the AGN.

AGN, but suggests that all AGN have the same internal structure within the innermost

nucleus.

Radio-Loud galaxies are generally split into three subclasses: Radio-Galaxies, Quasars

and Blazars. Radio-Galaxies, as the name suggests, are galaxies with high radio lu-

minosities (& 1039 W; Fanaroff & Riley, 1974) between 10 MHz and 100 GHz. Radio

emission is generally associated with synchrotron processes, such as those observed in

radio-jets. This is caused by the acceleration of electrons and other charged particles

by magnetic fields, causing them to emit radiation. Radio emission is generally ob-

served from a pair of distinct jets emanating from the central regions of the galaxies,

interacting with the Inter-Galactic Medium (IGM). Depending on the orientation of

the jet with respect to the observer, one of the jets can appear much brighter than the

6
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other jet. This is caused by an effect known as beaming (Blandford & Königl, 1979),

in which the observed luminosity of jets of particles appears to be significantly brighter

when moving close to the speed of light when the jet is inclined towards the observer.

Compared to normal galaxies, which emit 10−4% of their total luminosity at radio fre-

quencies (Condon, 1992), radio-galaxies emit 0.1 to 10 times their optical flux in the

radio. Emission lines in radio-galaxies are variable, such that they can have both broad

and narrow line emission.

Quasars were first discovered in the 1950s as sources of intense radio emission from

point-like objects (Matthews & Sandage, 1963; Schmidt, 1963), with optical counter-

parts known as Quasi-Stellar Objects (QSOs). Further higher resolution images centred

on positions of known quasars showed that these objects were extremely compact, resid-

ing in the central regions of galaxies (Sanders et al., 1988a). These objects are defined

by their broad emission lines in the Ultra-Violet (UV) (see Davidson & Netzer, 1979,

for a review), have bright emission lines in the optical and have luminosities which are

variable on timescales of hours to days, suggesting a compact accretion disk near to the

source. Due to the bright emission from these AGN, high redshift quasars can be used

as indicators of properties of the early universe at z & 3, aiding in the understanding

of the density of galaxies at these redshifts, and the manner in which galaxies formed

(e.g. Madau et al., 1996; Fan et al., 2001; Mortlock et al., 2011).

Blazars are also extremely luminous objects, and generally show signs of relativistic

beaming, suggesting that the central AGN jet axis is observed close to or directly on

the line of sight (Urry & Padovani, 1995). High resolution imaging of these objects

show that they reside within elliptical galaxies (e.g. Padovani & Giommi, 1995; Falomo

& Ulrich, 2000), and have variations in both their spectra and observed output energy

on short timescales of hours to days (Blandford & Rees, 1978). Unlike Quasars, these

AGN do not generally display narrow line features and only weak broad line emission

7
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(Blandford & Rees, 1978; Urry & Padovani, 1995). Blazars can be broken down into two

sub-classes: BL Lacertae (BL Lac) and Flat-Spectrum Radio Quasars (FSRQs), which

are thought to be, under the AGN Unification paradigm, low- and high-luminosity

radio-galaxies (Sambruna, 1997; Willott et al., 2001).

First discovered by Carl Seyfert in 1944, Seyfert galaxies are one of the two largest

groups of known active galaxies alongside Quasars. The AGN in these galaxies were

first uncovered due to their broad emission lines in the cores of the host galaxies, pro-

ducing a large stellar-like component in the central regions. While extremely luminous,

like Quasars, Seyfert host galaxies are also clearly detectable, with variations in their

brightness on timescales of days. Seyfert galaxies can be subdivided into two classes;

Seyfert I galaxies include both broad (1×103 km s−1) and narrow line (. 1×103 km s−1)

doppler-shifted components, and Seyfert II galaxies are expected to be obscured coun-

terparts to Seyfert I galaxies, with an obscuring torus that blocks much of the broad

line component from the centre of these galaxies from view (see Fig. 1.2). A key piece of

evidence for the difference came from Antonucci & Miller (1985), which showed that the

polarization spectra of the Seyfert II galaxy, NGC 1068, had similar broad line spectra

to Seyfert I galaxies. This finding showed that some Seyfert II galaxies contained broad

emission lines, albeit significantly reduced below the continuum, such that it could only

be viewed in polarized light (Peterson & Wilkes, 2000).

The AGN Unification Model can be used to further sub-divide AGN classes, as shown in

the case of Blazars. Low Ionisation Nuclear Emission-line Regions (LINERS; Heckman,

1980) generally resemble Seyfert II galaxies, albeit with strong O[I] and N[II] lines.

These galaxies are one of the most common types of AGN, making up roughly a third

of observed local galaxies. These AGN also reside within a wide range of galaxies;

including Spiral, Lenticular and Ellipticals, although they appear to rarely reside within

Irregular galaxies (Ho et al., 1997).
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1.4 Evolution of Galaxies

Galaxies seem to evolve over billions of years; through stages of star formation, periods

of varying AGN activity and interactions with nearby galaxies. Galaxies are expected

to evolve through one of two methods; either passively, evolving into redder galaxies

that appear isolated from other galaxies, or via mergers/interactions with other nearby

galaxies. Evolution via mergers has been theorised to produce the disturbed Spiral

galaxies and Ultra-Luminous IR Galaxies (ULIRGs) in the local universe (Toomre &

Toomre, 1972), which has been evidenced by observations of trails of matter in opposite

directions, and the chaotic positions and velocity distributions of gas and dust (Springel

& Hernquist, 2005; Naab et al., 2006; Robertson et al., 2006; Cox et al., 2008; Khalatyan

et al., 2008; Lotz et al., 2008). The arm-like features observed in Spiral galaxies are likely

to be produced as dust and gas is displaced through the merger process, producing the

younger stars compared to the bulge (Springel & Hernquist, 2005; Foyle et al., 2010).

The theory of the assembly of galaxies via hierarchical growth through mergers has

been observed in numerical models and simulations (Barnes & Hernquist, 1992, 1998;

Hernquist, 1992, 1993), producing the observed elliptical galaxies at lower redshifts.

The effect of merger events is discussed below.

1.4.1 Major Mergers

Major mergers are typically defined as collisions between two or more galaxies with sim-

ilar luminosities (e.g. Barnes & Hernquist, 1992; Lambas et al., 2012a) and are believed

to be the main method through which galaxies acquire gas and dust to accrete onto

the central SMBH (Eggen et al., 1962; White & Rees, 1978) and form stars (Joseph &
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Wright, 1985; Sanders & Mirabel, 1996; Evans et al., 2010; Hopkins et al., 2013). In the

bottom-up theory of galaxy mergers, the initial perturbations of the matter density field

would have collapsed via gravitational attraction to produce the first galaxies, before

forming larger structures with other galaxies along the cosmic web via gravitational

attraction (White & Rees, 1978). These mergers would have substantially changed

the activity of the newly formed galaxy, including the star formation rate (Toomre &

Toomre, 1972) and the activity of the central SMBH. By understanding these mergers,

one can build a better understanding of the formation of galaxies observed in the local

universe and the processes that produced observed ULIRGs at low redshifts (z < 1)

(Lonsdale et al., 2006; Tacconi et al., 2008).

Depending on the size of the central SMBH and the gas reservoirs in the constituent

galaxies before the merger, the star formation and activity of the central AGN will,

in the first instances, dramatically increase. These mergers initially lead to collisions

of clouds of cold gas, condensing to produce star forming regions and establishing the

starburst phase observed at redshifts 2 < z < 3 (Barnes & Hernquist, 1992). During

this period, however, the quantity of matter accreted onto the central SMBH also

increases, obscured by the increased levels of dust and gas within the newly formed

galaxy. Eventually, the luminosity of the AGN comes to dominate the host galaxy,

becoming obscured quasars (Stevens et al., 2003; Alexander & Hickox, 2012). The AGN

then enters what has been coined the “Blowout” phase, wherein feedback mechanisms

from winds of the central SMBH (Veilleux et al., 2005; King, 2003) will drive out

gas, halting any further star formation. The AGN then becomes directly visible as the

obscuring material is flushed from the surrounding environment, and the AGN becomes

an optical quasar. Without further matter to accrete or form stars, the AGN and its

host galaxy begin to fade in luminosity, passively evolving to the “Dead Elliptical”

phase.
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The host galaxy during a merger is also significantly affected, evidenced by the observed

chaotic motion of gas, long tidal tails, and additional spectral components (Schweizer,

1982; van Dokkum, 2005; Tacconi et al., 2008; Bennert et al., 2008). During the stages

of mergers, the most striking observational characteristic is the change in the morphol-

ogy of the constituent galaxies. Indeed, initial simulations by Toomre (1977) show

that spiral galaxies are converted into elliptical galaxies via mergers, transforming the

gas-rich spirals into “red and dead” elliptical galaxies through rapid quenching of gas

needed for star formation. The observed morphologies of local ellipticals are thought

to have been formed from interactions and major mergers between galaxies earlier in

their evolution (e.g. Toomre & Toomre, 1972; Farouki & Shapiro, 1982; Negroponte &

White, 1983; Schweizer & Seitzer, 1998). During their earlier stages, merging galaxies

produce far more complex morphologies (Hwang & Chang, 2009), with tails, additional

nuclei, shells and dust lanes (e.g. Schweizer, 1982; Heckman et al., 1986; Smith et al.,

1986), indicative of potential sites of major mergers or interactions between galaxies.

Due to chance alignment of galaxies at different redshift, one cannot simply use radial

profiles to determine the merger rates at different redshifts. Spectroscopic/photometric

observations of potentially interacting pairs and simulations of galaxies are the main

method by which major mergers can be understood (Lotz et al., 2008).

Evidence suggests that major mergers are linked to massive bursts of star formation

in the newly formed galaxies through condensation of gas clouds from the progenitor

galaxies (Larson, 2003). As previously stated, major mergers can increase the activity

of the central AGN by funnelling gas onto the accretion disks on scales of ∼ 1 pc

(Begelman, 2003), although it is not fully understood how the gas is driven down to

these scales (Alexander & Hickox, 2012, and references therein). The link between AGN

activity and star formation produced via major mergers has been shown in the overlap

between the peak in AGN activity and the peak of star formation rates with respect
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Figure 1.3: Figure from Aird et al. (2015) showing the relation between the Star For-
mation Rate (SFR) and SMBH accretion rate and the similar redshifts for the peak in
star formation and activity of AGN (z ∼ 2), suggesting a link between the accretion
modes of AGN and the SFR of the host galaxy.

to redshift, as shown in Fig. 1.3 (Silverman et al., 2008; Aird et al., 2010), wherein

the peak of star formation is observed at z ∼ 2 − 3, and the peak in AGN emission

at z ∼ 2 − 4. Thus, by understanding the growth in activity of AGN, it is possible to

understand the rate at which galaxies have formed stars.

1.4.2 Minor Mergers and Galaxy Interactions

Minor mergers are the most common type of observed mergers, and are expected to be

the most frequent type of merger at low-redshifts (z < 2) in low-luminosity galaxies

(Naab et al., 2009). Minor mergers are defined as those occurring between galaxies

with luminosity ratios ∆M > 1 : 3 (as defined in Lambas et al., 2012a), where ∆M is

the difference in mass between the two merging galaxies, and it is expected that minor
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mergers could be important in understanding the evolution of galaxies at z . 1. While

minor mergers are more frequent, Lambas et al. (2012b) found that major mergers were

more efficient at forming stars at z ∼ 2 and secular evolution is likely to dominate in

the evolution of galaxies at low redshift (Kormendy & Kennicutt, 2004).

In this work, interactions are described as close encounters between two or more galax-

ies that do not produce a merger, and instead change the morphology or other quantity

of the interacting galaxies. An example of these interactions would be “galaxy harass-

ment” (Moore et al., 1996), in which high speed interactions at km s−1 scales can cause

shocks between the interacting galaxies, disrupting the disks. Such interactions are

most likely to occur within cluster and protocluster environments (see section 1.5), due

to the dense nature of these regions (Dressler, 1980; Dressler et al., 1997; Treu et al.,

2003; Smith et al., 2005; Postman et al., 2005; Park & Hwang, 2009). Thus, by un-

derstanding the effects of interactions between galaxies, one can statistically determine

whether a galaxy resides within forming clusters (Hatch et al., 2014).

1.5 Clusters of Galaxies

Galaxy clusters are the largest gravitationally-bound structures in the known universe,

with masses of M > 1015 M� (Navarro et al., 1997, 2010; Geller et al., 2013; Hoekstra

et al., 2013) and diameters of . 10 Mpc1. These structures were first discovered in the

18th century by Charles Messier and William Herschel (Messier, 1781). The clustering

properties of galaxies were not properly understood until Hubble proved the size and

scale of these structures (Hubble, 1925, 1926). The mass distribution of these galaxies

was further investigated by Zwicky, who found that most of the mass did not appear to

1as defined by the virial radius
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come from stars and other luminous objects, but from the coined term “dark matter”

(Zwicky, 1933). Indeed, it is now understood that < 1% of the mass in clusters of

galaxies is constituted by stars, ∼ 10% of the mass is associated with the Intra-Cluster

Medium (ICM) and 90% of the mass is from dark matter (Okabe et al., 2013). Estimates

of the mass of the dark matter haloes have either come from the use of the Sunyaev-

Zeldovich effect (SZ-effect; Sunyaev & Zeldovich, 1972) or weak gravitational lensing

(see Smith et al., 2005; Bardeau et al., 2007), which can also be used to understand

the effect of dark matter, where the dark matter is affecting the observed shape of

background galaxies. Galaxy clusters can be used, therefore, to understand the nature

of dark matter and how galaxies in the local universe have formed.

It is believed that clusters of galaxies are likely to have formed via gravitational col-

lapse of the highest primordial peaks in the matter density field at high-redshifts (see

Kravtsov & Borgani, 2012, and references therein), with external galaxies merging with

the cluster in a state of hierarchical growth. Protoclusters are sites of forming clusters

at z & 1.5 that are likely to form the clusters observed in the local universe (Venemans

et al., 2007; Hatch et al., 2009, 2014), and their study can enhance the understanding

of the structures observed today (e.g. Abell 2218, see Fig. 1.4). These clusters would

be sites of high ICM temperatures, shown by the X-ray emission around the galaxies

within these structures (see Overzier, 2016, for a review), produced by the infall of gas,

heated by shocks as it enters the cluster (Gott & Gunn, 1971). Thus, understanding

the environments of these extreme structures helps to understand the nature of how

galaxies evolved within them to the present day.

Given that protoclusters are extremely large, filamentary structures, they can be ex-

ceedingly difficult to detect and catalogue. Large-scale simulations, therefore, have

been used to understand the formation and processes within protoclusters. Kravtsov &

Borgani (2012) simulate the change in the structure of the dark matter with redshift,

14



CHAPTER 1. INTRODUCTION

Figure 1.4: Figure illustrating the gravitation lensing effects by massive, foreground
galaxies on more distant galaxies within the Abell cluster, producing observed skewed
morphologies. (Source: NASA/Andrew Fruchter and the ERO Team [STScl])

showing that dark matter does not follow the expected spherically symmetric distribu-

tion, and appears to be filamentary in nature. Further work by Chiang et al. (2017)

showed that protoclusters out to z = 5 and 10 contributed to 20% and 50% of the cos-

mic star formation rate at these redshifts respectively, suggesting that these structures

represented sites of rapid star formation in the early universe. Given the observational

resolution required to determine these quantities, and the number of protoclusters re-

quired, these simulations are extremely important to understanding the star formation

rate in the early universe.

It has been found that RLAGN are more likely to reside within protocluster envi-

ronments (e.g. Wylezalek et al., 2013; Hatch et al., 2014) and it is suggested that the

presence of a radio-jet from the RLAGN may be influenced by the protocluster in which

the host galaxy resides. Given that & 50% of RLAGN are likely to preferentially reside

within protocluster environments (Wylezalek et al., 2013; Castignani et al., 2014), these
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AGN can be used to determine potential sites of protocluster environments. However,

it is still not widely understood how the radio-jets are linked to the protocluster envi-

ronment, and Hatch et al. (2014) suggests that the increased merger rate within these

structures could be used to increase the spin of the central SMBH, previously linked

to radio-jets (Pringle & King, 2003). Despite this, the power of the radio-jet does not

appear to be linked to the density of the surrounding environment, suggesting that ad-

ditional factors link the RLAGN to these protoclusters, and the presence of radio-loud

galaxies does not specifically suggest that the galaxy resides within these structures.

1.6 Infra-Red Observations

IR observations cover the wavelength range 0.75µm to ∼ 300µm and, in extra-galactic

astronomy, are sensitive to objects obscured by gas and dust, such as star forming

regions of galaxies and obscured AGN. The Infra-Red Astronomical Satellite (IRAS;

Neugebauer et al., 1984) produced the first images of the IR sky in the 1980s in four

bands (12µm, 25µm, 60µm, and 100µm). The success of this mission led to the

development of the IR Space Observatory, which ran between 1995 and 1998, and

followed up on the findings of IRAS. In 2003, the Spitzer Space Telescope (henceforth

Spitzer; Fazio et al., 2004) was launched with greater resolution and a wider field of

view than previous satellites, capable of determining, with greater accuracy, large scale

structures at high-redshift. Spitzer’s Infra-Red Array Camera (IRAC) used four bands

in the near- to mid-IR (3.6µm, 4.5µm, 12µm, 24µm respectively) and, at the time of

this thesis, is active with only the 3.6µm and 4.5µm (IRAC1 and IRAC2 respectively)

bands still functional.

IR observations are utilised to identify dust and gas distributions that would go un-
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detected in optical and UV surveys, and are sensitive to stellar populations, stellar

emission and dust obscured galaxies (e.g. Dey et al., 2008; Rieke et al., 2009; Wu et al.,

2014; Assef et al., 2015). Given that major galaxy mergers can drastically increase the

dust obscuration of the post-merger galaxy, wide-field IR surveys (e.g. WISE; Wright

et al., 2010) can reveal large populations of galaxies potentially in the stages of merg-

ing (e.g. Sanders et al., 1988a; Genzel et al., 2008). Follow-up observations in the IR

can reveal more detailed information about the environments of these highly-obscured

galaxies (e.g. Wu et al., 2014; Assef et al., 2015), and determine features lost in shallower

surveys. K-band (2.2µm) observations are sensitive to star formation and star forming

regions (Calzetti et al., 2000), such that the stellar properties of distant galaxies can

be estimated (Kodama & Bower, 2003). Using the redshifted 1.6µm bump, a feature

produced from the minimum opacity of the H− ion in the atmospheres of cool stars

(John, 1988), previous work has estimated minimum redshifts of distant galaxies using

deep Spitzer observations (Papovich, 2008; Wylezalek et al., 2013; Penney et al., 2019).

Using this feature available in the IR, the surface densities of distant, faint galaxy clus-

ters and protoclusters around luminous, radio-selected galaxies could be estimated, as

shown in Fig. 1.5. IR observations sensitive to stellar properties of distant galaxies can

be used to understand the nature of galaxy evolution at high-redshift.

1.6.1 IR Selected Dust Obscured Galaxies

Previous work has shown that IR observations can be used to identify AGN (e.g. Sanders

et al., 1988a; Lacy et al., 2005; Polletta et al., 2007; Stern et al., 2012), with all-sky

surveys uncovering large quantities of high-redshift populations, such as the WISE mis-

sion (Wright et al., 2010). Using data from the WISE All-Sky Survey, Eisenhardt et al.

(2012) selected galaxies that were bright in the W3 (12µm) and W4 (22µm) bands,
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Figure 1.5: Left: IRAC2 (4.5µm) magnitude against expected redshift using models
from Calzetti et al. (2000), assuming a Salpeter initial mass function, with a single
decaying burst of star formation (τ = 0.1 Gyr) and normalised to the observed m∗

for galaxy clusters at z = 0.7. Right: [3.6]–[4.5] colour against redshift using the
same models. This shows that there is a consistent redshift range of z > 1.5 at [3.6]–
[4.5]> −0.1, which can be used to select IRAC-selected galaxies within specific redshift
ranges in the vicinity of brighter galaxies. Image taken from Wylezalek et al. (2013).

while faint/undetected in the W1 (3.5µm) and W2 (4.6µm) bands, as shown by the

selection in Eqn. 1.2, with no specification on their radio activity. This selection uncov-

ered a rare population of dust obscured galaxies, with surface densities of 0.03 deg−2,

10−5 times less dense than the general density of WISE detected sources (Eisenhardt

et al., 2012). Follow-up observations of subsets of this sample by Wu et al. (2012)

showed that these galaxies had higher dust temperatures (60 − 120 K) than standard

Dust Obscured Galaxies (DOGs; Dey et al., 2008) which used R-band and Spitzer

24µm selections (24µm
R

> 1000), and were coined Hot Dust Obscured Galaxies (hence-

forth Hot DOGs). These Hot DOGs were extremely luminous in the IR, with a subset

of these galaxies in Tsai et al. (2015) possessing bolometric luminosities > 1013 L�,

placing these galaxies in the ULIRG and HyLIRG regimes.

(W4 < 7.7 ∩W2−W4 > 8.2) ∪ (W3 < 10.6 ∩W2−W3 > 5.3) (1.2)
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Follow-up work using Spitzer by Assef et al. (2015) found that these galaxies resided

in regions with surface densities of IRAC-selected galaxies similar to Wylezalek et al.

(2013) for RLAGN in potential protoclusters, using the IRAC-colour selection shown in

Fig. 1.5. Further, 850µm observations using the Sub-millimetre Common-User Bolome-

ter Array 2 (SCUBA-2; Holland et al., 1999) by Jones et al. (2014) for a subset of 10

Hot DOGs on 3 ′ diameter fields found overdensities of SMGs ∼ 3 times greater than

blank fields, suggesting that these galaxies inhabited regions significantly overdense in

sub-millimeter selected galaxies. Given these overdensities and the extremely high IR-

luminosities, it is likely that Hot DOGs are produced via major mergers. This has been

further suggested from the multiple components determined by Eisenhardt et al. (2012)

for W1814 in the g’ (0.48µm) and Ks (2.15µm) bands. Hot DOGs could also be a link

between SMGs and the optical quasar (QSO) population, seen during later evolutionary

stages (Sanders et al., 1988a,b; Hopkins et al., 2006). There may be a link between

these different populations related by their central AGN activity, star formation and

environment (Sanders et al., 1988a,b; Bridge et al., 2013; Assef et al., 2015; Silva et al.,

2015).

A sample of WISE selected galaxies with additional radio-selections was constructed by

Lonsdale et al. (2015) using similar WISE selections to Hot DOGs, shown in Eqn. 1.3

with an additional radio criterion of −1 < log
(

F22µm

F22 cm

)
< 0, shown in Fig. 1.6. The

selection ensured that these galaxies had compact radio-jets but reduced the effect of

synchrotron emission on IR-sub-millimeter fluxes (Penney et al., 2019). SEDs from

Lonsdale et al. (2015) showed that these galaxies had similar distributions to Hot

DOGs, with near- to far-IR luminosity ratios consistent with a spectrum dominated by

an obscured, luminous quasar. 870µm observations using the Atacama Long-baseline

Millimeter/sub-millimeter Array (ALMA; Wootten & Thompson, 2009) of a sub-sample

of 49 of these radio-WISE selected galaxies showed that these galaxies inhabited over-
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dense regions of 870µm-selected SMGs, ∼ 10 times greater than blank fields on 10 ′′

scales (Silva et al., 2015). Further, 850µm observations by Jones et al. (2015) found

that these galaxies, like Hot DOGs, had bolometric luminosities of > 1013 L�, with

overdensities of 4 − 6 compared to blank fields on scales of 3 ′ diameter fields. These

observations were limited by the flux limits of SCUBA-2, the beam size of the detector

and the size of the fields. Interestingly, no evidence was found by Jones et al. (2015)

of angular clustering of SMGs on these scales, suggesting that the radio-WISE galaxies

may not be interacting with the SMGs in these overdense environments.

(W2−W3) + 1.25(W1−W2) > 7 (1.3)

1.7 Sub-Millimeter Observations

Sub-millimeter observations typically cover the wavelength (frequency) range of 100µm

to 1 mm (∼ 300 GHz to ∼ 3 THz). Ground based observations (e.g. ALMA and the

Sub-millimeter Common-User Bolometer Array (SCUBA; Holland et al., 1999) on the

James Clerk Maxwell Telescope (JCMT)) are affected by water vapour absorption in the

air. This produces “windows” of observation for ground-based telescopes, limiting the

telescopes to observe only through bandwidths less affected by absorption. To combat

this, ground based telescopes are generally placed at higher altitudes, in drier climates

to reduce the amount of atmospheric absorption, producing cleaner images. Recently,

space-based sub-millimeter telescopes have become available (e.g. the Herschel Space

Telescope; Pilbratt et al., 2010), which allows a deeper window into extra-galactic ob-

servations in the sub-millimeter. Sub-millimeter observations of galaxies are focused

on dust and gas clouds around these distant objects, providing insight into the star
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Figure 1.6: WISE colour selection for radio-WISE galaxies in Lonsdale et al. (2015).
The horizontal line shows the AGN colour selection in Stern et al. (2012) for comparison
with the newer selection made for the radio-WISE galaxies, shown by the diagonal-
dashed line. Radio loudness is expressed by the color bar.
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formation and obscured processes of galaxies.

Observations of high-redshift galaxies in the sub-millimeter have been used to under-

stand the history of star formation with cosmic time, identifying the transitions between

various phases in high-redshift galaxies. Sub-Millimeter Galaxies (SMGs) are a branch

of dusty, star-forming galaxies that were luminous in the 850µm that were previously

undetected in optical and X-ray surveys due to their highly obscured nature (Blain

et al., 2002, and references therein). These galaxies are of particular interest due to

their peak density at the redshift of the height of star formation in the universe (z ∼ 2)

(Chapman et al., 2002), and it has been suggested that these galaxies could contribute

to half the total energy energy density throughout cosmic time (Casey et al., 2014, and

references therein). For local galaxies, the 850µm band lies on the Rayleigh-Jeans tail

of the radio–sub-millimetre blackbody spectrum associated with cold dust, however for

higher redshifts, the band is strongly affected by a negative K-correction (see Fig. 1.7),

placing it higher up the blackbody spectrum of the galaxy. This allows 850µm observa-

tions of SMGs to sample higher flux densities and are therefore perfect to observe at this

rest-wavelength (Blain et al., 2002). SMGs have similar luminosities & 1012 L� to high-

redshift quasars, suggesting that they are a dusty, obscured form of the high-redshift

QSO, and could produce the elliptical galaxies observed at lower redshifts.

Previous sub-millimeter observations, both ground- and space-based, have been lim-

ited by the field of view and the size of the beam for measurements (Williams et al.,

2011), making measurements of large- and small-scale structures around SMGs difficult.

Future observations using interferometers (see Section 1.8) such as ALMA and the Sub-

Millimeter Array (SMA; Ho et al., 2004) will have significantly improved beam-sizes

compared to previous data, creating a unique opportunity to understand the processes

within sub-millimeter selected galaxies. These facilities will be able to understand, in

detail, emission from different dust clouds situated around and within merging galaxies,
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Figure 1.7: Illustration of the effect of negative K-correction, whereby higher redshift
galaxies are moved to lower frequencies, which can limit the bands in which these
galaxies are observed. The blue line shows a galaxy at z = 1, while the red dashed line
shows a similar galaxy at z = 10. Image Credit: E. Stanway.

the effect on stellar evolution and the main components of emission.

1.8 Radio Observations

Radio observations typically cover the frequency range of ∼ 1 MHz to 100 GHz (tens of

cm to several 100 m), in windows protected for the use of radio astronomy2. Ground-

based radio telescopes are the main method by which radio astronomy is conducted,

with the first detection of radio-waves from an astronomical object in 1932 by Karl

G. Jansky, observing emission from the Milky Way (Jansky, 1933) at Bell Telephone

Laboratories. Single-dish radio telescopes require extremely large radii to produce

2for more information https://www.britastro.org/radio/spectrum.html
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similar resolutions as optical-to-IR telescopes, given the longer wavelengths observed:

θ ≈ λ/D (1.4)

where θ is the resolution of the telescope in radians, λ is the wavelength observed

and D is the diameter of the aperture. This produced lower resolution for single-dish

radio-telescopes for the same amount of observation time as optical-to-IR telescopes.

To combat this, a technique known as Radio Interferometry was developed in 1946 by

Martin Ryle, Joseph Lade Pawsey and Ruby Payne-Scott, using multiple synchronous

radio-telescopes to produce greater resolution and total signal. The signal between an-

tennae in the interferometer is superimposed upon one another, producing interference

patterns that boost/cancel the signal depending on the phase of the waves. The signal

can be solved as a Fourier series, shown in Fig. 1.8, wherein the peaks and troughs

can be approximated by a series of sinusoidal waves. A greater number of antennae

increases the number of “baselines” (the separation between two antennae), increasing

the number of waves to produce a better approximation of the signal in the system.

Longer observations using interferometers (t ∼ hrs) increase the number of baselines

available using the rotation of the Earth as an additional degree of freedom, whereby

the rotation will change the position of the antennae relative to the observed radio-

waves, and devices known as correlators are needed to take this into account. Modern

interferometers include the Karl G. Jansky Very Large Array (JVLA) in Socorro, USA

and ALMA in the Atacama Desert, Chile, observing at frequencies between 1 GHz and

50 GHz, and 30 GHz to 1000 GHz respectively.

While not pertinent to this thesis, for completeness, I briefly discuss Very Long Baseline

Interferometry (VLBI) and space-based radio satellites. With the advent of improved

radio-telescope receivers and accuracy in time measurement, data received from indi-
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Figure 1.8: Illustration of the improved precision of determining peaks in a radio-
interferometer survey using a greater number of radio-telescopes in a baseline.

vidual radio-telescopes across the globe could be correlated to produce extremely high

resolution images of astronomical phenomena (e.g. imaging of an SMBH; Event Hori-

zon Telescope Collaboration et al., 2019). There are only a few historical space-based

radio satellites used for astronomy, such as the Spektr-R telescope, mainly due to the

lack of atmospheric absorption of radio-waves, and space-based telescopes are mainly

used to complement ground-based observatories.

1.8.1 Radio Continuum Observations

Radio continuum observations of high-redshift galaxies are sensitive to synchrotron and

free-free emission from charged particles, depending upon the properties of the observed

galaxy and the frequency of the observations. Typically, synchrotron emission is pro-

duced in astrophysical objects when charged particles are accelerated by a magnetic
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field at right angles to the velocity of the particle. The acceleration of these particles

causes them to produce radiation, as shown in the Larmor Formula (see Eqn. 1.5) and

if the speeds of the accelerated particles are relativistic, the emitted radiation is known

as synchrotron emission. Synchrotron emission is typically observed in Supernovae

(henceforth SNe) and jets from AGN, wherein the charged particles interact with the

contorted magnetic fields of these objects.

P =
q2a2

6πε0c3
(1.5)

where P is the total power radiated by a single charged particle, q is the charge of the

particle, a is the acceleration, and ε0 is the vacuum permittivity.

Free-free emission is generally produced via Bremsstrahlung (“braking radiation”) pro-

cesses, wherein a charge particle is decelerated as it passes near another charged particle

(e.g. an electron is deflected by the presence of a nucleus). The deceleration causes a

loss of kinetic energy:

Ek =
1

2
mpv

2
p (1.6)

where Ek is the kinetic energy of the particle, mp and vp are the mass and velocity of the

particle respectively. The kinetic energy can be equated to the energy of the radiation

produced. Bremsstrahlung emission is typically observed from the ICM, observed in

X-rays as electrons move through the hot plasma (e.g. Felten & Morrison, 1966; Sarazin

& Kempner, 2000; Takizawa, 2002), and from emission of HII regions, where electrons

are scattered from the hot plasma of the star forming clouds (Richards, 2000; Sarazin

et al., 2001). Radio continuum observations therefore provide an insight into clusters
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of galaxies and the star formation properties at high-redshift.

1.8.2 Radio Line Spectra

Emission lines can be useful tools to determine properties of distant galaxies, such as

their age through redshifted line spectra, stellar mass and SMBH mass. Radio waves are

less affected by the scattering of dust around galaxies, and therefore serve as a unique

probe into the emission spectra of dusty molecular clouds, dust obscured galaxies and

disks around AGN. While this implies that radio observations of galaxies can determine

their star formation histories, the picture is complicated by the fact that the main tracer

of star formation, the molecular form of HII, has strongly forbidden transitions, and

can only be seen at temperatures of T > 100 K.

To combat this, radio observations of the transitions of the second most abundant

molecule in the universe, 12CO gas, have been used instead to understand the distri-

bution, mass and velocity of star forming gas in galaxies, assuming that the 12CO gas

traces the molecular HII gas (Solomon et al., 1997; Tacconi et al., 2008; Bolatto et al.,

2013). The lowest transition of 12CO gas (i.e. CO(J=1–0)) is expected to best trace

the coldest molecular gas. Higher transitions (e.g. CO(J=2–1) and CO(J=3–2)) are

expected to trace warmer, more dense 12CO molecular gas, and therefore may not trace

the bulk of the molecular HII gas. Previous work by Daddi et al. (2015), used ratios

of the fluxes of higher transitions of the 12CO gas with respect to the lowest transi-

tions to understand the connection between CO(J=5–4) and lower 12CO transitions for

z = 1.5 star-forming galaxies, building on previous work by Dannerbauer et al. (2009)

and Aravena et al. (2014). 12CO transitions of high-redshift galaxies, therefore, provide

a unique insight into the properties of the star forming gas within them.
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1.9 Structure of Thesis

This thesis will examine the nature of high-redshift, luminous, dust obscured galaxies

using radio and mid-IR observations. Using these observations, I attempt to understand

the environments these galaxies resided in and what mechanisms might have produced

these luminous IR galaxies at high-redshift. Samples from this thesis were selected

using the WISE All-Sky Survey, with additional constraints from NVSS/FIRST, to

select dusty objects that were luminous in the near- to mid-IR and this work uses

follow-up surveys to provide further details at greater resolution or different frequencies

than previously observed.

The next chapter discusses the instruments used to observe the galaxies presented in

this thesis. I include information of publicly available archival data, used to build a

more complete picture of the galaxies observed or to compare with other works.

Chapter 3 discusses the findings of warm-Spitzer follow-up observations of 33 Radio-

WISE selected luminous IR, high-redshift galaxies. Chapter 4 discusses the results

of 20 − 30 GHz JVLA observations of a sub-sample of 6 Hot DOGs. These chapters

represent the science chapters of this thesis and are composed of the results from Penney

et al. (2019) and Penney et al. (in prep). It should be noted that in Chapter 3, a

cosmology of H0 = 70 km s−1 Mpc−1, Ωm = 0.26 and ΩΛ = 0.74 is assumed. In

Chapter 4, a cosmology of H0 = 70 km s−1 Mpc−1, Ωm = 0.30 and ΩΛ = 0.70 is instead

assumed.

Chapter 5 will discuss the results of the previous chapters and discuss the conclusions

of this thesis.
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Chapter 2

Instrumentation

This chapter describes the telescopes and instruments used in this thesis, including

information on publicly available radio, infra-red and sub-millimeter surveys.

2.1 Spitzer

The Spitzer Space Telescope (henceforth Spitzer; Fazio et al., 2004) was launched in

August 2003 and is, at the time of this thesis, still operational and follows a heliocentric,

“Earth-trailing” orbit. Upon launch, Spitzer had three operational instruments on-

board; the Infra-Red Array Camera (IRAC; Fazio et al., 2004), the Multi-band Imaging

Photometer (MIPS; Rieke et al., 2004), and the Infra-Red Spectrograph (IRS; Houck

et al., 2004). The bandwidths for the detectors on IRAC and MIPS can be found in

Table 2.1 and the sensitivity, relative to other instruments, is shown in Fig. 2.3.

During the cryogenic mission (2003–2009) in which Spitzer utilized liquid helium to
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Instrument Detector Central Wavelength (µm) Bandwidth (µm)

IRAC IRAC1 3.58 0.750
IRAC2 4.52 1.015
IRAC3 5.72 1.425
IRAC4 7.90 2.905

MIPS MIPS24µm 23.68 4.70
MIPS70µm 71.42 19.0
MIPS160µm 155.90 35.0

Table 2.1: The central wavelengths and bandwidths of the IRAC and MIPS on-board
the Spitzer Space Telescope.

cool the detectors to ∼ 5 K, the IRAC modules used a 256×256 pixel detector, with

a Point Spread Function (PSF) Full-Width Half Maximum (FWHM) of 1.66 ′′, 1.72 ′′,

1.88 ′′, 1.98 ′′ for IRAC1, IRAC2, IRAC3 and IRAC4 respectively. These values were

derived from in-flight measurements of bright stars. The IRS and MIPS detectors both

utilized 128×128 Si:As pixel detectors. The PSF of MIPS is difficult to determine given

the multiple observing modes, and the types of distortion and colour terms associated

with it. The IRS detectors have a PSF FWHM of 3.8 ′′ and 5.3 ′′ for the 16µm and

22µm detectors respectively.

Once Spitzer had exhausted its helium coolant, the telescope entered the “Warm Mis-

sion”, in which all of the detectors, except IRAC1 and IRAC2, were no longer opera-

tional, with the two remaining channels as functional without the cryogen as they were

before the start of the Warm Mission. The new values for the PSF FWHM are 1.95 ′′

and 2.02 ′′ for IRAC1 and IRAC2 respectively, and were derived from a Gaussian fit of

the profile of the PSF from the average of stars that were within 0.09 and 0.15 pixels

from the centre in each channel. Both bands are still responsive and are currently used

for scientific observations at the time of writing this thesis.

The main goal of the IRAC instrument was to study the early universe and the evolution

30



CHAPTER 2. INSTRUMENTATION

Figure 2.1: Left: Artist’s impression of Spitzer Telescope, taken from
http://www.planetary.org/multimedia/space-images/charts/wise-telescope-
design.html. Right: Schematic illustrating main features of the Spitzer
Telescope, showing the main housing and instruments. Image taken from
http://legacy.spitzer.caltech.edu/technology/overview.shtml.

of galaxies at high redshift (z > 3) (Fazio et al., 2004). The wavelength of IRAC1

(3.6µm) was selected to avoid water-ice absorption at 3.1µm. IRAC2 was initially

selected at the beginning of Spitzer’s launch to optimize the required sensitivity and

to allow for determination of photometric redshifts 1 < z < 5 (Simpson & Eisenhardt,

1999).

After the start of the warm Spitzer mission, IRAC1 and IRAC2 were useful to study

galaxies within specific redshift ranges. As noted in Papovich (2008), a colour selection

of [3.6] − [4.5] > −0.1 can be used to select galaxies with redshifts consistent with

z > 1.3. This is due to the relative placement of the 1.6µm bump in the emission from

stellar populations (Simpson & Eisenhardt, 1999; Sawicki, 2002; van Dokkum & van der

Marel, 2007), a feature which is not redshift nor galaxy-type dependent. This is further

evidenced by the IRAC colour-vs.-redshift distribution in Fig. 1.5, and further work by

Nyland et al. (2017), using warm-Spitzer observations of the SERVS field, showing the

distribution of IRAC colour against photometric redshift in Fig. 2.2. This feature can
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Figure 2.2: Illustrates the IRAC [3.6]-[4.5] colour against photometric redshift (z a)
of sources selected in the SERVS field. The image shows that generally the sources
selected at [3.6]-[4.5]>-0.1 have redshifts z > 1.3. Image courtesy of M. Lacy.

be utilized to select populations of galaxies likely to be at consistent redshifts with the

radio-WISE targets. Given Spitzer’s greater resolution than the Wide-Field Infrared

Survey Explorer (WISE; Wright et al., 2010), deeper information can be gathered on

the local environments of the radio-WISE selected galaxies in the mid-IR.

Spitzer public survey data is available through the Infra-Red Science Archive (IRSA)

online service, which also curates public data for Herschel, Planck and other surveys.

Comparison field data was taken using the IRSA service throughout the work on this

thesis for S-COSMOS and SpUDS data (see Section 3.4.1), and the “basic” search in

IRSA provides flux information in µJy. The conversion between flux and magnitude is

given by:

Fν = Fν0 × 10
−mVega

2.5 , (2.1)
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Figure 2.3: The flux limits for the Spitzer (magenta), WISE (grey), Herschel (black),
and ALMA (grey) are shown with respect to the observed wavelength. JWST (red)
and Hubble (blue) have been included for comparison. All flux densities have been
computed for a 104 s observation time. Credit: NASA/STScI.

where Fν is the flux density in Jy, Fν0 is the zero-magnitude flux density and mVega

is the Vega-system magnitude. For warm-Spitzer observations Fν0 = 280.9 ± 4.1 Jy

for IRAC1 and Fν0 = 179.7± 2.6 Jy for IRAC2. The AB-to-Vega conversion factor for

IRAC1 and IRAC2 are 2.79 and 3.26 respectively. Additional information regarding

Spitzer data can be found in the IRAC Instrument Handbook1.

1https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/
IRAC Instrument Handbook.pdf
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2.2 WISE

The Wide-Field Infrared Survey Explorer (WISE; Wright et al., 2010) operates in four

bands (W1, W2, W3, W4), which are sensitive to emission in 3.4µm, 4.6µm, 12µm

and 22µm respectively. The telescope was launched in December 2009, before being

put into hibernation in February 2011 and is placed in a Sun-synchronous orbit. It has

since been re-activated as of September 2013 in the NEOWISE mission. The telescope

observed the entire sky during the initial All-WISE survey, with a goal to study and

uncover asteroids, brown dwarfs and the most luminous infrared galaxies in the universe.

The WISE telescope is 40 cm in diameter, with four million pixels split between each

of the four detectors and a 47 ′ × 47 ′ field of view (FOV). The spacecraft has a length

of 2.85 m, a height of 2 m, and breadth of 1.73 m, with a total payload weight of 347 kg.

The reflected light from the mirrors which form the image inside of the telescope is

passed through dichroic filters before reaching the four detectors, allowing the telescope

to select wavelengths at 3.4µm, 4.6µm, 12µm and 22µm. For the W1, W2 and W3

bands, the angular resolution of the detectors is 6 ′′, while the W4 band has an angular

resolution of 12 ′′. The entire telescope was cooled by a cryostat of frozen Hydrogen,

cooling the main telescope to 8 K, the W3 and W4 detectors to 12 K and the W1 and

W2 detectors to 32 K (Wright et al., 2010). To facilitate the different temperatures,

the detectors are housed in two separate tanks, with the smallest housing the W3 and

W4 detector arrays. The expected lifetime of this coolant was 10 months, and lasted

between December 2009 and October 2010.

The detector response for each of the bands were determined in three ways (Wright

et al., 2010); using a Fourier Transform Spectrometer (FTS) to measure the response of

the entire system; using an FTS to measure the product of component data to estimate
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Figure 2.4: Schematic of the WISE telescope, illustrating the main setup of the
telescope, the housing of the main instruments and the 40 cm diameter main mir-
ror. See http://www.planetary.org/multimedia/space-images/charts/wise-telescope-
design.html for further information.
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the system response; and calculated from the designs of each component. For each

detector array, the bandwidth and pixel Full-Width Half Maximum (FWHM) is shown

in Table 2.2. The sensitivity for each of the WISE bands is shown in Fig. 2.3, showing

that for all wavelengths WISE is less sensitive than Spitzer.

Instrument Central Wavelength (µm) Bandwidth (µm)

W1 3.35 0.66
W2 4.60 1.04
W3 11.56 5.51
W4 22.09 4.10

Table 2.2: The central wavelengths and bandwidths of the detectors on board the
Wide-Field Infra-Red Survey Explorer Telescope.

The four WISE bands are sensitive to specific emission from various objects (Wright

et al., 2010) and their wavelengths and bandwidths are shown in Fig. 2.5 alongside cold-

Spitzer bands for reference. W1 is sensitive to stars and galaxies, W2 is sensitive to

thermal radiation from internal processes of sub-stellar objects such as Brown Dwarfs,

W3 is sensitive to thermal radiation from asteroids, and W4 is sensitive to dust in star

forming galaxies, with temperatures between 70− 100 K.

During its main observation run, WISE made several key discoveries about the Universe

in the IR spectrum, such as discovering the most luminous galaxy in the universe (Tsai

et al., 2015), determining the coolest classes of brown dwarfs (Kirkpatrick et al., 2012)

and providing evidence for extremely luminous IR galaxies (ELIRGs) at a multitude of

redshifts (Stern et al., 2012; Eisenhardt et al., 2012; Wu et al., 2012). WISE selections

in the W2 and W3 bands were used to select Hot DOGs (see Chapter 4) based on their

bright near-to-mid-IR emission. WISE selections in W1, W2 and W3 were utilized to

select objects with significantly red IR colours for the radio-WISE selected galaxies

(Lonsdale et al., 2015), shown in Chapter 3.
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Figure 2.5: WISE bands, with W1 in blue, W2 in green, W3 in yel-
low and W4 in red. In grey for reference are the cold-Spitzer IRAC
and initial MIPS bands. Image courtesy of the WISE All-Sky release (see:
http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4 4h.html)
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WISE Band Fν0 CAB−Vega

W1 309.540 2.699
W2 171.787 3.339
W3 31.674 5.174
W4 8.363 6.620

Table 2.3: List of conversion factors for WISE bands. Fν0 shows the zero-magnitude
flux and CAB−Vega gives the conversion between AB and Vega magnitudes (where mAB

= mVega + CAB−Vega).

Similar to Spitzer public data, the All-Sky and other WISE data can be located on the

IRSA website. The standard WISE search in IRSA will return fluxes in magnitudes in

the Vega system, given by w1mpro, w2mpro, w3mpro and w4mpro for W1, W2, W3

and W4 respectively. Flux/magnitude conversions can be made using Eqn 2.1, where

the zero-magnitude flux density and AB-to-Vega conversion factors (CAB−Vega) for each

band is given in Table 2.3. Magnitudes and fluxes determined using w1mpro, w2mpro,

etc. are calculated using a profile fit designed to determine the flux of the source based

on the morphology on the detector. Fluxes can also be determined using the “Long

Form” search in the IRSA website within several different aperture radii (5.5 ′′, 8.25 ′′,

11 ′′, 13.75 ′′, 16.5 ′′, 19.25 ′′, 22 ′′ and 24.75 ′′) for W1, W2 and W3, and double each

radius for W4.

2.3 JWST

Future IR observations will make use of the unprecedented resolution of the James

Webb Space Telescope (JWST; Gardner et al., 2006), expected to launch in March

2021. The JWST will possess four instruments: the Near-IR Camera (NIRCam), the

Near-IR Spectrograph (NIRSpec), the mid-IR Instrument (MIRI), and the Near IR

Imager and Slitless Spectrograph (NIRISS). NIRCam will feature a 2.2 ′ × 2.2 ′ field of
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view and will observe between 0.6µm and 5µm, looking from the edge of the optical

spectrum to the near-IR. NIRSpec will operate at the same wavelengths as NIRCam,

with a set of slits and an aperture to make spectroscopic measurements of distant

galaxies within a 3 ′×3 ′ field of view. MIRI will function as a spectrograph and imager

at wavelengths of 4.6µm to 28.6µm within fields of view of 3.5 ′′×3.5 ′′ and 74 ′′×116 ′′

for the spectrograph and imager respectively (McMurtry et al., 2005). NIRISS is a

spectrograph that will operate between 0.8µm and 5.0µm within a 2.2 ′ × 2.2 ′ field of

view. As shown in Fig. 2.3, JWST is more sensitive than both Spitzer and WISE for

the observed wavelengths. The main goals of the JWST are to: search for the first

light from stars and galaxies, study the formation and evolution of galaxies, studying

the formation and evolution of the stars and other planetary systems, and the origins

of life. With findings from the JWST, it is likely that further observations will be able

to expand on the findings of this thesis.

2.4 Herschel

The Herschel Space Observatory (Herschel) was launched in 2009, and observed the

far-IR and sub-millimeter between 2009 and April of 2013. Herschel was placed into an

Earth-Sun orbit at the second Lagrangian point throughout its active lifespan. During

its observation run, Herschel had four goals:

• Observing and understanding galaxy formation and evolution in the early uni-

verse.

• Investigating the impact of the ISM with star formation.

• Determining molecular chemistry across the universe.
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Instrument Central Wavelength (µm) Wavelength Range (µm)

PACS 70/100 60–85/85–125
160 125–210

SPIRE 250 210–290
350 290–410
500 410–590

Table 2.4: Instruments and bands on the Herschel Space Telescope. The table includes
the two photometers on board the spacecraft, and the spectrometer, HIFI, has been
excluded. The PACS lowest band runs simultaneously with the 160µm band, and the
observed wavelength used in the lowest band is selected using a filter wheel.

• Investigating the chemical atmospheres of Solar System bodies, such as planets,

moons and comets.

At the time of launch, Herschel had the largest single mirror used in a space telescope,

with a diameter of 3.5 m, and the light from the mirror was directed onto three in-

struments with wavelengths observed between 55µm and 672µm. The Photo-detecting

Array Camera and Spectrometer (PACS; Poglitsch et al., 2010), and Spectral and Pho-

tometric Imaging Receiver (SPIRE; Griffin et al., 2010), Heterodyne Instrument for the

Far IR (HIFI; de Graauw et al., 2010) were cooled to T < 2 K. The only limit on the

lifespan of the spacecraft was the temperature of the coolant. The wavelengths of the

detectors on each of the instruments is shown in Table 2.4. The PACS photometer al-

lows simultaneous observation in two bands, either at 70µm and 160µm or 100µm and

160µm, where the 70µm or 100µm bands are selected via a filter wheel (see Nielbock

et al., 2013, for further information). The sensitivity for the instruments can be seen

in Fig. 2.3.

Herschel PACS and SPIRE observations were made on subsets of Hot DOGs in Wu et al.

(2012) and Tsai et al. (2015), and a small number of radio-WISE selected galaxies were

observed in Lonsdale et al. (2015) to determine their photometric redshifts and sub-
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millimeter properties. The observed fluxes can be used alongside other archive data to

produce SEDs of Hot DOGs in conjunction with observations from work in this thesis

to understand the nature of dust in obscured, high redshift galaxies.

2.5 JCMT SCUBA-2

SCUBA-2 is a ground-based, bolometer camera operating as part of the James Clerk

Maxwell Telescope in Mauna Kea, Hawaii. SCUBA-2 was commissioned in 2011, re-

placing the previous SCUBA instrument, and is still operational at the time of writing

this thesis. The detector consists of two bands operating at 450µm and 850µm, with

an array of more than 10,000 pixels. The main beam size of the arrays are 7.9 ′′ and

13.0 ′′ at 450µm and 850µm respectively, and including extended emission the effective

beam is 9.8 ′′ and 14.6 ′′ for 450µm and 850µm respectively (Dempsey et al., 2013).

Given the operating wavelengths, SCUBA-2 is most sensitive to cold gas and dust in the

universe, and can therefore be used to trace clouds of star-forming gas in galaxies and

detect highly obscured AGN. Observations of objects at high-redshift benefit from the

negative K-correction, moving observed emission at these wavelengths to the peak of the

SED, as shown in Fig. 1.7. Jones et al. (2014) observed a sample of 10 Hot DOGs using

SCUBA-2 850µm observations to determine the level of overdensity of SMGs within a

radius of 1.5 ′ from the central Hot DOG, finding that, compared to blank fields, Hot

DOGs inhabited environments ∼ 3× more dense. Work by Jones et al. (2015) using

similar SCUBA-2 850µm observations on a sample of 30 radio-WISE selected galaxies

found that these galaxies inhabited fields of SMGs 4− 6 times more dense than blank

fields. In this thesis, I will be comparing to these findings.
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2.6 VLA

The Very Large Array (VLA) is a ground-based interferometer consisting of twenty-

seven 25 m wide radio telescopes arranged in a Y-shaped pattern. Each telescope is

fixed to a railroad track, allowing the dishes to be moved into different arrays to allow

for measurements at different frequencies and resolutions.

2.6.1 JVLA

Initially, the VLA started operations in 1972 and is located in New Mexico, ∼ 80 km

West of Socorro. In 2011, after several years of upgrades, the VLA was upgraded to the

Karl G. Jansky Very Large Array, or the Expanded Very Large Array (JVLA; Perley

et al., 2011). With this upgrade, the JVLA is able to reach to greater sensitivities

than the VLA, with 1σ continuum sensitivities of 1µJy compared to 10µJy for a 12 hr

observation time in the K (18 − 26.5 GHz) and Ka (26.5 − 40 GHz) bands using the

VLA (see Napier, 2006). Further, the maximum bandwidth at each polarization was

increased from 0.1 GHz to 8 GHz, with the number of frequency channels at maximum

bandwidth increased between the VLA and JVLA by a factor of over 1000 times. The

sensitivity of the JVLA at its observation frequencies is shown with respect to the

Square Kilometer Array (SKA), the Atacama Large Millimeter Array (ALMA) and

Spitzer in Fig. 2.6.

The JVLA uses four different antenna configurations (A, B, C and D) to observe at

different resolutions and sensitivity (Perley et al., 2011). These configurations have

baseline lengths of 36, 11, 3.4 and 1 km respectively. The JVLA cycles through these

different baseline configurations on a cycle of 3–4 months per configuration, allowing
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Figure 2.6: The flux limits for the JVLA, SKA, ALMA and Spitzer are shown with
respect to the expected fluxes for the Arp 220 galaxy (black dashed line). The different
dashed lines show the simulated values for Arp 220 at different redshifts, showing the
sensitivity of the arrays with respect to continuum values of galaxies at various redshifts.
Taken from Carilli (2008).
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Figure 2.7: Image, taken from Perley et al. (2011), illustrates layout of the array of
antennae, showing the Y-distribution used to produce the baselines.

for flexibility in operations.

The JVLA is sensitive between the frequency 1 GHz and 50 GHz, with 8 bands, listed

in Table 2.5. Four main goals for astronomical observations for the JVLA were set in

Perley et al. (2011):

• Measuring the topology of magnetic fields in astrophysical objects.

• Measuring the obscured universe, allowing for unbiased surveys of dust-enshrouded

objects, obscured at other wavelengths.

• Enable rapid response to transient sources that can rapidly evolve.

• Track the formation and evolution of astrophysical objects; from stars to galactic

nuclei.
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Data products of the JVLA can be calibrated, constructed and analysed via several dif-

ferent packages, written specifically for radio interferometric data (e.g. CASA, Myriad,

AIPS). Spectral and continuum images can be constructed from JVLA data products,

which can then be used to produce image moment files to analyse specific characteristics

of astronomical objects, such as the velocity at specific positions (known as “velocity

fields”) and the velocity dispersion at different positions.

The JVLA is therefore a useful tool to understanding obscured galaxies and their envi-

ronments at centimeter (cm) and millimeter (mm) wavelengths. In this thesis, JVLA

data will be used to infer cold gas distributions around Hot Dust Obscured Galaxies

(Hot DOGs; Wu et al., 2012), determining the CO(J=1–0) emission of gas associated

with these galaxies. These data can also infer the position and velocity of the galaxies,

define the redshift of the object from the emission spectra, and determine the gas mass

and luminosity.

Band Band range (GHz)

L 1.0–2.0
S 2.0–4.0
C 4.0–8.0
X 8.0–12.0

Ku 12.0–18.0
K 18.0–26.5
Ka 26.5–40.0
Q 40.0–50.0

Table 2.5: The bands and frequency ranges for the Extended Very Large Array (JVLA)
(Perley et al., 2011).
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2.6.2 NVSS

The National Radio Astronomy Observatory (NVSS) 1.4 GHz VLA Sky Survey (NVSS;

Condon et al., 1998) is a continuum survey of the entire sky north of−40 deg declination.

The NVSS map is formed from 2326, 4 × 4 deg image cubes in the Stokes I, Q and U

planes. The restoring beam of these images has a FWHM of 45 ′′, chosen in consideration

of the high surface-brightness sensitivity needed for photometry. The root mean square

(rms) fluctuations for brightness are 0.45 mJy/beam and the completeness limit for

sources is 2.5 mJy. NVSS catalogued 1.8× 106 objects in its run between 1993 to 1997,

and was used to define radio characteristics of WISE-selected sources in Lonsdale et al.

(2015).

2.6.3 FIRST

The Faint Images of the Radio Sky at Twenty-cm (FIRST) is a VLA sky survey produc-

ing radio images at greater depths than NVSS using the VLA. Most of the FIRST cata-

logue was obtained between 1993 and 2004, with additional data of the southern galactic

cap obtained between 2004 and 2011. FIRST used the VLA in its B-configuration for

imaging, taking 180 s (60 s after 2011) exposures in a hexagonal grid chosen to coincide

with the Sloan Digital Sky Survey (SDSS), using 2×7 3 MHz channels, centred at 1365

and 1435 MHz (1335 and 1730 MHz after 2011) respectively. Images produced in FIRST

have a pixel size of 1.8 ′′, an rms of ∼ 0.15 mJy, and a resolution of 5 ′′. The publicly

available online FIRST catalogue has a source detection threshold of 1 mJy. Given the

higher resolution and fainter limits of the FIRST survey, this work uses positions of the

radio-WISE selected galaxies where available.
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2.7 ALMA

ALMA is a radio-interferometer consisting of 66 radio telescopes in the Atacama Desert,

Chile, operating since 2011 and at the time of writing this thesis is still operational.

ALMA consists of 50 antennae of diameter 12 m. Two additional arrays of four 12 m

and twelve 7 m antennae form the Atacama Compact Array (ACA; Iguchi et al., 2009).

All of the antennae in ALMA are moved via specialised transporters, which relocate

the antennae into larger/smaller configurations. The diameter of the configuration can

change between 150 m to a maximum diameter of 16 km, and allows the telescope to

increase the resolution through increasing the diameter of the configuration.

The observed bands of ALMA are shown in Table 2.6, and shows that ALMA covers

the sub-millimeter to millimeter wavelength range, and the sensitivity for this range is

shown in Fig. 2.6. The number of bands within this wavelength range allow for detailed

information on emission lines at these wavelengths, helping to determine redshifts, line

luminosities, and provide detailed maps of the motion of cold dust within a variety of

astronomical objects. ALMA is expected to also provide information on star formation

in the early universe, and produce detailed imaging of planet/star formation in the local

universe.

ALMA 870µm observations were made on a sample of radio-WISE selected galaxies

by Silva et al. (2015), which determined an overdensity of SMGs within ∼ 150 kpc,

∼ 10× that seen in blank fields, suggesting that these galaxies were interacting with

nearby companions on relatively small scales. In Chapter 3, I compare the overdensities

observed using ALMA to overdensities of similar objects using Spitzer observations.

Further work by Gonzales et al. (in prep), using ALMA Band-3 and Band-5 observa-

tions of a sample of Hot DOGs identified CO(J=4–3) and CO(J=6–5) emission lines
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ALMA Band Wavelength Range (mm) Frequency Range (GHz)

1 6.0–8.5 35–50
2 3.3–4.5 65–90
3 2.6–3.6 84–116
4 1.8–2.4 125–163
5 1.4–1.8 163–211
6 1.1–1.4 211–275
7 0.8–1.1 275–373
8 0.6–0.8 385–500
9 0.4–0.5 602–720
10 0.3–0.4 787–950

Table 2.6: Table showing the ALMA bands and the associated wavelengths/frequencies.

from the sample, and were able to determine continuum fluxes for all of the galaxies in

their sample. I use the Hot DOG detections from this work in addition to JVLA obser-

vations of the same Hot DOGs to produce SEDs of each of the galaxies in Chapter 4.
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Chapter 3

The Environments of Luminous

Radio-WISE selected Infrared

Galaxies

This chapter presents follow-up observations of 33 NVSS/FIRST radio-WISE selected

galaxies using the Spitzer telescope at 3.6µm and 4.5µm (Penney et al., 2019). These

galaxies are selected to be radio-intermediate, such that the 22µm-to-22 cm flux ratio

is −1 < log(F22µm/F22 cm < 0.1), with additional WISE selection criteria to select for

dust obscured galaxies: (W2−W3) + 1.25(W1−W2) > 7.
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3.1 Introduction

High-redshift galaxy protoclusters are the largest known structures, with 90% of their

∼ 1015 M� expected to be confined within regions spanning∼ 35 h−1 Mpc (Chiang et al.,

2013; Muldrew et al., 2015)1. Simulations of protoclusters by (Chiang et al., 2017) pre-

dict a significant excess of star-forming galaxies within the central 10 − 20 Mpc of the

simulated protocluster, suggesting that these structures are sites of massive star for-

mation in the early universe (Steidel et al., 1998, 2005). However, given their extended

nature, it is observationally difficult to confirm sightings of these structures (Muldrew

et al., 2015). Observations of protoclusters have utilised detections of luminous IR and

radio galaxies to indicate potential sites of protoclusters (e.g. Le Fevre et al., 1996; Best

et al., 2003; Wylezalek et al., 2013; Hatch et al., 2014).

Radio-loud galaxies have been observed to typically reside within overdense environ-

ments (Dunlop & Peacock, 1990; Donoso et al., 2010; Wylezalek et al., 2013), with

simulations of galaxy mergers suggesting that radio-loud galaxies could be produced

from intense mergers (see Chiaberge et al., 2015, for a review). Given the increased

likelihood of mergers within protocluster sites, it is likely that these galaxies trace form-

ing galaxy clusters (Hatch et al., 2014), and therefore by selecting radio-loud sources,

one can attempt to understand the nature of protocluster sites by observing the sur-

rounding environment.

Studies of powerful Active Galactic Nuclei (AGN) at similar redshifts to Sub-millimeter

Galaxies (SMGs) have revealed significant overdensities of near- and far-IR galaxies

(Best et al., 2003; Stern et al., 2003; Stevens et al., 2003; De Breuck et al., 2004;

Greve et al., 2007; Venemans et al., 2007). An example of this is the radio-loud galaxy

1where h−1 is linked to the Hubble parameter, H0, by h = H0/100 km s−1 Mpc−1
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MRC1138–262 (the Spiderweb galaxy; Miley et al., 2006), one of the most massive and

intensely studied galaxies (Kurk et al., 2000; Pentericci et al., 2000). Observations of

the local environment have been made at a wide range of wavelengths to understand the

protocluster associated with the HzRG, with initial observations by Kurk et al. (2000)

and Pentericci et al. (2000) finding an excess of Lyα and Hα emitting galaxies in the

vicinity of the Spiderweb galaxy compared with blank fields. Further sub-millimeter

observations using Herschel’s SPIRE by Rigby et al. (2014) found an overdensity of

500µm selected sources within a ∼ 400 arcmin2 field centred on the Spiderweb galaxy

and Dannerbauer et al. (2014) found a local density of 870µm selected SMGs four

times greater than blank fields. Thus, FIR data, including data from the Herschel

PACS and SPIRE instruments, and Spitzer’s Multi-band Imaging Photometer (MIPS;

Rieke et al., 2004), suggest that the Spiderweb galaxy inhabits a region of intense star

formation and potential mergers around a central massive galaxy.

Studies using IR measurements centred on Radio-Loud AGN (RLAGN), motivated by

the observations of the Spiderweb galaxy, were made to understand the nature of these

galaxies and their local environment. The Clusters Around Radio-Loud AGN (CARLA)

survey (Wylezalek et al., 2013, 2014; Hatch et al., 2014) used Spitzer IRAC observations

of 420 fields containing RLAGN, comparing the surface density of galaxies with spe-

cific colour selection criteria to blank fields in the Spitzer UKIDSS Ultra-Deep Survey

(SpUDS; Dunlop et al., 2007) within several hundred kilo-parsecs of the central RLAGN

(Wylezalek et al., 2013, 2014). Significant overdensities of IRAC colour-selected galax-

ies around RLAGN were uncovered, with 10% of the CARLA fields containing densities

> 5σ level with respect to comparison fields within a 2.5 arcmin radius of the RLAGN.

As previously discussed, Hot DOGs are a group of heavily dust obscured galaxies,

luminous in the IR and generally observed at z > 2. These galaxies were selected for

the red WISE colours, luminous in the W3 and W4 bands, and faint/undetected in the
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W1 and W2 bands (Eisenhardt et al., 2012) and the selection criteria for these galaxies

was radio-blind. Observations by Assef et al. (2015) using warm-Spitzer observations

show that these galaxies inhabit regions of IRAC colour-selected galaxies as overdense

as RLAGN in the CARLA sample. As discussed in Chapter 1, these high-redshift,

dust obscured, luminous IR galaxies could be radio-quiet analogues of the RLAGN in

CARLA. Lonsdale et al. (2015) used additional radio selection criteria using NVSS

and WISE to select for radio-intermediate galaxies and the WISE selection criteria

is shown below for the reader (Eqn. 3.1). These radio-WISE galaxies are selected

for their compact radio emission to reduce the effect of synchrotron emission on IR

and sub-millimetre fluxes, and it is likely that these galaxies harbour radio jets from

the core regions (Lonsdale et al., 2016). The sample could represent the early stages

of luminous quasars, which include compact, young radio emission and powerful IR

emission, consistent with dust enshrouded AGN (Lonsdale et al., 2015). It should be

noted that the RLAGN in CARLA have much greater radio power than these galaxies,

but radio-WISE selected galaxies are typically more radio-loud than Hot DOGs (Assef

et al., 2015; Tsai et al., 2015).

(W2−W3) + 1.25(W1−W2) > 7 (3.1)

SEDs of a sample of 49 radio-WISE selected galaxies using ALMA at 870µm by Lons-

dale et al. (2015) found 26 had detections at 870µm, with fluxes placing them in the

ULIRG and HyLIRG regimes, similar to Hot DOGs (Eisenhardt et al., 2012; Wu et al.,

2012; Bridge et al., 2013; Jones et al., 2014), with dust temperatures & 30 K. Through-

out this work, the targets are referred to as radio-WISE galaxies. The subset in this

work, shown in Table B.1, were selected from the main catalogue (Lonsdale et al., 2015)

for spectroscopic redshifts z > 1.3, with a maximum redshift of z = 2.72. Radio-WISE
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galaxies have a significant overdensity of SMGs found at longer 850µm wavelengths in

the surrounding ∼ 1.5 ′ radius (Jones et al., 2015) with overdensities of 4–6 times that

of the field. These overdensities were greater than that observed for fields containing

Hot DOGs (Jones et al., 2014), with no evidence of angular clustering on scales out

to 1.5 ′ from the target, and are expected to be radio-loud counterparts to Hot DOGs

(Lonsdale et al., 2015). Furthermore, ALMA found overdensities of SMGs 10 times

that of blank fields for 17 of the 49 galaxies within scales of ∼ 150 kpc (17 ′′) (Silva

et al., 2015). The findings suggests that many of these HyLIRGs could inhabit dense,

unvirialised regions, given the levels of overdensity extending over large scales. Find-

ings around these galaxies are consistent with simulations of large scale structure by

Chiang et al. (2013) and Muldrew et al. (2015), which predict pre-virialised objects can

be signposted by significant overdensities of dusty, star-forming galaxies.

It is of interest to understand how these extremely luminous and powerful radio-WISE

selected galaxies interact with and affect their surrounding environment. IRAC colours

are used to select galaxies at consistent redshifts and the surface densities of galaxies

in the environment of radio-WISE galaxies. In this work, the nature of these fields are

characterised using IRAC to greater than 10 times the depth of WISE observations. Sec-

tion 3.2 describes the sample and the methods used to reduce the data and Section 3.5

discusses the findings. All colours and magnitudes are displayed in AB-magnitudes,

and IRAC1 and IRAC2 magnitudes are expressed as [3.6] and [4.5] respectively2.

2As discussed in Chapter 1, a cosmology of H0 = 70 km s−1 Mpc−1, Ωm = 0.26 and ΩΛ = 0.74 is
assumed.
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3.2 Spitzer Observations

During the observations, 33 specific fields were targeted containing radio-WISE galaxies

with redshifts z > 1.3 using Spitzer’s IRAC camera (PI: Carol Lonsdale, PID: 11013).

Given the rarity of these galaxies, with sky-densities of 0.025 deg−2, these targets do not

lie within existing publicly available deep fields. Given their red colours and obscured

nature, warm Spitzer observations are the most sensitive to galaxies in the surrounding

environment. The observations follow a dithered pattern centred on the radio-WISE

galaxy. Fourteen 5.2 ′×5.2 ′ frames per field are imaged for ∼ 100 s each and mosaicked

to produce a deeper image of the field. This produces a square ∼30.8 arcmin2 (5.55 ′×

5.55 ′) two band image centred on the radio-WISE selected galaxy with a Point Spread

Function (PSF) of the images of ∼ 1.95 ′′ for IRAC1 and ∼ 2.02 ′′ for IRAC2, found

in the IRAC Instrument Handbook. The central 5.12 ′ × 5.12 ′ region of the field was

measured for ∼ 700 s for IRAC1 and ∼ 1000 s for IRAC2.

3.2.1 Data Reduction

The frames for each field were stacked and reduced using the MOPEX package (Makovoz

& Marleau, 2005), specifically designed for manipulating Spitzer images. The pixel

scale was set to 0.6 ′′ in MOPEX and optimized parameters for deep IRAC images were

used (Lacy et al., 2005). During the image interpolation stage of image reduction, the

drizzle method was utilised to reduce artefacts in the image. The drizzle algorithm

changes the size of each input pixel by the specified drizzle factor along each axis. The

new pixels are then projected onto the image, with values within the pixels orientated

according to the drizzle factor, as shown in Fig. 3.1. A drizzling factor of 1.2 was added
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Figure 3.1: Illustration of the Drizzle algorithm in MOPEX, changes the size
of the input pixels by a factor, rearranging the flux values using the input
factor to determine the position of the new pixels. Black squares show the
initial input pixels, red squares show the shrunken pixels, and blue squares
show the array of flux values that are input into the newly formed pix-
els. See https://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/tools/
mopex/mopexusersguide/86/ for more information.

in the image interpolation stage to reduce cosmic-ray and bad-pixel effects. Initially,

upon adding this drizzle factor, improved image quality was seen in the test field,

however upon producing additional fields, several artefacts were seen in the image not

cleaned by the processes used in Lacy et al. (2005) or the drizzle algorithm. After tests

on additional fields, including the Overlap Module was seen to significantly increase the

image quality across all fields, reducing bad pixels and other artefacts. For all fields,

higher levels of noise were observed in the first two frames, so these frames were removed

from the image mosaicking process, reducing the time imaged for each radio-WISE field

to ∼ 500 s for IRAC1.
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3.2.2 Source Extraction

Two different source extraction methods were initially considered; the APEX module

in MOPEX (Makovoz & Marleau, 2005) is specifically designed to extract sources from

Spitzer IRAC and MIPS images, and Source Extractor (henceforth SExtractor; Bertin

& Arnouts, 1996), which is a general source extraction package used for a variety

of images. Using standard extraction methods, the number of sources extracted is

compared, as well as the depth of the extracted sources. It was found that, for most

radio-WISE selected fields, SExtractor extracted the most sources in the field to greater

depths than APEX. Therefore, SExtractor was used for all of the IRAC images in single-

image mode. Optimized SExtractor parameters for IRAC were taken from Lacy et al.

(2005) with a flux aperture diameter of 4 ′′ (∼ 2 times the PSF of Spitzer). The

native MJy sr−1 units of the image are converted to µJy pixel−1, using the conversion

factor of 8.4619µJy pixel−1/MJy sr−1 for the 0.6 ′′ pixel scale. Additionally, coverage

maps produced by MOPEX were used for weighting images when extracting sources,

thereby accounting for regions of higher noise in individual images, and increasing

the depth for other portions of the images. Using these coverage maps increased the

number of sources extracted by 40% compared to no weighting. Empirical aperture

corrections were confirmed by comparing the flux densities derived from SExtractor

in the SpUDS field to those from the SpUDS catalogue (Dunlop et al., 2007). These

conversion factors were found to be 1.42 and 1.45 for [3.6] and [4.5] respectively, in

agreement with Wylezalek et al. (2013).

To determine [3.6] − [4.5] IRAC colours of the sources in the final catalogue, sources

needed to be matched to their counterparts in the separate bands. Therefore, the

maximum matching radius was determined between the two bands, ensuring the com-

pleteness of the sample while excluding galaxies that appeared at similar positions
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Figure 3.2: Histogram of the matching separations of sources between IRAC1 and
IRAC2 of all sources extracted by SExtractor in the radio-WISE selected fields. The
minimum of 2 ′′ is used as a matching radius between IRAC bands for the rest of this
work to determine counterparts between bands.

between the bands. Using the Topcat package (Taylor, 2005), sources were matched

within the stacked catalogue of the 33 radio-WISE fields within 10 ′′ of each source,

using no selection bias for colour or depth. During the matching process, the Match

Selection parameter was set to “All Matches”, and a histogram of the separations

of the matches was constructed, shown in Fig. 3.2. In Fig. 3.2 a peak is observed at

the lowest separations, declining rapidly before rising again at ∼ 2 ′′. To increase the

completeness of the catalogue, the minima of the distribution is chosen as the maximum

matching radius, and the value agrees with the PSF of warm-Spitzer (≈ 2 ′′).

Finally, the number of galaxies from the source extraction process that could be arte-

facts of either bright sources in the field or fluctuations in the background intensity were

determined. Bright sources can create diffraction effects, producing areas around the

galaxy with greater levels of background intensity, which could create spurious galaxies

within the fields. In general, ∼ 2 objects are observed per field that could be caused
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by these bright sources, representing < 2% of the galaxies in the radio-WISE selected

fields. Galaxies at the edge of the field could be affected by the dithering pattern, which

produces portions of the field imaged for less time. This could result in galaxies which

may appear unrealistically blue/red in the catalogue. Therefore only the uniformly

covered central 5.12 ′ × 5.12 ′ square (∼ 7.15 Mpc2 at z = 1.93) is analysed, centred on

the radio-WISE galaxy to mask out these objects.

3.2.3 Completeness Limits

To determine the extent to which the survey could identify potential companion galax-

ies, the depth at which source detection was 95% complete was investigated. Initially,

using packages available on IRAF3, sources from IRAC1 and IRAC2 with known fluxes

roughly the size of the PSF were taken for both bands. 400 of these sources were then

distributed in a grid of known positions onto a randomly selected radio-WISE selected

field. The sources were then extracted using SExtractor without the coverage maps and

the process was repeated, increasing/decreasing the brightness of the simulated sources

on the field. To ensure that the positions of the simulated sources in the grid were not

affected by bright sources nearby, the grid was translated by half a separation in the x-

and y-axes, and the process was repeated once more. The results for this investigation

are shown in Fig. 3.3 for an example field. The completeness limits differ between the

fields that were tested, potentially due to changes in the background between the two

fields, or due to the number of bright objects.

Due to the above discrepancy between the fields using simulated galaxies to determine

the completeness limits of the IRAC images, the 95% completeness limit was calculated

by analysing the number of sources detected in all of the radio-WISE selected fields, and

3http://ast.noao.edu/data/software
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Figure 3.3: Curves of completeness with respect to IRAC magnitude for two fields us-
ing simulated sources of varying brightness to determine the completeness limits of the
individual fields. Two grids of 400 simulated sources were used to determine the com-
pleteness limits of the fields to ensure bright background sources did not contaminate
the completeness estimate. IRAC1 is shown by green and blue lines, IRAC2 is shown
by red and black lines.

Figure 3.4: The completeness limits for IRAC1 (left) and IRAC2 (right). The blue
crosses indicate the SpUDS data and the red points correspond to 33 stacked radio-
WISE selected fields. A black dashed line has been included to indicate the 95%
completeness limit of this work.
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comparing them with the number of galaxies detected in SpUDS. Given that the SpUDS

catalogue was created in a different manner to the source extraction method detailed

above, the images of the SpUDS field were run through the same SExtractor method

as the radio-WISE selected fields for comparison. The results are shown in Fig. 3.4,

and a small increase in the density of sources in the radio-WISE selected fields can be

seen. This is unexpected, given that there should not be any significant overdensity in

the catalogue without selection criteria. This is not caused by the method of source

extraction, as both samples used the same source extraction method (SExtractor). It is

most likely due to the drizzle method used in this work to create the images, affecting

the estimation of the background noise, although it is unclear why there is such a

distinct excess. As shown in Section 3.5, it does not appear to have made a significant

effect on the overdensity of these fields with respect to comparison fields.

From this investigation, the 95% completeness limits determined were [3.6]=22.23 and

[4.5]=22.44 (see Fig. 3.4), corresponding to source flux limits of 4.71µJy and 3.82µJy.

The noise level was 0.06µJy ([3.6]=23.95) in IRAC1 and 0.04µJy ([4.5]=23.70) in

IRAC2 in a 4′′ diameter aperture. This level shows a 95% confidence limit on any

galaxies detected within these limits, and it cannot be ascertained whether objects

fainter than these limits are produced from random background fluctuations in the

images.

3.3 Properties of Radio-WISE Galaxies

The Spitzer properties of the central radio-WISE selected galaxies, listed in Table B.1,

are compared with those of Hot DOGs (Wu et al., 2012), shown in Fig. 3.5. From

Table B.1, the IRAC [3.6] and [4.5] magnitudes of the radio-WISE selected galax-

60



CHAPTER 3. THE ENVIRONMENTS OF LUMINOUS RADIO-WISE
SELECTED INFRARED GALAXIES

ies are significantly brighter than the average magnitudes of red galaxies in the fields

(<[3.6]AB >=21.34±0.97 and <[4.5]AB >=21.17±0.94): these galaxies are well mea-

sured in the rest-frame near-IR. They also possess redder IRAC [3.6] − [4.5] colours

than average galaxies in the field, consistent with obscured galaxies. Comparing the

IRAC [3.6]− [4.5] colours of the 33 radio-WISE galaxies in this work with the 25 Hot

DOGs in Wu et al. (2012), there are slightly redder IRAC colours in the radio-WISE

selected population using the same apertures and corrections, with a median colour of

1.02± 0.17 for the radio-WISE galaxies, compared with 0.73± 0.33 for the Hot DOGs.

The radio-WISE selected galaxies are typically brighter and redder than the Hot DOG

population. There is significant scatter in Fig. 3.5 for the radio-WISE selected galax-

ies, with a Pearson correlation coefficient of 0.11 and -0.14 for IRAC1 and IRAC2

respectively, suggesting that there is little correlation between their flux densities in

the mid-IR and their [3.6]− [4.5] colour. There is slightly less scatter for the Hot DOG

population, where the Pearson correlation coefficient is 0.38 and -0.24 for IRAC1 and

IRAC2 respectively, although there is no significant correlation between mid-IR flux

density and [3.6]− [4.5] colour.

Using the WISE W3 (12µm) and W4 (22µm) data, the median W3 −W4 colour for

the radio-WISE galaxies and Hot DOGs are 1.05± 0.34 and 1.72± 0.27 respectively, as

shown in Fig. 3.6. This suggests that the radio-WISE galaxies possess generally bluer

mid-IR colours than the Hot DOGs in Wu et al. (2012). Hot DOGs were also selected

based on their W2−W3 colour, and there is a redder median W2−W3 colour for the

Hot DOGs compared with the radio-WISE galaxies in this sample, with 4.44 ± 0.86

and 2.77± 0.55 for the Hot DOGs and radio-WISE galaxies respectively (see Fig. 3.6).

There is a stronger correlation between the W3 and W4 bands and the W3−W4 colour

for both classes of galaxy. For the radio-WISE galaxies, a correlation coefficient of 0.46

and -0.11 is found for W3 and W4 respectively. For the Hot DOGs in Wu et al. (2012),
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Figure 3.5: Comparison of Spitzer properties of the 33 central radio-WISE selected
galaxies in this work, and 25 Hot DOGs (Wu et al., 2012) comparing the IRAC colour
with [3.6] (left) and [4.5] (right). A red dashed and green dotted line represent the me-
dian [3.6]− [4.5] IRAC colours for the radio-WISE galaxies and Hot DOGs respectively.
The radio-WISE selected galaxies in this work (red points), appear to have brighter
IRAC magnitudes than the Hot DOGs (green diamonds). The radio-WISE galaxies
have been imaged to a greater depth than these Hot DOGs, with Spitzer observation
times of ∼ 1000s and ∼ 150s respectively (see Section 3.2.2).
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Figure 3.6: Comparison of the WISE properties of the 33 central radio-WISE selected
galaxies in this work, and 25 Hot DOGs from Wu et al. (2012) comparing the W2-
W3 colour (left) and the W3-W4 colour (right). A red dashed and green dotted line
represent the median [3.6] − [4.5] IRAC colours for the radio-WISE galaxies and Hot
DOGs respectively. The radio-WISE selected galaxies in this work (red points), appear
to have fainter WISE W3 (12µm) and W4 (22µm) magnitudes than the Hot DOGs
(green diamonds), and generally possess bluer W2-W3 and W3-W4 colours, in contrast
to the Spitzer colours shown in Fig. 3.5.

a correlation coefficient of 0.55 and -0.22 is found for W3 and W4 respectively. This

suggests that, generally, the WISE colours are more correlated with their 12µm and

22µm flux densities than the IRAC flux densities for both galaxy classes.

Comparing the luminosity of the 30 radio-WISE galaxies in common with Lonsdale

et al. (2015) with the luminosity estimates for the Hot DOGs in Wu et al. (2012),

there is an average luminosity of 2.7 × 1013 L� for the radio-WISE galaxies compared

with 6.1 × 1013 L� for the Hot DOGs. Comparing the correlation of the colour of the

radio-WISE selected galaxies with the mid-IR luminosities listed in Lonsdale et al.

(2015), there is a correlation coefficient of 0.31 for [3.6] − [4.5] and 0.42 for W3-W4

colours, suggesting the redder IRAC and WISE colours are associated with brighter

mid-IR luminosities. For the nine Hot DOGs in Wu et al. (2012) with sub-millimeter

data, there is a correlation coefficient of 0.42 and -0.42 for IRAC and WISE colours
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respectively, suggesting a correlation between the total luminosities of these galaxies

and their mid-IR colours.

3.4 Object Selection Criteria

Colour selection is used to isolate Spitzer galaxies likely to be at z > 1.3, matching the

redshift range of the radio-WISE selected galaxies. As discussed in Chapter 1, Papovich

(2008) demonstrated that, regardless of age or galaxy type, galaxies at z > 1.3 can be

selected by IRAC colour [3.6]− [4.5] > −0.1 (or a flux density ratio of IRAC2 (FIRAC2)

to IRAC1 (FIRAC1) of FIRAC2

FIRAC1
> 0.88), based on models by Bruzual & Charlot (2003).

This colour selection uses the 1.6µm bump, a feature apparent in almost all galaxies,

produced by the minimum opacity of the H− ion in the atmospheres of cool stars (John,

1988). Due to the relative placement of this bump and the IRAC channels, this colour

selection method should be efficient at finding z > 1.3 galaxies in the vicinity of radio-

WISE selected galaxies (see also Simpson & Eisenhardt, 1999; Wylezalek et al., 2013;

Assef et al., 2015).

Galaxies are selected above the completeness limits determined in Section 3.2.3 with

these IRAC colours. Candidate galaxies with IRAC2 magnitudes within the com-

pleteness limits, but fainter for IRAC1, were also accepted within the colour limit

[3.6] − [4.5] > −0.1 to ensure a complete list of redder galaxies. Galaxies selected us-

ing [3.6] − [4.5] > −0.1 (henceforth Group-I galaxies) appear to be distributed fairly

uniformly across the central 5.12 ′ × 5.12 ′ field (instead of the full image extent of

5.25 ′×5.25 ′), with no obvious clustering around the central radio-WISE selected galaxy,

as shown for a typical example in Fig. 3.7(a). Spectroscopic redshifts would be needed

to reveal the three dimensional distribution of galaxies across the field, given the colour
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Figure 3.7: (a) A typical IRAC2 5.55 ′ × 5.55 ′ field, centred on W1517 indicated by a
large bold circle. Catalogued galaxies whose IRAC colours [3.6] − [4.5] > −0.1, above
the completeness limits discussed in Section 3.2.3 are marked by red circles. (b) Map of
the same field with positions marked by the IRAC colours of the galaxies. (c) Central
1 ′ × 1 ′ (∼ 500 kpc × 500 kpc) region centred on the radio-WISE selected galaxy for
IRAC1. (d) Central 1 ′ × 1 ′ region centred on the radio-WISE selected galaxy for
IRAC2. For the inset regions, galaxies with IRAC1 magnitudes 21 <[3.6]< 22 and
IRAC colours [3.6] − [4.5] > −0.1 are boxed, objects within the completeness limits
and IRAC colours [3.6]− [4.5] > −0.1 are circled and the central radio-WISE selected
galaxy is shown by a large, bold ring. The inset regions are highlighted by the box in
(a) and (b).

selection is consistent only with the detections having a redshift z > 1.3. Galaxies in

this catalogue will not all be at the same redshift as the radio-WISE selected galaxies.

In Section 3.5, I compare the surface density, radial distribution and other features of

these galaxies with large comparison fields. In the 33 radio-WISE selected fields, ∼ 7400

Group-I galaxies are detected within the 95% completeness limits (∼ 225 galaxies per

field).
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3.4.1 SpUDS and S-COSMOS Comparison Fields

SpUDS (PI: J. Dunlop) is a Spitzer Cycle-4 legacy program, observing ∼ 1 deg2 in the

UKIDSS UDS field using IRAC and MIPS. SpUDS has a 3σ depth of 1µJy (mAB = 24,

Caputi et al., 2011). S-COSMOS (PI: D. Sanders) is a Spitzer Cycle-2 legacy program,

covering the 2 deg2 of the Cosmic Evolution Survey (COSMOS) field, reaching to 5σ

depths of 1µJy (mAB=24, Scoville et al., 2007). These comparison fields are 3–5 times

deeper than the survey in this work and are complete at the 95% flux density limits

for this work, making them ideal for comparison with densities of galaxies in the radio-

WISE selected fields.

To compare with the fields centred on radio-WISE galaxies, fields centred on galaxies

with IRAC colours [3.6] − [4.5] > 0.58, 16 < [3.6] < 20.97 and [4.5] < 19.85 were cut

out from the SpUDS and S-COSMOS fields, as shown in Fig. 3.8. Using the same

IRAF package as Section 3.2.3, SpUDS and S-COSMOS fields were selected to have

the same 5.12 ′ × 5.12 ′ (∼26.2 arcmin2) dimensions as the radio-WISE selected fields.

This produced 15 and 51 fields in SpUDS and S-COSMOS respectively, which were

combined in all investigations as expected levels of variance were seen between these

blank fields. No radio-WISE selected galaxies are found in either of these comparison

fields. As shown in Fig. 3.8, the median [3.6] magnitude and [3.6]− [4.5] IRAC colour

for this control sample is 19.67 and 0.68 respectively, whereas the median values for

the radio-WISE selected targets are 19.18 and 1.03 respectively. This suggests that the

comparison sample is much bluer and fainter than the radio-WISE targets, showing

that objects with similar IRAC properties to these rare, luminous radio-WISE selected

galaxies are not observed in deep, wide-area, blank fields.

Given the lack of comparison fields unlike the non-overlapping, randomly-centred SpUDS
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Figure 3.8: Comparison of the Spitzer IRAC properties between the radio-WISE se-
lected galaxies and the central galaxies in the comparison fields (Section 3.4.1). Radio-
WISE selected galaxies are represented by black points, and centred galaxies from the
SpUDS and S-COSMOS fields are represented by blue crosses.

Figure 3.9: Density of the comparison fields with color selection [3.6] − [4.5] > −0.1.
Fields centred randomly are shown in dashed red and those centred on galaxies with
similar IRAC properties to the radio-WISE selected galaxies are shown in black.
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fields in Wylezalek et al. (2013), the density of Group-I galaxies in the radio-WISE se-

lected fields is compared with randomly-placed, independent pointings in the SpUDS

and S-COSMOS fields of the same 5.12 ′ × 5.12 ′ area, which produced 96 and 288 in-

dependent 5.12 ′ × 5.12 ′ fields respectively. Fig. 3.9 compares the difference in density

between the fields centred on galaxies with similar colours to the radio-WISE galaxies

and to randomly placed fields. Using a Kolmogorov-Smirnov test (K–S test) a K–S

statistic of 0.17 is found, with a p-value of 0.06 for the two subsets of the comparison

fields. A result with a p-value > 0.05 suggests that one cannot rule out that the two

samples are drawn from the same underlying distribution and thus do not possess a

significant excess. There appears to be little difference when using the fields centred on

galaxies with similar IRAC properties to the radio-WISE galaxies to randomly selected

fields, although the possibility that these subsets are drawn from a different underlying

distribution cannot ruled out. The more numerous randomly-centred fields are chosen

to compare with the radio-WISE selected fields to increase the number of comparison

fields.

3.4.2 Photometric Redshifts

To determine whether the two IRAC bands were significant enough to provide photo-

metric redshifts of potential companion sources to the radio-WISE selected galaxies,

the EAZY redshift code (Brammer et al., 2008) was utilised. To understand whether

the code would accurately determine the redshifts from these two bands, the method

was first tested on data from the z-COSMOS survey (Lilly et al., 2009), a spectroscopic

survey of the COSMOS field. Using the two IRAC bands, the photometric redshifts

were determined for ∼ 520 galaxies in the z-COSMOS survey, and compared to the

spectroscopic redshifts, as shown in Fig. 3.10. A distinct lack of correlation is seen be-
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Figure 3.10: Figure showing the lack of correlation between the spectroscopic redshifts
from the z-COSMOS survey and EAZY photometric redshifts using only 3.6µm and
4.5µm bands from IRAC.

tween the values in Fig. 3.10, suggesting that the two IRAC bands are not substantial

enough to determine photometric redshifts for the radio-WISE selected sample.

To improve the number of bands accessible in the radio-WISE selected fields, archive

data from the IR Spectrometer And Array Camera (ISAAC; Moorwood et al., 1998)

was used, which provided J-band (1.25µm) and/or Ks-band (2.16µm) data for 21 radio-

WISE selected fields, listed in Table 3.1. The same source extraction method discussed

in Section 3.2.2 was used for the ISAAC fields, varying the minimum pixel number

above the background to account for the smaller pixel size of the ISAAC telescope

(0.148 ′′/pixel) and matched the extracted sources to the catalogue of the Spitzer radio-

WISE selected fields within a 2 ′′ radius (∼ PSF of Spitzer). The number of sources

uncovered is included in Table 3.1, and shows that the number of matched sources is

∼ 4 − 18% of the total sources per field in IRAC. Using these bands, I attempted to

determine the photometric redshifts of the fields with both Ks- and J-band data, using

the spectroscopic redshift of the central radio-WISE target as the prior for the redshift.
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Initially, the photometric redshifts appeared to agree with the spectroscopic redshift of

the central radio-WISE selected galaxy in the field. To test whether this was due to a

skew in the EAZY-code, the prior redshift was changed to z = 1, drastically different

from any of the spectroscopic redshifts of the radio-WISE selected galaxies. Using this

method, it was found that the photometric redshifts appeared to agree with the new

prior redshift, suggesting that the photometric redshift could not be trusted. It was,

therefore, decided that the photometric redshift would not be used for the rest of the

investigation, and instead I would rely upon the redshift range achieved using the IRAC

colours.
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WISE Designation Matched Sources
(IRAC and

J-band)

Matched Sources
(IRAC and
Ks-band)

Matched Sources
(IRAC and J- and

Ks-band)

W0719 ... 11 ...
W0823 ... 21 ...
W1308 16 24 11
W1343 ... 15 ...
W1400 ... 25 ...
W1412 35 36 32
W1434 ... 13 ...
W1500 25 39 17
W1513 12 19 10
W1541 ... 13 ...
W1634 8 ... ...
W1641 ... 21 ...
W1653 ... 19 ...
W1702 ... 15 ...
W1703 27 38 19
W1936 17 16 5
W1951 ... 24 ...
W1958 15 11 5
W2000 ... 5 ...
W2021 14 17 7
W2059 ... 38 ...

Table 3.1: Number of galaxies matched between the ISAAC J-band (1.25µm) and/or Ks-band (2.16µm) with
Spitzer observations of radio-WISE selected fields. ISAAC observations were made on several fields containing
radio-WISE selected galaxies, 20 of which matching the radio-WISE selected galaxies in this work. I use a similar
source extraction method detailed in Section 3.2.2 to determine whether galaxies found in warm-Spitzer observa-
tions are also found in ISAAC J- and/or Ks-band.
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3.5 Results

In this section, the results of the imaging and source extraction on warm-Spitzer IRAC

observations of the 33 fields containing radio-WISE selected galaxies are discussed.

Galaxies within specific redshift ranges are selected using the IRAC-colour selection

criteria discussed in Section 3.4.

3.5.1 Group-I Selected Spitzer Galaxies

The relative density of Group-I, IRAC-selected galaxies in 5.12 ′ × 5.12 ′ fields in the

radio-WISE, SpUDS and S-COSMOS fields as a function of IRAC colour [3.6]− [4.5] >

−0.1 is shown in Fig. 3.11.

A modest overdensity of 10% and 12% for [3.6] and [4.5] respectively is observed across

the magnitude range within the completeness limits of this work in the radio-WISE

selected fields. Removing the radio-WISE galaxies, the largest excess (28% and 33%

for [3.6] and [4.5] respectively) is observed in the magnitude range of 18.5 < mAB < 20.5

for both [3.6] and [4.5]. Cosmic variance is a significant factor in the comparison fields,

expected to scatter the density of galaxies found in 5.12 ′ × 5.12 ′ fields by ∼ 30%

(Trenti & Stiavelli, 2008), greater than the observed excess in the radio-WISE selected

fields. Given that the radio-WISE selected fields have been averaged, this suggests

that the observed overdensity is unlikely to be caused by cosmic variance; these radio-

WISE selected fields are modestly overdense. A reduced density of galaxies at fainter

magnitudes in IRAC2 ([4.5] & 21.7) is seen, likely due to the completeness limits (see

Fig. 3.4).
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Figure 3.11: Comparison of the density of IRAC-selected galaxies in the 33 5.12 ′×5.12 ′

radio-WISE selected fields (solid red) in arcmin−2 mag−1 with respect to their magni-
tudes in [3.6] (left) and in [4.5] (right), with comparison fields indicated in dashed blue.
Below each figure is a density ratio of the radio-WISE fields against the comparison
fields. A dashed and dotted line denote a 1× and 1.25× overdensity.

The excess of [3.6]− [4.5] > −0.1 galaxies is much less than found using the same IRAC

colour selection around radio-loud galaxies (Wylezalek et al., 2013), suggesting that the

environments of the radio-WISE galaxies are less significantly overdense in the IRAC

bands than galaxies with bright radio emission. It is unlikely that this lack of excess

density is due to the depth of observations in this work, given the relatively uniform

overdensity across most magnitudes of this study, as shown in Fig. 3.11. The lack of

a large excess relative to the comparison fields (10–25% in comparison to the ∼ 4–

6× overdensity seen in Jones et al. (2015) for SMGs) applies across a wide magnitude

range in this study, suggesting there is no specific magnitude range associated with the

radio-WISE target galaxy.

To investigate the significance of the modest ∼ 10% overdensity compared to previous

work on active galaxies, the density is determined field by field. The distribution of

galaxies is compared per field to the number of similar galaxies in the comparison

fields, in Fig. 3.12. A Gaussian distribution was fitted to the comparison fields, giving
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Figure 3.12: Density of galaxies across the 33 5.12 ′ × 5.12 ′ fields compared to 383
comparison fields with the same dimensions. Radio-WISE selected fields are indicated
in solid/red and comparison fields in dashed/blue. A Gaussian distribution has been
fitted to the comparison fields in black.

8.31±1.10 arcmin−2. 55% of the radio-WISE selected fields exceed the mean density

and 36% are denser than the mean plus 1σ density of the SpUDS fields. In comparison,

Wylezalek et al. (2013) found a greater overdensity across a sample of 420 fields centred

on RLAGN, with 92% of fields denser than the comparison sample mean, significantly

greater than the excess around the radio-WISE galaxies. Using a K–S test to determine

whether the density of Group-I sources per field in the radio-WISE selected fields are

drawn from the same sample as the comparison fields, a K–S statistic of 0.22 is found

with a p-value of 0.08. The radio-WISE selected fields are not significantly denser in

IRAC-selected galaxies than the comparison fields.

The radial distribution of these Group-I galaxies is compared with respect to the central

radio-WISE selected galaxies to determine if there is any spatial correlation between

these galaxies and the central galaxy. All 33 fields were combined to provide a distri-

bution of Group-I galaxies away from the central radio-WISE galaxy position, which
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Figure 3.13: The radial distribution of IRAC-selected galaxies away from the radio-
WISE selected galaxy using the entire magnitude range of this work ([4.5]< 22.45).
Galaxies have IRAC colour [3.6]− [4.5] > −0.1, out to a 2.5 ′ radius from the centre of
the field. Radio-WISE selected fields are represented by red circles and the comparison
fields are indicated by blue crosses. The dashed line denotes the average density of the
comparison fields for reference.

was excluded from this investigation. The same distribution was constructed around

the random positions for the comparison fields. As shown in Fig. 3.13, there is no over-

density beyond ∼ 0.25 ′ (130 Mpc at z = 1.93) from the central galaxy. To test whether

this peak is produced from specific fields, random fields are omitted from the investi-

gation, and the process repeated, with no dramatic change in the average overdensity.

This suggests that this peak is seen across most of the radio-WISE selected fields. To-

wards the centre of the field, however, a rise in the number of Group-I galaxies is seen,

∼ 1.33± 0.20 times the level of the comparison fields. This implies possible clustering

between these Group-I galaxies and the central galaxy on small scales of . 0.25 ′. This

overdensity towards the centre of the field could be linked to the ∼ 10% overdensity

seen in Fig. 3.11. It should be noted that the result in Fig. 3.13 is obtained statistically

over all 33 fields and does not represent the radial distribution of Group-I galaxies in

each individual field. The peak in the figure corresponds to an average excess of ∼ 2–3
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Figure 3.14: Comparison of the properties of all IRAC selected galaxies summed across
all 33 radio-WISE selected fields within 0.25 ′ of the central radio-WISE galaxy to the
rest of the field: (a) compares the relative fraction of galaxies in the inner 0.25 ′ radius
from the radio-WISE galaxy (red line) to the relative fraction of galaxies at radii > 0.25 ′

(blue dashed) as a function of [3.6]. (b) compares the [3.6]− [4.5] colours of the galaxies
in the peak to the [3.6] (red line) to the galaxies beyond 0.25 ′ separation from the
radio-WISE galaxy (blue dashed). (c) shows the colors of galaxies in the inner 0.25 ′

radius from the radio-WISE galaxy against their colour. A black line has been added
to denote the minimum [3.6]-[4.5] colour observed in the radio-WISE selected galaxies.

galaxies per field within 0.25 ′ of the radio-WISE galaxy.

To determine whether this peak is produced by galaxies in a specific range of mag-

nitudes or IRAC colours, the distribution of the [3.6] and the [3.6] − [4.5] colours of

the galaxies in the inner 0.25 ′ is shown in Fig. 3.14a. The figure shows a potential

modest excess of galaxies within the magnitude range of 20.5 < [3.6] < 22. This excess

is not significantly greater than the density for galaxies at separations > 0.25 ′ from

the radio-WISE galaxies for most values of [3.6]. Comparing the two subsets, a K–S

statistic of 0.12 is found, with a p-value of 0.29 suggesting that these subsets are likely

drawn from the same distribution. Comparing the IRAC colours (see Fig. 3.14b), no

significant excess of galaxies within any colour range is seen, except at [3.6]−[4.5] ∼ 0.2.

The distribution of these subsets are different, the density of galaxies in each colour

bin rising between −0.1 < [3.6]− [4.5] < 0.2 within 0.25 ′, in contrast to the rest of the

field which shows a reduction in density with redder IRAC colour. Using a K–S test
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Figure 3.15: Number of galaxies (arcmin−2) as a function of IRAC ([3.6]− [4.5]) colours.
Red circular points indicate radio-WISE selected fields, excluding the central radio-
WISE galaxy, blue crosses indicate the comparison fields.

for these subsets, a K–S statistic of 0.17 is found with a p-value of 0.03, suggesting that

the null hypothesis that these samples are drawn from the same distribution cannot

be accepted. From Fig. 3.14c, only ∼ 10% of the galaxies in the inner 0.25 ′ exhibit

[3.6] − [4.5] > 0.4, in a similar colour range to the radio-WISE galaxies, suggesting

that the peak in Fig. 3.13 is not composed of galaxies with similar IRAC colours to the

radio-WISE galaxies. These results show that the excess of galaxies in the local 0.25 ′

environment of the radio-WISE galaxies are faint but not exceptionally red.

To investigate whether the modest overdensity shown in Fig. 3.11 can be linked to

bluer or redder IRAC-selected galaxies, the density of galaxies is compared to their

[3.6]− [4.5] colour, excluding the central radio-WISE selected galaxies. A distribution

of the density of red galaxies is shown in Fig. 3.15. The density of redder galaxies

drops off more steeply at [3.6]− [4.5] > 0.4 for the SpUDS and S-COSMOS fields than

in the radio-WISE fields. This is similar to the findings from CARLA (Cooke et al.,
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2016), that there was an increasing fraction of redder galaxies around their target than

in blank fields. The radio-WISE selected fields contain a greater density of increasingly

red IRAC galaxies in their fields. This suggests that these radio-WISE selected galaxies

reside in fields containing an excess of redder IRAC galaxies on 5.12 ′ × 5.12 ′ scales.

3.5.2 Group-II Spitzer-Selected Galaxies

I attempt to model the SEDs of these galaxies to probe the nature of the redder IRAC

colours associated with them. Modelling galaxies within different starting conditions us-

ing EzGal, I attempted to understand what extinction level (Av) and formation redshift

(zf) would produce the Group-II galaxies observed in Fig. 3.15. For galaxies consistent

with the same redshift as the targets, the excess galaxies are expected to be even red-

der than the models for extinctions as high as Av = 5. Given a general extinction for

galaxies of Av ∼ 1.1 (Sklias et al., 2014), these redder-IRAC galaxies are significantly

more dusty than typical galaxies. As Fig. 3.16 shows, these colours would be consistent

across the redshift range of the targets, such that the redder-IRAC colours are unlikely

to be caused by redshift alone.

These redder-selected galaxies (henceforth Group-II galaxies) have similar IRAC [3.6]−

[4.5] colours to the radio-WISE selected galaxies, indicating greater hot dust emission

or higher levels of obscuration than field galaxies at z > 1.3. The same set of results

as Section 3.5.1 are derived for these Group-II galaxies to investigate their overdensity,

using a colour selection of [3.6] − [4.5] > 0.4 (or a flux density ratio of FIRAC2

FIRAC1
> 7

5
).

This colour cut was chosen to include the range of IRAC colours where there is an

excess density of redder galaxies in the radio-WISE fields, highlighted in Fig. 3.15. It

should be noted that Group-II galaxies are a subset of Group-I galaxies, and as shown

in Fig. 3.14c, the peak in Fig. 3.13 is not composed of the Group-II galaxies.
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Figure 3.16: Illustration of the dependence of colour with redshift for different galaxy
models at different formation redshifts, zf . Stellar libraries are used to model these
galaxies (Bruzual & Charlot, 2003), assuming a Salpeter initial mass function and a
single exponentially decaying burst of star formation at τ=0.1 Gyr. The models were
generated using EzGal (Mancone & Gonzalez, 2012) with additional dust extinction
using a Calzetti law (Calzetti et al., 2000) for values of Av to model the [3.6] − [4.5]
colour for different extinction levels.
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Figure 3.17: Comparison of the density of SpUDS and S-COSMOS fields with color
selection [3.6] − [4.5] > 0.4 between fields centred randomly and those centred on
galaxies with similar IRAC properties to the radio-WISE selected galaxies. Randomly
centred fields are shown in dashed red, while fields centred on galaxies are in black.

First, I determined whether the distribution of Group-II galaxies was different in the

radio-WISE selected fields compared with fields centred on galaxies with similar IRAC

properties to the radio-WISE galaxies and with randomly-centred fields in the SpUDS

and S-COSMOS fields. The density is compared field-to-field, as shown in Fig. 3.17,

after the central galaxies in these fields were removed. There does not appear to be a

significant difference in the density of these Group-II galaxies between the two compar-

ison fields. A K–S test gives a K–S statistic of 0.17 with a p-value of 0.07, suggesting

that these subsets are drawn from the same underlying distribution. To increase the

number of comparison fields, the randomly-centred SpUDS and S-COSMOS fields are

used to compare with the radio-WISE selected fields for the Group-II galaxies.

The analysis in Section 3.5.1 is repeated for these redder-IRAC galaxies (see Fig. 3.18).

The results contrast drastically to the earlier results, suggesting that the radio-WISE

selected galaxies inhabit significantly overdense regions of Group-II galaxies. The mean
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Figure 3.18: Distribution of the number of galaxies with IRAC colour [3.6]−[4.5] > 0.40
per ∼ 26.2 arcmin2 field. Radio-WISE selected fields are shown in red, comparison fields
are indicated by dashed blue. A Gaussian fit has been added to the comparison fields to
determine the level of overdensity for the radio-WISE selected fields, where the typical
number of galaxies is 0.47± 0.16.

density in the comparison fields for the Group-II galaxies is 0.47±0.16 arcmin−2 (versus

8.31 ± 1.1 arcmin−2 for Group-I in the comparison fields): 97% of the radio-WISE

selected fields exhibit densities greater than the mean for the comparison fields and at

the > 1σ level; ∼ 76% of fields are overdense by > 3σ and 33% by > 5σ. Since a large

number of these fields exhibit significant overdensities with respect to the comparison

fields, it is likely that the observed overdensity of Group-II galaxies is associated with

the radio-WISE galaxy. These results suggest that the overdensity of Group-II galaxies,

shown in Fig. 3.18, is significant over all of the radio-WISE selected fields. Further,

by repeating the K–S test for this distribution and comparing to the SpUDS and S-

COSMOS fields gives a K–S statistic of 0.83 with a p-value of 1.68×10−19, and thus the

samples are not drawn from the same underlying distribution.

To investigate the spatial distribution of the Group-II galaxies relative to the central
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radio-WISE galaxy, the 33 fields are stacked to determine the radial distribution of these

galaxies. As shown in Fig. 3.19, the overdensity of Group-II galaxies is fairly uniform

across most of the field (∼ 1.15 arcmin−2), generally ∼ 2 times the average density

found in the comparison fields, and less than the overdensity of ∼ 5–6 found in Jones

et al. (2015) (∼ 0.38 arcmin−2) for rare SMGs around radio-WISE galaxies. Previous

findings with ALMA around similar radio-WISE selected galaxies (Silva et al., 2015)

found a surface density of ∼ 19 arcmin−2 in the environment detected at 870µm, 10

times that of blank fields within 10 ′′ of the central galaxy. Further, only a single match

is found using the SMG positions presented in Silva et al. (2015), albeit for a Group-I

selected galaxy, suggesting that the Group-II galaxies are not IRAC counterparts to

the SMGs in Silva et al. (2015). This suggests that the SMGs detected in Silva et al.

(2015) are more obscured than the IRAC-selected galaxies in this work, with SEDs that

peak at greater wavelengths. These SMGs are likely to be fainter at 3.6µm and 4.5µm,

implied by a lack of detection in this work. Similarly, the Group-I selected galaxies

may not have bright 870µm emission, suggested by their lack of detection in Silva et al.

(2015), and could suggest that their SEDs peak at lower wavelengths. The significance

of the overdensity in Fig. 3.19 is discussed further in Section 3.7.2.

An increased density of Group-II galaxies is found within 0.5 ′ of the radio-WISE galax-

ies with respect to comparison fields, suggesting angular clustering around the central

galaxy on sub-arcmin scales, an effect that is not seen for brighter SMGs (Jones et al.,

2015), which show no central concentration. This could be could influenced by the large

15 ′′ beam size and the low density of detections per field in Jones et al. (2015), however

the overdensity of 4–6 in Jones et al. (2015) is greater than the 1.95× overdensity shown

in Fig. 3.19, where the S/N of the overdensity of Group-II galaxies is greater than 3.

The Group-II galaxies in the 0.5 ′ peak are thus not IRAC counterparts of SMGs de-

tected at 850µm. Furthermore, using the positions of the SMGs in Jones et al. (2017),
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Figure 3.19: The radial distribution of Group-II galaxies with IRAC colour [3.6]−[4.5] >
0.4 to a 2.5 ′ radius from the central radio-WISE galaxy. Radio-WISE selected fields
are represented by red circles and comparison fields are indicated by blue crosses. The
dashed line denotes the average density of the comparison fields for reference. See
Fig. 3.13 for the radial distribution of Group-I galaxies for comparison.

only one galaxy matches the positions of the SMGs around the radio-WISE selected

galaxies, a Group-I galaxy, confirming that these Group-II galaxies are not counterparts

to the SMGs. The SMGs in Jones et al. (2015) & Silva et al. (2015) are likely to be

a different subset of galaxies with low mid-IR fluxes, associated with the radio-WISE

selected galaxies than the IRAC selected Group-I and Group-II galaxies in this work.

The Group-II galaxies are likely to have similar redshifts to the radio-WISE galaxies.

However, little evidence of angular clustering of galaxies is observed in each individual

radio-WISE selected field within 0.5 ′, implying that this is a statistical peak from

the stacking of all 33 radio-WISE selected fields in Fig. 3.19. The result is expected,

however, from the distribution of faint, redder [3.6] galaxies in the local environment

(see Fig. 3.14b). The statistical peak in Fig. 3.19 could be composed of mainly fainter

IRAC1 objects.
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I now compare the density of the Group-I and Group-II galaxies in each field to deter-

mine if the density of galaxies in each subset is correlated. Using a Pearson correlation

test, the correlation coefficient is 0.65 with a p-value of 4.17×10−5, suggesting that the

null hypothesis that these two datasets are correlated cannot be accepted. Comparing

the five densest and five sparsest fields in each subset, only one field out of the five is in

common between the densest fields and three out of the five are in common between the

sparsest fields for both IRAC colour selections. This also suggests that there is little

correlation between the density of the Group-I and Group-II galaxies, potentially owing

to the Group-II galaxies having significantly higher redshifts or residing within a pro-

tocluster compared to the Group-I galaxies, given that galaxies become progressively

redder with increasing redshift (Stern et al., 2005).

I now compare the density of IRAC-selected galaxies expected to be at z > 1.3 in the

environment of the radio-WISE selected galaxies to the properties of the central target

(Table B.1) in Fig. 3.20. Using the Pearson’s correlation test, there is little correlation

between the density of Group-I galaxies and the redshift of the central radio-WISE

galaxy, where the correlation coefficient is −0.05 with a p-value of 0.79. The correlation

between the mid-IR magnitudes of the targets and the density of the Group-I galaxies

is -0.34 and -0.33 (p-value=0.05 and 0.06) for IRAC1 and IRAC2 respectively. This

suggests a weak anti-correlation between the density of Group-I galaxies and the mid-

IR magnitudes of the central radio-WISE selected galaxies.

I also compare the density of the [3.6]−[4.5] > 0.4 galaxies in each field with the proper-

ties of the central radio-WISE galaxy. Using the Pearson correlation test of the density

and the redshift of the central radio-WISE galaxy, there is a coefficient of −0.29 with

a p-value of 0.11. This suggests one cannot rule out a weak anti-correlation between

the density of Group-II galaxies and the redshift of the target. Comparing the magni-

tude of the central radio-WISE galaxy with density, there is a correlation coefficient of
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Figure 3.20: Comparison of the density of galaxies in the surrounding field, as a function
of the features of the central radio-WISE selected galaxy, using the completeness limits
in Section 3.2.3. (a) illustrates the distribution of [3.6] magnitude of the central radio-
WISE selected galaxy against the density of the surrounding field. (b) illustrates the
distribution of [4.5] magnitude of the central radio-WISE selected galaxy against the
density of the surrounding field. (c) illustrates the distribution of redshift of the central
galaxy with the density of the surrounding 5.12 ′ × 5.12 ′ field. In each, black squares
show the density of Group-I galaxies and red points illustrate the density of Group-II
galaxies.
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−0.36 and −0.37 (p-value=0.04 and 0.03) for IRAC1 and IRAC2 respectively. Given

the p-values of this result, it is unlikely that the mid-IR flux densities of the radio-WISE

galaxies are correlated with the density of their environment due to scatter. Overall,

there is no correlation between the environment of the radio-WISE selected galaxies

and the properties of the central radio-WISE galaxy, similar to findings by Jones et al.

(2015), although a correlation between the redshift of the central target and the density

of the field cannot be ruled out.

3.6 Angular Auto-Correlation Function

To further investigate the distribution of the two samples of IRAC-selected galaxies, the

two-point angular correlation function is determined to understand whether they are

clustered. On relevant scales, this excess density usually takes the form of a power-law

angular function.

ω(θ) =

(
θ

θ 0

)1−γ

(3.2)

Using the Landy-Szalay estimator:

ω(θ) = 1 +

(
Nr

Nd

)2
DD(θ)

RR(θ)
− 2

(
Nr

Nd

)
DR(θ)

RR(θ)
(3.3)

(Landy & Szalay, 1993) to determine the correlation function for galaxies in the cata-

logue in this work, and for similar populations in SpUDS and S-COSMOS. Nd is the

number of data points, Nr is the number of random comparison points randomly pro-

jected onto the same area and used as a comparison to determine whether the real
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galaxies in the field are correlated. DD(θ) is the number of pairs of data points with

separation θ, RR(θ) is the corresponding number of random pairs and DR(θ) is the

number of data-random pairs. An unclustered sample should have ω(θ) ∼ 0.

To avoid blended sources, the smallest separation used is 0.06 ′ (3.6 ′′, ∼ 2× PSF), and

also greater than the 1.8 ′′ matching radius for galaxies between IRAC1 and IRAC2

in this survey. To further reduce the uncertainty, the full SpUDS and S-COSMOS

fields are used, increasing the number of data pairs available for comparison. Around

14000 galaxies were used in the Group-I magnitude and colour selection for the SpUDS

field and the full S-COSMOS field. An additional source of uncertainty arises in the

number of random objects used to compare to a randomly distributed sample. To

reduce this uncertainty, a bootstrap method (Vanderplas et al., 2012) is chosen, using

100 bootstraps for each field. The bootstrap method estimates a distribution of points

by re-sampling the data, using estimates from a number of subsets to build an estimate

of the total standard deviation and mean. The main advantage of the bootstrap method

is that it increases the rate at which the properties of a sample can be estimated.

Beyond 100 repetitions (bootstraps), little improvement in the measurement error for

the correlation is observed for each radio-WISE field. Errors for each bin are calculated

using the standard deviation of the correlation function for each bootstrap.

When using the AstroML method to estimate the auto-correlation function for the

Spitzer fields containing the radio-WISE selected objects, corrections were made to the

code to ensure accuracy of the results. The original AstroML code assumes that the

data points (DD(θ)) are distributed in alignment with the line of longitude, such that

there is no angle of the field with respect to the equatorial line. The AstroML code then

produces a field of random data points (RR(θ)) between the maximum and minimum

RA and DEC values assigned by the data. For fields in alignment with the equatorial

line, this would produce a random field overlapping the data field, and thus DR(θ)
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Figure 3.21: Angular two-point correlation function for both colour selections in this
work. 2σ upper limits for the Group-I galaxies in the radio-WISE selected fields are
shown by black circles, 2σ upper limits for the Group-II galaxies in the radio-WISE
selected fields given by red circles. The mean for the two comparison fields have been
shown separately; the full 1 deg2 SpUDS field is indicated by blue crosses, while the full
2 deg2 S-COSMOS field is indicated by green diamonds.

is always representative of DD(θ) and RR(θ). However, the Spitzer fields containing

the radio-WISE selected galaxies and the SpUDS field have random orientations with

respect to the equatorial line, thus producing random fields far larger and misaligned

to the data field. To solve this, the AstroML code was corrected to produce a random

comparison sample in alignment with the target field.

Previous angular two-point correlation functions for IRAC galaxies have found θ0 ∼

0.03 ′ and γ ∼ 1.8 (e.g. Oliver et al., 2004; Waddington et al., 2007; Papovich, 2008).

Typically, Oliver et al. (2004) and Waddington et al. (2007) observe the clustering of

galaxies at z ∼ 0.75 using SWIRE, with IRAC1 5σ flux density limits of 3.7µJy and

50% completeness in IRAC1 at 4µJy for Oliver et al. (2004) and Waddington et al.
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(2007) respectively. Papovich (2008), who introduced the selection technique in this

work, selected z > 1.3 galaxies using [3.6]− [4.5] > −0.1, with 5σ flux limits of 3.7 and

5.4µJy for IRAC1 and IRAC2 respectively. It should be noted that, due to the size

of the fields here, the angular correlation function for the radio-WISE selected fields is

only probed on small scales of . 5 ′.

The results of the two-point angular auto-correlation function for the radio-WISE se-

lected fields are shown in Fig. 3.21. For the Group-I galaxies, θ0 = 0.026 ′ ± 0.013 ′

and γ = 2.26 ± 0.42 (χ2 = 0.22 with 6 degrees of freedom). The value of γ for the

radio-WISE selected fields is much larger than previous values observed in SWIRE

(Oliver et al., 2004; Waddington et al., 2007), suggesting that the clustering of galaxies

decreases quicker than other fields. The value of θ0 is roughly equal to the accepted

value, and suggests that the Group-I galaxies in the radio-WISE selected fields are no

more clustered than in blank fields. This is unusual, given that the galaxies selected

in the SWIRE fields are generally at lower redshifts than this work and could be due

to the large range of potential redshifts that the Group-I IRAC colour selection en-

compasses, such that galaxies at significantly different redshifts could be paired in this

investigation. However, without deep coverage of these fields in other bands, as shown

in Section 3.4.2, determining photometric redshifts of these galaxies is unfeasible.

There is a slight difference in the two-point angular auto-correlation function between

the SpUDS and S-COSMOS fields. This could be due to cosmic variance or the wide

range of redshifts in the Group-I and Group-II colour selection. Using a Pearson corre-

lation test for the comparison fields gives a correlation coefficient of 0.96 with a p-value

of 3.27 × 10−27, suggesting that the null hypothesis that the two comparison samples

are drawn from the same distribution is not valid, and suggests that there is signifi-

cant deviation at larger separations between the two comparison fields. For the SpUDS

field, using Group-I colour limits, θ0 = 0.056 ′ ± 0.002 ′ and γ = 2.38± 0.05 (χ2 = 15.8
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with 11 degrees of freedom). For the S-COSMOS field, using the same colour selection,

θ0 = 0.029 ′ ± 0.009 ′ and γ = 1.80± 0.11 (χ2 = 44.6), in agreement with previous val-

ues for the two-point angular auto-correlation function. The value of γ for the SpUDS

field agrees with the value for the radio-WISE selected fields for the Group-I colour

selection, while the value of γ for the S-COSMOS field is smaller than the value for

the radio-WISE selected fields, suggesting that the clustering of the Group-I galaxies in

the radio-WISE selected fields decreases at the same rate or greater compared to blank

fields for this colour selection. The value of θ0 for the SpUDS field is greater than the

radio-WISE selected fields for the Group-I selection, suggesting that the radio-WISE

selected fields are no more clustered than blank fields for this IRAC colour selection.

A K–S test is used to determine whether there is a significant difference in the correlation

function between the comparison fields and the radio-WISE selected fields. For the

SpUDS field, a K–S statistic of 0.31 is found, with a p-value of 0.65. Similarly, for the

S-COSMOS field, a K–S statistic of 0.29 is found, with a p-value of 0.73, suggesting

that it is likely that the comparison fields and the radio-WISE selected fields are drawn

from the same distribution. From these results, it is unlikely that many of the Group-I

galaxies in the radio-WISE selected fields are associated with one another, although

they may be related to the radio-WISE selected galaxy, given the peak in Fig. 3.13.

This lack of correlation is expected, given that the Group-I colour selection should only

indicate the galaxies have a redshift z > 1.3, giving them a large range of potential

redshifts.

For the Group-II galaxies, the auto-correlation function finds a value of θ0 = 0.072 ′ ±

0.013 ′ and γ = 3.10 ± 0.20 (χ2 = 4.23 with 2 degrees of freedom), shown by the red-

distribution in Fig. 3.21. The value of γ is significantly larger than the values for the

Group-I selection suggesting that there is a significant decrease in clustering for these

galaxies, although this is likely due to the lack of positive ω(θ) values. Given the lack
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of correlation at radii . 0.5 ′ for the Group-II galaxies in the radio-WISE fields, due

to the small densities of galaxies at these scales, it is impossible to comment on the

correlation of the 0.5 ′ peak in Fig. 3.19. Due to the small densities of Group-II galaxies

in the comparison fields, (see Fig. 3.18), the entire SpUDS and S-COSMOS fields are

combined. Using this method, θ0 = 0.11 ′ ± 0.04 ′ and γ = 2.27 ± 0.22 (χ2 = 1.19

with 6 degrees of freedom). The values for the comparison fields are close to the values

found in previous work (Oliver et al., 2004; Waddington et al., 2007), suggesting that

the Group-II selected galaxies in the comparison fields are more correlated than those

in the radio-WISE selected fields. However, given the uncertainties associated with

counting galaxies in the 5.12 ′×5.12 ′ fields compared to the significantly reduced errors

on larger scales, observations on larger fields around the radio-WISE galaxies would be

needed to better understand the correlation for this IRAC colour selection.

3.7 Discussion

In this section, I discuss the results of the radio-WISE selected fields with respect to

the comparison fields and previous work on other dust obscured galaxies selected using

WISE. It should be noted that the overdensities of SMGs to IRAC-selected overdensities

around radio-WISE galaxies are compared but without additional information it cannot

determined if galaxies in this work are IRAC counterparts of SMGs.
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Figure 3.22: Radial distribution of Group-I galaxies for the radio-WISE selected fields
(red points) cut at the limits used in Assef et al. (2015) ([4.5] = 10µm). The density
of the comparison fields (blue crosses) are included to show the expectation from blank
fields.

3.7.1 Overdensity of Galaxies in Radio-WISE

Selected Fields

Targeted Spitzer observations of fields containing radio-WISE galaxies suggest that

these galaxies do not inhabit significantly overdense regions of Group-I ([3.6]− [4.5] >

−0.1) galaxies on scales extending over 2.5 ′. There is also no significant excess variance

in the distribution of density of such galaxies in the radio-WISE selected fields.

Shallower observations (∼ 150 s per field, giving a completeness limit of 10µJy) of 90

Hot DOGs by Assef et al. (2015) using Spitzer with the same IRAC colour selection

find a density of Group-I galaxies of ∼ 5–6 arcmin−2 within a 95% completeness limit

of 10µJy in IRAC2. Similar to findings by Jones et al. (2014) for 10 Hot DOGs at

850µm, Assef et al. (2015) see no signs of angular clustering around the central Hot
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DOG within 2 ′ radius. To compare the density of Group-I galaxies in the radio-WISE

selected fields to the Spitzer fields containing Hot DOGs in Assef et al. (2015), the

data for the radio-WISE selected fields is cut to the same 10µJy completeness limit in

IRAC2. A density of 4.77 ± 0.75 arcmin−2 is found using this method, similar to the

findings by Assef et al. (2015), albeit still with a central, statistical peak within ∼ 0.25 ′

of the radio-WISE selected galaxy, shown in Fig. 3.22. This suggests that the density

of Group-I galaxies in the radio-WISE selected fields is consistent with fields containing

Hot DOGs, although there is an additional peak in the density towards the radio-WISE

galaxies.

3.7.2 Radial Distribution

There is a > 2σ peak (∼ 1.85 arcmin−2) in the density of Group-I galaxies within

0.25 ′ (∼ 130 kpc) of 33 radio-WISE galaxies (Fig. 3.13), a statistical finding. This

peak implies an excess of associated galaxies on relatively small scales, consistent with

findings for galaxies selected at longer wavelengths with ALMA (Silva et al., 2015).

Beyond 0.25 ′, there is no observed excess density of Group-I galaxies out to 2.5 ′,

showing that the central 0.25 ′ peak is responsible for the ∼ 10% overdensity observed

in Fig. 3.11. The central peak in density of Group-I galaxies (∼ 10.7 arcmin−2) is

composed of fainter IRAC1 galaxies than the radio-WISE selected galaxies, in the

magnitude range of 20.5 < [3.6] < 22, which do not generally exhibit redder-IRAC

colours, as shown in Fig. 3.14c. These faint galaxies are unlikely to be artefacts of the

image, as shown in Fig. 3.7d the galaxies in this magnitude range are visibly discernible

from the background of the image. These galaxies could be influenced by the central

radio-WISE galaxy, although it is unclear what mechanisms in the environment or from

the target galaxy would account for them. The lack of redder-IRAC colours suggests
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that the galaxies within 0.25 ′ of the central target are not heavily dust obscured and

are unlikely to possess populations of older, redder stellar populations.

Jones et al. (2015) find an extended overdensity of very luminous sub-millimeter galaxies

on 1.5 ′ radius scales, ∼ 4–6 times that of blank fields. The very luminous SMGs in

the environment of radio-WISE galaxies seen in Jones et al. (2015) are a different

population to the Group-I galaxies in this work, given the different excess densities and

lack of corresponding positions, where the overdensity in this work is ∼ 1.3 compared

to ∼ 4–6 in Jones et al. (2015). Despite the lower density of Group-I galaxies galaxies

in this work, there is significantly greater angular clustering within 0.25 ′ of the radio-

WISE selected galaxy (see Fig. 3.13) than in the field. This could suggest that the

Group-I galaxies are influenced by the central radio-WISE galaxy. A lack of star-

forming galaxies within 0.25 ′ of the radio-WISE galaxy is observed in ALMA (Silva

et al., 2015), which saw a reduced density in SMGs in close proximity to the radio-WISE

galaxies in their sample. However, it is unlikely that they are IRAC counterparts to

the SMGs in Silva et al. (2015), given the lack of corresponding positions and the

difference in the observed excess between these works. Without further information

on the galaxies in this peak, it cannot be determined whether this is just a statistical

fluctuation and how the radio-WISE galaxy could be influencing the galaxies within

0.25 ′ radius.

The peak in Fig. 3.13 is similar in spatial extent to the findings for HzRGs in Wyleza-

lek et al. (2013), who suggested an association between these central HzRGs and the

Group-I galaxies. The radio luminosities of the radio-WISE galaxies in this work are

substantially lower than the HzRGS in CARLA, and have been selected for their less

extended radio emission. The density in the peak is significantly less than that seen

in CARLA, where ∼ 20 detections arcmin−2 are found in the central 0.25 ′. From the

luminosity functions in Wylezalek et al. (2014), the additional ∼ 0.5 magnitude depth
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in CARLA does not double the expected density, so the radio-WISE selected fields are

not as overdense in Group-I galaxies as the radio-loud galaxies in CARLA.

Unlike the Group-I galaxies, the Group-II galaxies in the radio-WISE selected fields

show a significant spatially-uniform overdensity of 1.95 between 0.5 ′ − 2.5 ′ from the

targets. This overdensity is roughly half the overdensity of SMGs in the environment

of ultra-luminous, dusty galaxies in Jones et al. (2015), which found overdensities of

4–6 for SMGs within 1.5 ′ of the radio-WISE galaxy compared to blank fields. These

Group-II galaxies could be star-forming galaxies (Casey, 2016), however IRAC is not

sensitive to star formation at these redshifts, and any speculation is inconclusive without

further information. Deeper, multi-wavelength observations are necessary to determine

whether these Group-II galaxies are at the same redshift as the radio-WISE galaxy.

There is an additional peak in the distribution of the Group-II galaxies within 0.5 ′ from

the central radio-WISE galaxy (Fig. 3.19). This peak represents an overdensity ∼ 2σ

greater than the field, reaching 3–4 times the average density of the comparison fields,

similar to the overdensity of Group-I galaxies in Wylezalek et al. (2013) using similar

completeness limits and for SMGs in Jones et al. (2015). The overdensity of Group-II

galaxies in this peak (3.53 times that of blank fields) is similar to the overdensity of 4–6

observed by Jones et al. (2015) on 3 ′ diameter fields, using shallower data than Silva

et al. (2015). This suggests that these Group-II galaxies are dust obscured, similar to

the SMGs in Jones et al. (2015), although they are not IRAC counterparts. Given the

smaller overdensities of these galaxies with respect to blank fields within 0.5 ′ of the

central target, compared to the overdensities observed in Silva et al. (2015) (∼ 10 times

the density observed in blank fields), these Group-II galaxies are not IRAC counterparts

to the ALMA detected SMGs around the same class of galaxy. The excess of Group-II

galaxies is likely to be linked to the presence of the radio-WISE selected galaxy, given

the > 2σ statistical overdensities observed in the peak in Fig. 3.19.
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I speculate that the excess of Group-II galaxies could be caused from infall into the

cluster, producing bursts of star formation as the galaxies interact with gas from the

Intra-Cluster Medium (ICM). Gas from the Inter-Stellar Medium (ISM) in these galax-

ies would be compressed by interactions with the ICM, and this dust-enshrouded star

formation could produce the observed redder-IRAC colours. The Group-II galaxies in

the 0.5 ′ peak are also likely to be dust obscured, star-forming galaxies similar to the

redder galaxies in the Spiderweb field (Kurk et al., 2004). If Group-II galaxies . 0.5 ′

from the radio-WISE galaxy interacted with one another and/or the central radio-WISE

galaxy in a potentially forming cluster, this could also stir up a dusty envelope to pro-

duce the observed redder IRAC colours (Dannerbauer et al., 2014). Further work is

necessary to understand the > 2σ peak in the distribution of these red IRAC galax-

ies around the radio-WISE selected galaxy, and the spatially uniform excess density

between 0.5 ′ − 2.5 ′ from the targets.

3.8 Summary

The results of Spitzer IRAC imaging on 5.12 ′ × 5.12 ′ fields centred on radio-WISE

selected galaxies are:

• The radio-WISE selected fields are found to have a similar density of IRAC se-

lected galaxies with colour [3.6]− [4.5] > −0.1 to blank fields, with only a modest

10% overdensity of Group-I selected galaxies. Using a K–S test for the density of

Group-I galaxies in each 5.12 ′ × 5.12 ′ field, a K–S statistic of 0.22 is found, with

a p-value of 0.08, suggesting that these fields are drawn from the same distribu-

tion and thus there is no significant overdensity of galaxies with IRAC colours

indicating z > 1.3 in the radio-WISE selected fields.
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• Using a redder IRAC colour selection of [3.6] − [4.5] > 0.4, there is a significant

overdensity of Group-II galaxies by a factor of 1.95 on average with respect to

blank fields within a radius of 2.5 ′ of the central radio-WISE galaxy. A significant

overdensity of > 3σ is seen compared with blank fields in 76% of the radio-WISE

selected fields, suggesting that these galaxies inhabit dense regions of redder-IRAC

galaxies.

• Smaller overdensities are observed compared with Jones et al. (2015) and Silva

et al. (2015) findings for SMGs around galaxies also selected from WISE and radio

surveys.

• However, unlike the SMGs in Jones et al. (2015), there is a statistical peak in

density on scales < 0.25 ′ from the central radio-WISE galaxy for both colour

selections. Many of these galaxies could have similar redshifts to the central

radio-WISE galaxy.

• The radio-WISE galaxies appear to be signposts for overdense regions of red

galaxies (Silva et al., 2015) and as such could be used to help understand the

nature of galaxy and cluster formation during the epoch of peak star formation

(z ∼ 2) (Eisenhardt et al., 2012; Jones et al., 2015).

With the launch of the James Webb Space Telescope (JWST)4 in 2021, very deep multi-

band searches could be made to investigate the central peak of the Group-II galaxies

in these fields, highlighted in Fig. 3.19. With the much improved depth of JWST

observations, the peak from the faint galaxies can be further investigated to better

understand the distribution and nature of these faint galaxies and uncover potentially

further fainter counterparts. Deep multi-band searches would also be able to determine

4https://www.jwst.nasa.gov/
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the extent to which foreground and background galaxies contribute to the peaks ob-

served in the radial distribution of these fields with respect to the central radio-WISE

galaxy.
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Chapter 4

JVLA Observations of Cold Gas

around Hot DOGs

This chapter presents ∼ 30 GHz JVLA observations of six Hot Dust Obscured Galaxies

(Hot DOGs; Penney et al., in prep.) that were previously presented in Tsai et al. (2015).

These Hot DOGs were selected using the WISE All-Sky Survey for bright detections at

12µm (W3) and/or 22µm (W4) and faint detections at 3.4µm (W1) and 4.5µm (W2),

using a selection of: W4 < 7.7 ∩ (W2−W4) > 8.2, or W3 < 10.6 ∩ (W2−W3) > 5.3

(Eisenhardt et al., 2012).

4.1 Introduction

Galaxy evolution models currently predict that the majority of massive galaxies

(M∗ & 1012 M�) evolve via major mergers at high redshift (see Conselice, 2014, and
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references therein). This major-merger theory could be key to understanding how ellip-

tical and Ultra-Luminous Infrared Galaxies (ULIRGs) at low redshifts form (Toomre,

1977; Barnes & Hernquist, 1998; Kormendy & Bender, 2012). It is now understood that

these mergers cause large quantities of gas and dust to be forced into the central regions

of the galaxies, with some accreting onto a central Supermassive Black Hole (SMBH)

and some producing a burst of high-mass star formation (Sanders et al., 1988a; Barnes

& Hernquist, 1992; Schweizer & Seitzer, 1998) as cold gas condenses in giant molecular

clouds.

Radio observations are critical to understanding the star formation histories of galax-

ies at high redshift, providing estimates on the dynamics of the cold star-forming gas

within the host galaxy. Molecular Hydrogen (henceforth H II) gas best traces regions

of star formation, however the H II gas has strongly forbidden transitions and can only

be observed at high temperatures (T > 100 K). The second most abundant molecu-

lar gas in the universe however, 12CO, is readily excited. The lowest 12CO transition,

12CO(J=1–0) (henceforth CO(1–0)), best traces the coldest molecular gas (Greve et al.,

2003; Ivison et al., 2011; Riechers et al., 2011). CO(1–0) transitions are generally fainter

than higher transitions (Riechers et al., 2011), but should more accurately estimate the

star formation rates in galaxies, depending on the activity of the galaxy. By assuming

12CO and H II are linked (Solomon et al., 1997; Tacconi et al., 2008; Bolatto et al.,

2013), the mass of the H II regions can be estimated. Further, detections of the lowest

12CO transitions can be used in tandem with higher transitions (e.g. J=4–3) to under-

stand properties such as local density, the star formation rate and temperature of the

star-forming gas in the galaxies (e.g. Peñaloza et al., 2017). Thus, using low-J 12CO

observations, one can understand the rates of star formation occurring in high redshift

galaxies, including high-z, powerful Active Galactic Nuclei (AGN).

As discussed in Chaper 1, Hot DOGs are Hyper-luminous Infra-Red (IR) Galaxies
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(HyLIRGs); initially discovered using the Wide-field IR Survey Explorer (WISE; Wright

et al., 2010) All-Sky Survey. They were selected to have faint or no detections in

the W1 (3.5µm) and W2 (4.6µm) bands, and bright detections in the W3 (12µm)

and W4 (22µm) bands (Eisenhardt et al., 2012). Follow-up observations to determine

more complete SEDs (Wu et al., 2012) suggest significantly higher dust temperatures

(& 60 K) than most dusty galaxies, with a peak in their SED at ∼ 22µm.

Far-IR (henceforth FIR) observations of a sub-sample of Hot DOGs have confirmed sig-

nificantly high IR luminosities (> 1013 L�; Jones et al., 2014; Tsai et al., 2015). Optical

spectroscopy of the most luminous of these galaxies revealed evidence of emission lines

from obscured AGN, needed to explain their significantly high luminosities and dust

temperatures (Tsai et al., 2015). Follow-up observations using Spitzer show mid-IR

SEDs that appear to be dominated by obscured AGN emission (Assef et al., 2015).

850-µm SCUBA-2 observations by Jones et al. (2014) show these galaxies inhabit over-

dense environments of Sub-millimeter Galaxies (SMGs), ∼ 3 times overdense compared

to blank fields within 1.5 ′′ of the galaxies. Assef et al. (2015) used warm-Spitzer ob-

servations to show these galaxies reside within regions with surface densities of IRAC

colour-selected galaxies consistent with fields containing radio-loud AGN (Wylezalek

et al., 2013) on 1 ′ radius scales, as discussed in Chapter 3.

In this chapter, I present CO(1–0) (rest frequency: 115.3 GHz) observations of a sub-

sample of six ultra-luminous Hot DOGs from Tsai et al. (2015) using the lowest-

resolution configuration of the JVLA, see Table 4.1. These galaxies were selected for

their extremely high luminosities (Lbol ≥ 1014 L�) and redshifts z & 3. This work uses

observations from the JVLA to infer the masses of the H II regions, CO(1–0) lumi-

nosities and rest frame 115.3 GHz continuum fluxes of these galaxies to understand the

processes in these highly obscured galaxies at the redshift of major mergers, starbursts

and AGN activity.
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WISE Designation RA (J2000) DEC (J2000) z Major (arcsec) Minor (arcsec) PA (Deg)

W0116-0505 01:16:01.49 –05:05:05.1 3.173 4.00 2.62 -30.96
W0126-0529 01:26:11.95 –05:29:09.1 2.937 4.17 2.44 -36.48
W0410-0913 04:10:10.62 –09:13:05.8 3.630∗ 4.08 2.92 -9.59
W0831+0140 08:31:53.25 01:40:10.3 3.912 3.78 3.06 -2.69
W1322-0328 13:22:32.55 –03:28:42.7 3.043 3.37 2.52 6.28
W2305-0039 23:05:25.93 –00:39:25.3 3.106 3.61 2.64 -29.03

Table 4.1: Properties of the sample in this paper, showing the position, redshift, major and minor axis of the
synthesized beam in the images, and the position angle of the synthesized beam. Redshifts have been taken from
Tsai et al. (2015) using multi-wavelength spectroscopy, although W0126 has an ambiguous redshift detection, which
will be discussed in Section 4.3. Here, (∗) shows a redshift identification from CO(J=6–5) emission.
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4.2 Observations and Data Reduction

Observations of six Hot DOGs presented in Table 4.1 were carried out in 1−2 hr blocks

during generally excellent weather conditions between February and April 2017. The

most compact baseline for detection, D-configuration, was used for the observations due

to its greater surface brightness sensitivity, at the cost of a reduced angular resolution.

Two observation blocks were used for each galaxy in this sample, except for W0126,

which had a single ∼ 2 hr observation. K-Band (ν=18.0–26.5 GHz) observations were

made for W0410 and W0831, and Ka-Band (ν=26.5–40.0 GHz) observations were made

for W0116, W0126, W1322 and W2305. A single polarization was used, and the flux

calibrators for each field were 3C48 (W0116, W0126 and W2305), 3C138 (W0410 and

W0831), and 3C286 (W1322). The observations produced ∼ 1 GHz bandwidth spectra

centred on the expected CO(1–0) emission peak (νrest = 115.3 GHz; Morton & Noreau,

1994) indicated by optical/IR spectra in Tsai et al. (2015).

Calibration and imaging were carried out using the Common Astronomy Software Ap-

plication (CASA; McMullin et al., 2007)1. Calibrations were made using the publicly

available calibration pipeline2 for all fields except W1322, in which the calibration

method detailed in the online calibration cookbook3 was used for one of the two obser-

vation blocks on this field. This was due to features affecting the final imaging from

a bad reference antenna used in the pipeline. The pattern produced by using the bad

antenna is shown in Fig. 4.1, and from the striped pattern present in the image, it is

clear that a bad antenna was being used as a reference antenna during the calibration

stage, producing a degraded image. This issue is not the first instance, with previous

1http://casa.nrao.edu
2science.nrao.edu/facilities/vla/data-processing/pipeline/scripted-pipeline
3casaguides.nrao.edu/index.php/TWHydraBand7 Imaging 4.3
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Figure 4.1: Image of one of the scans of the W1322 field after pipeline calibrations.
Striped emission can be seen across the image, caused by a bad baseline in the calibra-
tion. Online calibrations were instead used for this scan.

work (e.g. Sharon et al., 2016) using online cookbooks to calibrate individual fields.

For the other five fields, no additional calibrations were required following the initial

pipeline calibrations.

Imaging of the six fields containing the Hot DOGs were made using CASA’s tclean

package. Initial dirty spectral maps without masking of the Hot DOGs were taken

to estimate the positions of the galaxies and the frequency of emission. Continuum

subtraction was then carried out using the uvcontsub package. Cleaning and imag-

ing of all fields was made using hogbom deconvolution, with briggs weighting and

robust= 2.0 to produce a natural weighting. All spectral cubes were constructed

using 6 MHz (50 km s−1) resolution to boost the signal-to-noise (SNR) ratio. Spectra

were extracted in 4 ′′ diameter apertures, roughly the size of the synthesized beam (see

Table 4.1).
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4.3 Observational Results

The spectra for the six Hot DOGs in this sample are shown in Fig. 4.2. W0410 has the

strongest emission line in the sample, with a redshift of z = 3.633 ± 0.005, (compared

with an optical redshift of z = 3.592±0.002 from Tsai et al. (2015)), in close agreement

with CO(J=6–5) line detection using ALMA (Lopez et al. in prep). These results

suggest that the gas associated with the lower, optical redshift could be emitted from

outflows with velocities of ∼ 3000 km s−1 projected towards the observer. Every other

galaxy in this sample shows evidence of CO(1–0) emission, with the exception of W0126,

which has the least confident redshift identification in Tsai et al. (2015), from a single

Lyα emission line. Vito et al. (2018) suggest a lower redshift for this galaxy using

X-ray data: z = 0.8. From the JVLA observations, it can be confirmed that there is no

CO(1–0) emission line at a redshift of z = 2.937 as strong as in the other targets. The

emission line from W0116 is also at a lower frequency than expected by δν=0.09 GHz,

giving an associated redshift of z = 3.187 ± 0.005, compared with z=3.173 ± 0.002 in

Tsai et al. (2015), a velocity difference of ∼ 1400 km s−1, which could possibly suggest

that the CO(1–0) gas in W0116 is associated with out-flowing material from the central

source. The associated redshifts for W0831, W1322 and W2305 from the CO(1–0) are

in agreement with Tsai et al. (2015), within δV ∼ 500 km s−1.

The positions of the CO(1–0) emission are shown in Fig. 4.3. All images use the spectral

window (henceforth spw) centred on the detected emission line. The window centred

on the frequency range associated with the redshift from Tsai et al. (2015) is used for

W0126. All images, except for W0126, show emission centred on the position of the

target source, suggesting that the cold CO molecular gas is associated with the target

galaxy. All fields, except W0126, have a SNR & 3, showing that the position of the
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Figure 4.2: Spectra of the six sources in this sample. A Gaussian has been added to
illustrate the CO(1–0) line. An additional error bar in the upper right-hand corner has
been included to show the continuum level for each field. A dotted line has been given
for the optical/IR redshift from Tsai et al. (2015). Frequency limits in these figures
have been chosen to show the line emission of the galaxies.

106



CHAPTER 4. JVLA OBSERVATIONS OF COLD GAS AROUND HOT
DOGS

Figure 4.3: Emission centred images for (left to right, top to bottom) W0116, W0126,
W0410, W0831, W1322 and W2305. Contours show the 0.1µJy, 0.5µJy and 1µJy levels.
An ellipse in the bottom left-hand corner of each image illustrates the synthesized beam
for each image.

emission lines are unlikely to be significantly affected by background noise.

Using the immoments package available in CASA, the velocity fields of the six galaxies

(moments=1) were constructed to investigate any motion of cold molecular gas in the

galaxies, and the velocity maps are shown in Fig. 4.4. From the spw associated with

the emission line, there is no sign of rotational motion of the gas. This is expected,

given the resolution of these observations, and unsurprisingly there is no large-scale

bulk motion of cold molecular gas around these galaxies on 20 − 50 kpc scales. Star-

formation could still be present within these galaxies and the cold molecular gas is not

affected by outflows from the central AGN. Greater resolution and sensitivity is needed

to understand whether there is an outflow of cold molecular CO gas responsible for the

emission from W0116.
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Figure 4.4: Images of the velocity fields of each of the Hot DOGs in the sample (left
to right, top to bottom: W0116, W0126, W0410, W0831, W1322 and W2305). Each
field has an independent colourbar, showing the different velocities in units of km s−1.
Rest frame velocities for each of the galaxies in the sample are: 2.283 × 105 km s−1,
2.233×105 km s−1, 2.347×105 km s−1, 2.386×105 km s−1, 2.255×105 km s−1 and 2.268×
105 km s−1 for W0116, W0126, W0410, W0831, W1322 and W2305 respectively.
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I now compare the JVLA observations with independent observations using ALMA

(Lopez et al. in prep). Observations of W0116, W0831, W1322 and W2305 were made

using ALMA’s Band-3 (2.6− 3.6 mm) to image CO(J=4–3) emission, while additional

ALMA observations were made for W0410 using Band-5 (1.4 − 1.8 mm) to image the

CO(J=5–4) emission line. CII observations were also made for W0831 using Band-8

(0.6−0.8 mm). Fig. 4.3 shows that there is a potential companion to W2305 within∼ 1 ′′

of the Hot DOG (RA=23:05:26.00, DEC=–00:39:19.91). Inspecting the JVLA spectra

at the position of this additional source, there is a peak in the spectra at a frequency

corresponding to the same redshift of CO(1–0) emission as W2305 (L′CO(J=1−0) = 0.62×

1010 L�). Comparing with ALMA observations of CO(J=4–3) gas, which should trace

warmer molecular gas, at this position to understand the nature of the companion shows

a lack of a peak in the spectra. This suggests that the companion is not composed of

warmer CO gas, such that this is unlikely to be a merging companion. The W2305

companion is likely to either be a site of additional star forming matter within the

Hot DOG, or associated with the synchrotron emission seen in the FIRST survey (see

Section 4.4.1). There is a similar feature for W0126, ∼ 5 ′′ below the expected position,

however there is no emission spectra at this position consistent with the redshift in Tsai

et al. (2015) and this is likely to be noise. I discuss the luminosity of these sources with

respect to previous observations in Section 4.3.1.

4.3.1 CO(1–0) Luminosity

Using the emission spectra in Fig. 4.2, the CO(1–0) line luminosities can be determined.

Using the same method as Solomon et al. (1997), the luminosity is derived from the

integrated flux of the emission line using Eqn. 4.1:
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L′CO(J=1−0) = 3.25× 107 × SCOδV ×
D2

L

ν2
obs(1 + z)3

, (4.1)

where SCO is the integrated flux density of the line (Jy), δV is the change in velocity

(km s−1) and DL is the luminosity distance to the galaxy (Mpc). L′CO(J=1−0) is in units

of L�. Assuming that the CO gas and H II gas originate from the same reservoir (Ivison

et al., 2010), such that the CO gas trace the H II gas, the luminosity of the CO(1–0)

gas can be converted to the H II mass using:

M(H II) = αL′CO, (4.2)

where M(H II) is the mass of the H II region in M�, L′CO is the luminosity of the

emission line in L� and α ∼ 0.8 is the conversion factor, derived empirically for

ULIRGs and mergers (Downes & Solomon, 1998; Bolatto et al., 2013). The results

are shown in Table 4.2 for the six Hot DOGs in the sample. CO(1–0) luminosities

of > 1 × 1010 K km s−1 pc2 are found, similar to findings by Ivison et al. (2010) and

Riechers et al. (2011) for ULIRGs at similar redshifts. I compare the properties of

the CO(1–0) luminosity with galaxies at similar redshifts in Fig. 4.5. These galaxies

generally follow a similar trend to other galaxies with respect to their L′CO(1−0) and

LIR properties, suggesting that these galaxies have typical cold gas reserves compared

to other galaxies. This trend continues with the width of the CO(1–0) emission with

respect to the luminosity compared with the comparison samples, suggesting that the

increased width of the emission of the Hot DOGs in this sample compared to other

galaxies does not substantially deviate from expectation. As expected, the L′CO(1−0)

emission from these Hot DOGs is fainter than dusty star forming galaxies (DSFGs) in

Aravena et al. (2016) at z ∼ 2.7 − 2.8. Comparing the
L′
CO(1−0)

DL
ratio to LIR

DL
value, the
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Hot DOGs in this work have similar values to DSFGs in Aravena et al. (2016), and

values twice that of SMGs in Ivison et al. (2011), suggesting that the star-forming gas

in the Hot DOGs is more luminous than other SMGs relative to their redshift.

Follow-up observations by Wu et al. (2014) attempted to determine the cold molec-

ular gas content of three Hot DOGs using the Sub-Millimetre Array (SMA) and the

Combined Array for Research in Millimeter-wave Astronomy (CARMA), using CO(3–

2) and CO(4–3) transitions. Wu et al. (2014) found masses of < 3.3 × 1010 M� and

< 2.3 × 1010 M� for W0149+2350 and W1814+3412 respectively. Comparing these

results with the CO(1–0) masses in Table 4.2, in general agreement for W0116 and

W0126, although the other galaxies in this sample are significantly more massive, sug-

gesting Hot DOGs do not have similar cold molecular gas contents. ALMA observations

by Fan et al. (2018) for three Hot DOGs using CO(4–3) emission (including W0410)

suggest L′CO(4−3) in the range of 1010−1011 L�. Using a L′CO(4−3) to L′CO(1−0) conversion

factor of 0.87 (e.g. Aravena et al., 2016), in agreement with this work, suggesting that

these galaxies are gas-rich for cold molecular CO gas.
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Figure 4.5: Comparison of the L′CO(1−0) properties of the galaxies in this sample with

other galaxies at high redshift. Left: The L′CO(1−0)/LIR ratio (K km s−1 pc−1 L−1
� ) against

LIR. Middle: Comparison of the L′CO(1−0) against LIR with respect to the luminosity

distance (DL). Right: L′CO(1−0) against the FWHM of the CO(1–0) emission line. In

each, I compare against ALMA-selected SMGs (Ivison et al., 2011) (green crosses),
unlensed DSFGs (Harris et al., 2012) (blue empty diamonds), strongly lensed SMGs
(Thomson et al., 2012) (grey squares), lensed SPT-galaxies (Aravena et al., 2013) (red
triangles) and ALMA selected lensed SPT-galaxies (Aravena et al., 2016) (green filled
diamonds). All VLA observed Hot DOGs are illustrated by black filled circles.
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ID Lbol

(1013L�)
L′CO(1−0)

(1010K km s−1 pc2)

M(H II) α

(1010M�)
ALMA
(µJy)

JVLA
(µJy)

FCO(J=1−0) /
FJVLA

W0116 11.7 2.96 ± 0.68 2.36 ± 0.54 278 ± 55 5.4 ± 7.1 31.4 ± 1.3
W0126 14.7 0.98 ± 1.54 0.78 ± 1.23 ... 63.6 ± 9.5 1.0±1.6
W0410 16.8 30.15 ± 3.00 24.12 ± 2.39 1040 ± 100 19.2 ± 7.5 54.4 ± 0.4
W0831 18.0 30.86 ± 2.74 24.69 ± 2.20 517 ± 70 6.1 ± 5.4 92.7 ± 0.9
W1322 10.1 15.05 ± 1.94 12.03 ± 1.55 143 ± 25 11.9 ± 7.4 41.7 ± 0.6
W2305 13.9 12.95 ± 1.59 10.36 ± 1.27 381 ± 43 50.3 ± 7.6 9.4 ± 0.2

Table 4.2: Total IR luminosity (Tsai et al., 2015), CO(1–0) luminosity, estimated H II masses and continuum values
for all six Hot DOGs in this sample for ALMA (Lopez et al. in prep) and the JVLA respectively. The final column
gives the flux ratio of the line to continuum for each Hot DOG. The luminosity and H II mass for W0126 have been
estimated assuming z = 2.947 from measurements by Tsai et al. (2015).
α see Section 4.3.1 for calculation.
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4.3.2 30-GHz Continuum

The continuum flux for the six Hot DOGs in the sample is calculated using the spws

not associated with the emission line. The same 4 ′′ diameter aperture is used and a

∼ 0.83 GHz bandwidth after excluding the channels associated with the emission line.

The spw centred on the expected emission frequency is not excluded for W0126, given

the lack of CO(1–0) line and the distribution of the continuum is shown in Fig. 4.6.

Generally, the net positive continuum appears to be centred on the position of the Hot

DOGs and the continuum values are listed in Table 4.2. W0126 and W2305 have the

highest ∼ 30 GHz continuum emission of the Hot DOGs in the sample. The other Hot

DOGs in this sample have similar but lower 30 GHz observed-fame continuum flux.

The significantly greater continuum values for W0126 and W2305 could suggest that

additional dust processes around ν ∼ 30 GHz or synchrotron/free-free emission have

boosted the continuum flux. This is discussed further in Section 4.4.1.

K- and Ka-band radio observations for high-redshift galaxies are rare, and so a com-

parison with related observations is difficult. The fluxes of the six Hot DOGs are

10− 50% of those obtained by Aravena et al. (2016) and Aravena et al. (2013) for six

DSFGs selected using CO(1–0) emission and two lensed DSFGs within a redshift range

of z = 2−3. A mean continuum flux is computed for the Hot DOGs (excluding W0126)

of 18.6± 7.0µJy, indicated in Fig. 4.11, compared with 144± 57µJy for the DSFGs in

Aravena et al. (2013) and Aravena et al. (2016). A similar result is observed when com-

paring two SMGs (z = 2.5− 3) from Thomson et al. (2012) with values of 42± 20µJy

and 57±25µJy. This suggests that the star formation in these Hot DOGs is significantly

lower than DSFGs and SMGs. This is surprising, given the very different nature of the

cold gas in galaxies in this sample of Hot DOGs compared to typical SMGs and DS-

FGs at their respective redshifts. Similar results are found when comparing to ULIRGs

114



CHAPTER 4. JVLA OBSERVATIONS OF COLD GAS AROUND HOT
DOGS

Figure 4.6: Continuum images for (left to right, top to bottom) W0116, W0126, W0410,
W0831, W1322 and W2305. Contours show the 0.1µJy, 0.2µJy and 0.3µJy levels. An
ellipse in the bottom left-hand corner of each image illustrates the synthesized beam
for each image.

at 0.2 < z < 0.6 from Combes et al. (2011), in which the mean of the 15 detected

CO(1–0) fluxes is 4.88 Jy km s−1 compared to 0.31 Jy km s−1 for the six Hot DOGs in

the sample. In Fig. 4.2 most of the Hot DOGs in the sample have CO(1–0) line widths

& 1500 km s−1. The full width at zero intensity (FWZI) values reported in Thomson

et al. (2012), ∼ 500− 1000 km s−1, are significantly lower, although the Hot DOGs are

much fainter, showing that the CO(1–0) lines are less luminous than in typical SMGs.

Using the IR and CO(1–0) luminosities of the JVLA-observed Hot DOGs with respect

to two SMGs in Thomson et al. (2012), a mean value of LIR

L′
CO(1−0)

= 770 L�K−1km−1pc−2s

is found for the Hot DOGs in this work (using LIR from Tsai et al. (2015) and exclud-

ing W0126) compared with a value of 140 L�K−1km−1pc−2s for the two SMGs. This

suggests that the Hot DOGs are significantly more luminous in the IR than would be ex-

pected for galaxies at this redshift for a given L′CO(1−0). Comparing to VLA observations

of lensed galaxies by Riechers et al. (2011), which report line widths of & 1300 km s−1
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and peak flux densities of ∼ 0.5 mJy, two orders of magnitude greater than shown in

Fig. 4.2, the CO(1–0) emission lines from Hot DOGs are much fainter than optically

selected QSOs.

4.3.3 Spectral Energy Distributions

Using archival data in addition to the JVLA observations, SEDs of the six Hot DOGs

can be produced. Included in these SEDs are continuum data from ALMA (Lopez et

al. in prep) (see Table 4.2), and Herschel PACS and SPIRE (70µm, 160µm, 250µm,

350µm, 500µm) from Tsai et al. (2015). From archival data, Sloan Digital Sky Survey

(SDSS; Alam et al., 2015), Warm-Spitzer IRAC1 (3.6µm) and IRAC2 (4, 5µm), WISE

(3.5µm, 4.6µm, 12µm and 22µm), Bolocam 1 mm observations (Wu et al., 2012)

and data from the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST;

White et al., 1997) have also been added. For W0831, continuum data from SCUBA-2

(850µm) from Jones et al. (2014) and ALMA CII observations (Lopez et al. in prep)

have been included. For W0410, SHARC-II 850µm observations have been added (see

Wu et al. (2012) for details of the observations). Using these data, with the JVLA data

from this work, the full SEDs are presented in Fig. 4.7 for the six Hot DOGs. It should

be noted that it is assumed that the observed frame 1.4 GHz and 30 GHz radio-fluxes

do not vary significantly on the timescales between the observations used to construct

the SEDs.

For each SED, I initially attempted to fit two broken power-laws using a standard

Monte-Carlo Markov Chain (MCMC) routine (Metropolis et al., 1953), with a sin-

gle broken power-law fitting the data between 600 GHz–850 THz (350 nm–450µm) and

another single broken power-law fitting the data between 1.4 GHz–600 GHz (22 cm–

450µm). The results are shown in Fig. 4.7, and the χ2 values for each of the fits are
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Figure 4.7: SEDs of the six Hot DOGs (left to right, top to bottom: W0116, W0126,
W0410, W0831, W1322 and W2305). Broken power-law fits have been used to fit the
optical-to-FIR data (green dashed line) and the FIR-to-radio data (red dotted line) for
each galaxy.

117



CHAPTER 4. JVLA OBSERVATIONS OF COLD GAS AROUND HOT
DOGS

shown in Table 4.3. Upper limits for FIRST at 1.4 GHz (22 cm) are used for all sources

undetected in the FIRST survey, using the RMS value at the expected position in the

field (shown in Fig. 4.13). At frequencies shorter than the break in the radio spectra

(ν ∼ 1 GHz), I assume a prior for the slope of α = −0.8, typical of synchrotron emission

(Condon, 1992; Carilli & Yun, 1999; Lacki et al., 2010) for all sources except W2305.

Using the gradient of the fit between 30 GHz and ∼ 1 THz, I attempt to estimate the

dominant processes within this frequency range.

From the SEDs of the six Hot DOGs in Fig. 4.7, most of the 20−30 GHz JVLA contin-

uum flux lies along the S ∝ ν−3, suggesting that the values are produced via thermal

processes consistent with a dust spectrum. W0126 and W2305 are exceptions to this,

and W2305 has a significant FIRST detection, likely caused by synchrotron emission,

possibly dominating the thermal processes of the JVLA observations. The JVLA con-

tinuum flux at ν ∼ 29.30 GHz for W0126 lies beyond the break in the spectrum, which

could be caused by a number of factors, such as additional dust clouds at different radii

from the central, obscured AGN, or boosting from star formation activity in the host

galaxy. W0126 could also be producing a similar spectra observed in GHz Peak Spec-

trum (GPS) galaxies (Bicknell et al., 1997; O’Dea, 1998), with a strong radio peak in

the spectra at ∼ 30 GHz, potentially due to free-free absorption through an obscuring

torus. This is less likely, however, given that GPS galaxies have large radio-luminosities

(O’Dea, 1998), which is not seen in FIRST imaging of this galaxy. The ∼ 30 GHz emis-

sion from this galaxy, therefore, likely comes from a more complex spectrum than a

single temperature, blackbody model. The ∼ 30 GHz flux for W0126 is close to the

FIRST 1.4 GHz RMS flux limit, suggesting that the spectrum should decrease at fre-

quencies less than the JVLA observations. For the other galaxies undetected in FIRST

(W0116, W0831 and W1322), the fits at ν . 30 GHz (λ & 10−2 m) are close to the

detection limits of FIRST at 1.4 GHz, suggesting that deeper observations at 1.4 GHz

118



CHAPTER 4. JVLA OBSERVATIONS OF COLD GAS AROUND HOT
DOGS

could be used to understand the nature of the synchrotron emission in these galaxies.

To determine error in the slope (the normalisation and the break value) a corner plot

is produced for each fit, shown in Fig. 4.8. The priors used to constrain the values to

ensure realistic values in the final fits were: K > 0, 0 < xc < 1e11 and α, where K

is the normalisation, xc is the frequency of the break in the power-law in GHz, and α

is the power-law index of the dust emission (given by Sν ∝ ν−α). Fig. 4.8 shows that

the fits for the single breaks generally have well-defined values for the three parameters

used in the fits, suggesting that the values are not produced randomly, although there

is a large variance in the possible values for several of the galaxies. While this could

suggest that the parameters of the fits need additional constraints, with the number

of fluxes available in this frequency range, it is unlikely that without further FIR and

radio observations the constraint on these values will be significantly improved.

To determine the maximum level of the free-free emission of these galaxies, observed be-

tween the thermal-dust dominated emission and the synchrotron emission as a flat slope

with a power-law distribution of Sν ∝ ν0.1 (Kennicutt, 1983), I attempt to fit double-

broken power-laws to the 1.4 GHz–600 GHz (22 cm–450µm) data, shown in Fig. 4.9,

and the χ2 values for the double-broken power-laws are shown in Table 4.3. The ad-

ditional break and spectral slope for these fits produce an additional two parameters,

which were initially believed to significantly affect the reliability of the fit given that

the number of data points at FIR–radio frequencies is ∼ 5± 2, close to the number of

parameters used. However, as shown in Fig. 4.10, which shows a typical example of a

corner plot for a double-broken power-law for the FIR to radio emission, the normali-

sation (A), spectral slope (α) and second break (xc2) appear to be well constrained. A

greater dispersion is observed in Fig. 4.10 compared to Fig. 4.8, in which the value of xc1

does not appear to have any constraints, and this is likely due to the lack of data at the

radio frequencies. Less dispersion is observed in Fig. 4.8, suggesting that the additional
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Figure 4.8: Corner plot for single broken power-law for example galaxy (W0410), which
shows the fitting of the parameters. Here, A is the normalisation, α is the spectral
index of the FIR-to-radio data, and xc is the break value in GHz. Dashed lines show
the median±1σ values of the fits.
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parameter may produce an unsuitable fit for the amount of data present. Therefore, the

maximum value of the free-free emission from the double-broken power-law is unlikely

to be realistic.

Both Fig. 4.7 and Fig. 4.9 show the same single-broken power-law fit for the data

at ν & 600 GHz. Generally, the power-law fits the data well between 600 GHz to

∼ 0.1 THz, however an increasing deviation is observed from the fit at near-IR and

optical regimes, suggesting that a single power-law fit for the data in this frequency

range is not suitable. It should be noted that for W0831, there is a distinct lack of

agreement in the upper limits given by Herschel data at 60µm and 160µm, suggesting

that the model does not accurately represent the observations. Furthermore, in both

Fig. 4.7 and Fig. 4.9 for W0126, the flux at 22µm is significantly greater than the fit

would suggest. The lack of fit at these frequencies could be due to the activity of the

dust and different layers of obscuration around these luminous IR galaxies. Dust at

significantly greater temperatures at these frequencies compared to lower frequency data

(mid- to far-IR) could account for the disparity, and could suggest that these galaxies

have a more complex obscuring torus, as previously discussed in Assef et al. (2015).

Jones et al. (2014) showed that the 10 Hot DOGs in their sample were not well fitted

by any AGN template, with the single Polletta torus template (Polletta et al., 2007)

providing the best fit, but still required additional extinction within the first two WISE

bands, further suggesting that these galaxies require a more complex obscuring torus

to understand their emission. While additional power-law fits could better constrain

the luminosity at these frequencies, this would not be able to explain the nature of the

dust at these frequencies.

To understand the nature of the dust at different frequencies, and better constrain the

fitting parameters used to model the galaxies in the sample, a single of blackbody curve

was fitted to the 100µm− 30 GHz data, given by the relation Sν ∝ ν3+β/(e
hν

kBTdust − 1)
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Figure 4.9: SEDs of the six Hot DOGs (left to right, top to bottom: W0116, W0126,
W0410, W0831, W1322 and W2305). Unlike Fig. 4.7, double broken power-law fits
have been used to fit the FIR-to-radio data (red dotted line) for each galaxy instead
of single broken power-law fits and a single broken power-law has been used to fit the
optical-to-FIR data (green dashed line).
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Figure 4.10: Corner plot for double broken power-law for example galaxy (W0410),
which shows the fitting of the parameters. Here, A is the normalisation, α is the spectral
index of the FIR-to-radio data, xc1 and xc2 are the break values in GHz. Dashed lines
show the median±1σ values of the fits.
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(Hildebrand, 1983) where Tdust is the temperature of the dust and β is the emissivity

index. To model the synchrotron emission at ν . 30 GHz, a single power-law distribu-

tion is fitted to the FIRST, JVLA and ALMA data. To simplify the fitting process, β

is fixed at 1.5 (Blain et al., 2003; Wu et al., 2012), which should help to constrain the

error in the normalisation and temperature parameters, as shown in Fig. 4.12. Initially,

the β parameter was allowed to vary for the FIR-radio blackbody fit, however it was

found that this significantly affected the fitting of the normalisation (A) and tempera-

ture (K) parameters, and excluding the parameter appeared to improve the fits for all

Hot DOGs in the sample. For all galaxies undetected in the FIRST catalogue, the slope

is fixed at α = −0.8, typical for synchrotron emission (Condon, 1992; Carilli & Yun,

1999; Lacki et al., 2010). Using the synchrotron and FIR-radio fits, I attempt to better

determine the maximum level of the free-free emission compared to the estimates from

the double-broken power-law in Fig. 4.9. The fluxes for the free-free emission, shown in

Table 4.4, are only the maximum values, and are affected by the assumption of the value

of α = −0.8 and the error in the parameters for the FIR-radio blackbody model (shown

in Fig. 4.11). The χ2 values for the modified blackbody and synchrotron power-law fits

are shown in Table 4.3.
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Figure 4.11: SEDs of the six Hot DOGs (left to right, top to bottom: W0116, W0126,
W0410, W0831, W1322 and W2305). Observed frame SEDs of the six Hot DOGs in
the sample. A single temperature blackbody was fitted to the 160µm to 2 cm data,
and further power-laws were added to fit the remaining data. Radio data, constrained
by ALMA, VLA and FIRST data, is fitted by a single power-law (Sν ∝ ν−0.8), except
for W2305, and the resultant curve is shown by a solid red line. A star has been used
to denoted the JVLA data in each SED.
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Figure 4.12: The fitted FIR-radio SED parameters for a member of the sample (W0410)
using the single-temperature blackbody model. Dashed lines show the −1σ, median and
1σ. The A parameter is the normalisation and T is the temperature (K).
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ID χ2 Broken
Power-law
(1.4 GHz−
600 GHz)

χ2 Broken
Power-law
(600 GHz−
850 THz)

χ2 Double
Broken

Power-law
(1.4 GHz−
600 GHz)

χ2 Modified
Blackbody
(1.4 GHz−
100 THz)

χ2 Power-law
(1.4 GHz−
0.3 THz)

W0116 5.47 7.71 9.42 4.85 8.80
W0126 16.05 49.34 14.33 14.95 30.83
W0410 10.70 35.95 10.47 9.68 44.93
W0831 7.77 11.11 8.13 5.28 29.04
W1322 5.34 10.91 2.42 0.82 15.73
W2305 4.79 13.32 4.53 13.16 37.77

Table 4.3: χ2 values for the fits of the spectral energy distributions for each of the Hot DOGs in the sample. The
second and third columns show the χ2 values for the SED fits in Fig. 4.7, the fourth column shows the χ2 values for
the double broken power-law in Fig. 4.9 and the final two columns show the χ2 values for the modified blackbody
and synchrotron power-law fits in Fig. 4.11.

127



CHAPTER 4. JVLA OBSERVATIONS OF COLD GAS AROUND HOT
DOGS

The integrated spectrum can be used to estimate the luminosities of the galaxies in the

sample using:

L =

∫
4πd2

LFνdν (4.3)

where dL is the luminosity distance and Fν is the flux at a specific frequency. To produce

the blackbody fits shown in Fig. 4.11, the temperature for the FIR-radio (160µm <

λ < 20 cm) component is determined, and the data at . 100µm are connected with

a series of power-laws, similar to the method used in Wu et al. (2012). The resulting

curves are then combined to produce the curves shown in Fig. 4.11, in which W0116

highlights the range over which the luminosity is calculated, while the other SEDs focus

on the FIR-radio component. The values of the calculated luminosities are shown in

Table 4.4, and are in general agreement with the bolometric luminosity estimate for

most of these galaxies with Tsai et al. (2015). For the IR luminosity, measured between

8µm and 1 mm, no significant deviation is seen in the luminosity estimate compared

with Tsai et al. (2015) for all galaxies in this sample. The small increase is likely due

to the data at lower-frequencies included in this work and the small deviation in the

blackbody fits between these two works.

For each of the Hot DOGs in the sample, the expected temperature is shown from the

blackbody fit for 160µm to 2 cm (15 GHz to 1.88 THz), with 1σ errors in Table 4.4.

I find lower dust temperatures, when comparing T160µm−20 cm using the blackbody fits

with Wu et al. (2012) for W0116 and W0410. Wu et al. (2012) used the same blackbody

fitting method, but for 2µm to 1 mm data, and found dust temperatures of 123± 8 K

and 82 ± 5 K for W0116 and W0410 respectively, 1 − 2 times the values shown in

Table 4.4. This result is expected, however, given that the data at λ > 1 mm should

trace colder gas, and suggests that these results do not overestimate the temperature

of the dust components in this range.
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Table 4.4: The fitted temperatures for the FIR-radio blackbody curve in Fig. 4.11 and the inferred 21 cm and 850µm
fluxes. All values in this table are inferred from the fits in Fig. 4.11. The maximum possible flux contribution are
shown for the free-free emission (Sff). The seventh column gives the maximum fluxes for the free-free emission of
the Hot DOGs using the synchrotron and FIR-radio models. The final column shows the qIR values, discussed in
Section 4.4.2, using Eqn. 4.4. Data marked with (α) have fitted points which can be compared with observations.

ID T160µm−2 cm (K) S21 cm (µJy) S850µm (µJy) Sff (µJy) Lbol (1013L�) LIR (1013L�) qIR,SED

W0116 68+5
−6 56.0 5800 6.32 13.4 9.09 2.79

W0126 66+3
−3 138.2 10000 15.58 15.4 10.6 3.01

W0410 62+3
−3 169.9 13000 18.68 17.4 11.0 2.16

W0831 59+6
−5 36.7 19000α 5.82 19.0 11.3 2.56

W1322 58+8
−7 146.8 5900 14.02 10.5 6.88 2.82

W2305 47+4
−3 2910α 14000 50.62 14.8 8.88 0.79
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From the blackbody/power-law SED fits for ν . 10 GHz (& 1 cm), using a spectral

slope of α = −0.8, the value of the flux at 22 cm can be estimated, as shown in

Table 4.4. The results suggest that the fluxes are significantly fainter than the limits of

FIRST (and NVSS for W0410), and it is likely that significantly deeper observations of

these galaxies at 1.4 GHz are needed to understand the synchrotron processes at this

frequency. Additional radio-continuum observations between 1.4 GHz and ∼ 30 GHz

would also constrain the free-free flux and the star formation rates, similar to methods

used in Thomson et al. (2014) for two SMGs at similar redshifts to the galaxies in the

sample. The 1.4 GHz flux estimates from Fig. 4.11 suggest that most of the Hot DOGs

in the sample are not radio-loud.

From Fig. 4.11, W2305 is the only Hot DOG in the sample with significant 1.4 GHz

radio components compared to the other Hot DOGs in this sample. As previously

discussed, the spectral index for the synchrotron component in this galaxy was allowed

to vary, and a value of α = −1.3 is observed, significantly lower than the α = −0.8

value assumed for the other Hot DOGs and previous work on normal galaxies (Condon,

1992). This spectral index is significantly lower than the value determined by Magnelli

et al. (2015) using a stacking analysis of z ∼ 2 galaxies, and could suggest that W2305

is a radio-loud Hot DOG.

4.4 Discussion

4.4.1 30-GHz Emission from Hot DOGs

The VLA data for six Hot DOGs are near the expected continuum flux from a dust-

emission power-law (S ∝ ν2+β), suggesting that dust emission could dominate at these
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frequencies, providing ∼ 60−70% of the flux on average. At 1.4 GHz, there should be a

distinct lack of emission in 5/6 galaxies in the sample, as shown in Fig. 4.11. To attempt

to understand whether there is any emission beneath the noise level of FIRST, I stack

the FIRST images for W0116, W0126, W0831 and W1322. The Root-Mean-Square

(RMS) values for the individual images are a third of the 1.4 GHz flux for W2305,

however there is no stacked detection (Fig. 4.13), suggesting that the 1.4 GHz emission

of these galaxies is substantially lower than the detection limit of FIRST. It is unlikely

that the dust emission from these Hot DOGs is suppressing the synchrotron processes at

1.4 GHz, and it is more likely that these Hot DOGs are relatively radio-quiet compared

to W2305.

4.4.2 FIR-Radio Correlation

The FIR-radio correlation has been widely used to identify star formation properties of

galaxies at high redshift (see Lacki & Thompson, 2010, for a review). Star formation

drives the correlation, in which dust-obscured stellar emission produces flux in the

FIR, while supernovae (SNe) from the same stars with masses M� & 8M� produce

synchrotron emission at ∼ 1.4 GHz. The qIR value is used to compare the difference in

the emission, given by:

qIR = log10

(
SFIR

3.75× 1012 × S1.4 GHz

)
, (4.4)

where SFIR is the rest-frame FIR flux in W m−2, and S1.4 GHz is the flux at rest-frame

1.4 GHz in W m−2 Hz−1. The correlation is well documented locally (van der Kruit,

1971; Helou et al., 1985; Condon, 1992; Yun et al., 2001), and extending to higher
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Figure 4.13: Cutout images centred on the expected position of the Hot DOGs in the
sample (W0116, W0126, W0831, W1322 and W2305). W0410 does not appear in the
FIRST catalogue. All images are 4.5 ′ × 4.5 ′ in size. The right-hand portion of the
image containing the expected position of W1322 is blank due to the image being at
the edge of the FIRST survey.
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redshifts (Lacki et al., 2010; Ivison et al., 2010), with Thomson et al. (2014) finding

qIR = 2.56± 0.05 using ALMA 870µm observations for ∼ 50 z & 2 SMGs. Ivison et al.

(2010) found a similar qIR = 2.54± 0.12 for Herschel 250µm-selected galaxies at z > 1,

and Boyle et al. (2007) discovered that the correlation was constant down to µJy fluxes

for radio-quiet quasars.

To obtain an estimate of the value for qIR for the Hot DOGs in this sample, I assume

S ∝ να, where α = −0.8, for synchrotron emission to extrapolate the expected value at

1.4 GHz. This extrapolation is necessary due to an undetected flux estimate from the

FIRST/NVSS catalogues for these galaxies, and has been calculated using the values

from the upper limits in FIRST/NVSS, and detections in ALMA and this work. It

should be noted that, as previously discussed, Laor et al. (2019) suggest that galaxies

with a higher Eddington luminosity may have steeper spectral indices, and could sug-

gest that I have underestimated the 1.4 GHz fluxes of this sample. However without

additional observations, the true value of the rest-frame 1.4 GHz emission cannot be

determined. There is no significant deviation in the qIR values for these galaxies using

the LFIR values from Tsai et al. (2015), which is expected given that the LFIR values

deviate by only ∼ 10− 20% at most.

To compute the qIR values for the Hot DOGs in this sample, I use the SED fits of the

FIR within the wavelength range 8−1000µm (Ivison et al., 2010), as shown in Table 4.2.

As shown in Fig. 4.11, there is a FIRST detection for only W2305. For the galaxies

undetected in FIRST, W0831 is the only galaxy with qIR estimates in agreement with

previous findings with qIR = 2.56, while W0116 also has qIR within the 2σ limits from

Ivison et al. (2010), suggesting that these two galaxies may be only radio-quiet with

respect to the FIRST limits. The other Hot DOGs undetected in FIRST have minimum

qIR values significantly above the 2σ limits from Ivison et al. (2010), suggesting that

these Hot DOGs are radio-quiet with respect to their FIR emission. The lack of radio-
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emission from these undetected galaxies is unusual, given that the obscured emission in

the FIR from the presence of an AGN should be expected to also radiatively boost the

radio emission. The higher qIR values from W0126, W0410 and W1322 are likely due

to dust significantly boosting the FIR emission, while the radio emission is unaffected.

The qIR value for W2305 (qIR = 0.79± 0.22) is at least an order of magnitude smaller

than the mean z = 2 value from Ivison et al. (2010), suggesting that W2305 is more

radio-loud than expected for SMGs, and the galaxies in this sample of Hot DOGs are all

different from the population observed in previous work on the high-redshift FIR-radio

correlation.

Schleicher & Beck (2013) and Schober et al. (2016) suggest a break-down of the FIR-

radio correlation at high redshifts due to more effective electron cooling by Bremsstrahlung

emission in the cosmic microwave background. This is unlikely to be the cause of the

increased qIR values in the NVSS/FIRST undetected galaxies in the sample, given that

the radiation field of the galaxies will dominate over the cosmic microwave background,

and this effect should only dominate at z & 5. The higher qIR values for the Hot DOGs

in this sample are likely due to the increased FIR emission from the dust-obscured

AGN shown in previous work (Assef et al., 2015; Dı́az-Santos et al., 2016), such that

the AGN boosts the FIR-emission from young stars compared to normal galaxies.

If the central AGN is radio-quiet, the observed qIR values from these galaxies would be

dramatically increased. This is unexpected and it is likely that the dust has boosted

the FIR emission above what would be expected, while the 1.4 GHz emission is similar

to that of a normal galaxy at this redshift. A lack of synchrotron emission could also

suggest an abundance of young stars that have not undergone a SNe event within

these galaxies, and could suggest that these galaxies are still forming stars, which

could explain the lower rest-frame 115.3 GHz continuum fluxes observed in Table 4.2.

Magnelli et al. (2015) and Delhaize et al. (2017) suggest a weak redshift dependence in
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Figure 4.14: Left: Image of the W2305 field using FIRST image cutout service. The
Hot DOG in the field has been ringed. Right: Stacked FIRST images of W0116, W0126,
W0831 and W1322, showing that no net flux is visible at 1.4GHz. W0410 has not been
included in this process as it does not appear in the FIRST catalogue and both images
constitute 4.5 ′ × 4.5 ′ fields.

the FIR-radio correlation of the form qIR(z)= qIR(1+z)−β, where β ∼ 0.15. Using the

values from Ivison et al. (2010), a value of qIR(z) ∼ 2 ± 0.15 is expected for the Hot

DOGs in this sample, significantly louder in the radio than the FIRST limits suggest.

These results were derived for star-forming galaxies, and so the FIR may be significantly

enhanced by AGN emission in the sample, increasing the expected FIR emission beyond

the radio emission produced from SNe. This agrees with previous results from SED fits

of Hot DOGs (Jones et al., 2014; Assef et al., 2015), and further suggests that the AGN

in these galaxies are radio-quiet.

To understand whether the qIR values for this sample are typical for Hot DOGs or

other classes of object, I compare the values with both high and low redshift galaxies,

comparing qIR values determined using the FIR luminosity between 8 − 1000µm. I

compare with 10 Hot DOGs from Jones et al. (2014), which used 850µm SCUBA-2
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data to search for companion SMGs around Hot DOGs. W0831 is common to both

works, and the Hot DOGs in Jones et al. (2014) are expected to have similar radio

properties to the Hot DOGs in this work. To understand whether the q-values are

typical of other dusty galaxies at this redshift, I compare with DSFGs from Shu et al.

(2016), which have redshifts z = 2− 4, and also with 52 ALMA 870µm selected SMGs

in the Extended Chandra Deep Field South with a redshift range of zphot ∼ 0.4 − 4.7

(median z = 2.125). The results are shown in Fig. 4.15, which illustrates the distribution

of the qIR values with respect to the redshifts.

To determine how the radio-properties of the JVLA-observed Hot DOGs are associated

with the radio-WISE selected galaxies, which have similar WISE selection criteria but

are selected with conditions on their 21 cm FIRST emission, I repeat the method shown

in Fig. 4.15 for the Hot DOGs in this sample and from Jones et al. (2014) with the

radio-WISE selected galaxies from Jones et al. (2015) and Lonsdale et al. (2015). To

estimate the K-corrected 1.4 GHz flux from the comparison sample, I use a K-correction

factor of (1 + z)−(1+α), where z is the redshift of the galaxy and α is the spectral index,

assumed to be α = −0.8 (Novak et al., 2017). The results are shown in Fig. 4.16, and

indicates a distinct difference between the two populations. The radio-WISE selected

galaxies from Jones et al. (2015) and Lonsdale et al. (2015) are in general agreement,

despite the range of redshifts in the two samples. As shown in Fig. 4.15, there is

agreement between the two samples of Hot DOGs, however there is a large disparity

between the q-values for the Hot DOGs and the radio-WISE selected galaxies, which

are significantly lower than the expected range indicated by Ivison et al. (2010). This

is likely due to the additional constraints on the radio emission from these galaxies,

producing excess radio emission than expected from the population of 250µm selected

SMGs in Ivison et al. (2010). The q-value for W2305 is in general agreement with the

q-values for the radio-WISE selected galaxies, further suggesting that this galaxy is a
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Figure 4.15: Comparison of qIR values derived using rest-frame L8−1000µm and S1.4 GHz

for the Hot DOGs in this sample (black circles) against previously observed Hot DOGs
(Jones et al., 2014) (blue crosses). L8−1000µm was derived using the fits from the SEDs
in Fig. 4.11. Comparison samples are shown by green squares and grey diamonds for
(Shu et al., 2016) and (Thomson et al., 2014) respectively. A black dashed line and
black dotted lines illustrate the median value and the ±2σ values for 250µm selected
galaxies in the GOODS-N field (Ivison et al., 2010).
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radio-loud Hot DOG. This suggests that Hot DOGs could be radio-quiet counterparts

to the radio-WISE selected galaxies, and only the FIRST-detected Hot DOG in this

sample is likely to be a radio-loud Hot DOG, rather than a different class of galaxy.

All of the spectroscopic redshifts of the radio-WISE selected galaxies in Jones et al.

(2014) are much lower than the redshifts of the Hot DOGs in this sample. If these

galaxies are linked in the galaxy evolution paradigm, this could suggest that most of

the Hot DOGs in this sample are in a radio-quiet phase of their evolution, becoming

more radio powerful at lower redshifts, and W2305 could be the interim stage between

these two classes of galaxy. To understand this further, deep radio observations of

a greater number of dust obscured galaxies need to be made at different redshifts to

ascertain the evolution of these galaxies.

4.5 Summary

The results from the JVLA observations of six WISE-selected, dusty, luminous obscured

galaxies are:

• This work has produced redshifts in agreement with previous work by Tsai et al.

(2015) for four Hot DOGs. For W0410, a redshift is found outside the predicted

error margins from previous work, but in agreement with new findings using

ALMA. There is no CO(1–0) emission line in the spectra of W0126 at the fre-

quency corresponding to z = 2.937 (Tsai et al., 2015), suggesting an incorrect

redshift designation for this galaxy.

• It was found that W2305 has additional 115.3 GHz CO(1–0) radio companions,

unlike the other Hot DOGs in the sample. W2305 likely has compact radio
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Figure 4.16: Comparison of the qIR values with respect to the estimated redshift of
radio-WISE selected galaxies in Lonsdale et al. (2015) (blue crosses) and Jones et al.
(2015) (red diamonds) compared to JVLA-observed Hot DOGs (black dots) and Hot
DOGs in Jones et al. (2014) (green squares). A horizontal line has been included for
the median±2σ values (dotted and dashed lines respectively).
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emission, rather than jets extending from the host galaxy, and is more radio-loud

than the other Hot DOGs in the sample.

• SEDs of the six Hot DOGs in this sample were produced from pre-existing data in

conjunction with observations from the JVLA and ALMA. Broken power-law fits

of these SEDs suggest that four of the Hot DOGs in the sample are dominated by

dust at the frequencies of the JVLA-observations. W0126 and W2305 are likely

to have additional free-free and synchrotron components respectively, increasing

their fluxes above the expectation for dust-dominated processes.

• qIR values are calculated for the six Hot DOGs, and I find that the values using

250µm fluxes do not agree with previous estimates for galaxies at these redshifts.

This suggests that these galaxies are radio-quiet but with strong FIR emission

not observed at lower redshifts. Dust processes from the obscured AGN within

these galaxies may be dominating the supernovae emission at 1.4 GHz.

Future radio observations will attempt to probe the 21 cm Hydrogen emission line in the

early universe in an attempt to map the initial perturbations that created the galaxies

that are seen today. The Square Kilometer Array (SKA; Bull et al., 2018) is a future

radio telescope expected to be running from 2023 (completed 2030), which will use an

array of antennae with a maximum baseline of 1 km. The array will be situated in two

sites, West Australia and South Africa, observing in a continuous frequency range of

1 MHz to 30 GHz upon completion, and will offer unprecedented resolution necessary

to observe the distant universe and provide an insight into galaxy evolution (Murphy,

2009).
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Conclusions and Future Prospects

This thesis contains observations of two subsets of heavily dust obscured, high red-

shift, luminous IR AGN: radio-WISE selected galaxies (Chapter 3) and Hot DOGs

(Chapter 4), focusing on their environments and their intrinsic properties.

Chapter 3 was based on work by Penney et al. (2019), using Spitzer IRAC 5.12 ′×5.12 ′

observations of 33 fields containing radio-WISE selected galaxies. The results of these

observations show that these galaxies inhabit moderately overdense regions of IRAC-

selected [3.6] − [4.5] > −0.1 galaxies compared to blank fields from SpUDS and S-

COSMOS. Analysing galaxies using this colour selection as a function of distance from

the central radio-WISE selected galaxy, there is an enhancement in the density within

0.5 ′, suggesting that these galaxies could be interacting with galaxies in their local

environment on relatively small scales. To understand whether redder IRAC-selected

galaxies produced the significant peak shown in Fig. 3.13, an overdensity of galaxies with

[3.6]−[4.5] > 0.4 were uncovered. While the density of the galaxies does not explain the

observed peak in Fig. 3.13, the results suggest that the fields centered on radio-WISE

141



CHAPTER 5. CONCLUSIONS AND FUTURE PROSPECTS

selected galaxies contain a uniform overdensity of red IRAC-selected galaxies compared

to blank fields. Given the proximity to the radio-WISE selected galaxy, it is likely that

the luminous, dust obscured galaxy is interacting with the surrounding environment to

produce the observed reddening.

With the advent of the James Webb Space Telescope, observations of fields centered

on these luminous, dust obscured galaxies will be more sensitive to the dust in these

environments on scales of ∼ 100 kpc, helping to understand how these dust obscured,

luminous IR galaxies formed and how they interact with their local environment. Deep

observations to produce photometric redshifts of the Group-II galaxies would need to be

extensively long to produce a complete sample with firm photometric redshifts. Deep

observations to determine the spectroscopic redshift may be more suitable, given the

faintness at 3.6µm and 4.5µm, and could help to determine whether the observed

uniform overdensity of Group-II galaxies is associated with the radio-WISE selected

galaxy. Future work by Ferris et al. (in prep.) will use optical spectroscopy to determine

the SMBH and host masses of these galaxies, and could put estimates as to the level

of obscuration necessary to produce the red-IRAC colours ([3.6] − [4.5] > 0.5) seen in

this work.

Chapter 4 is based on work by Penney et al. (in prep.) using JVLA observations of 6

luminous Hot DOGs selected from the HyLIRG sample of Tsai et al. (2015), looking

at their cold gas emission at ∼ 30 GHz. The results show that 5/6 of these galaxies

have CO(J=1–0) emission lines, with 3 consistent with previous redshift estimates (Tsai

et al., 2015). A single galaxy shows a lack of any emission line at the expected frequency,

suggesting a possibly incorrect redshift. The ∼ 30 GHz continuum values are also

calculated, and suggest that the JVLA observations in this work could trace the free-

free and dust dominated emission of the galaxy. To understand the radio-processes of

these galaxies, the 1.4 GHz emission is taken from the FIRST survey for 5/6 galaxies
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and NVSS for W0410, and there appears to be a lack of emission at this frequency for all

but W2305. Comparing the 1.4 GHz emission to the FIR emission using the FIR-radio

correlation, the FIRST-undetected Hot DOGs appear far fainter than previous work,

suggesting that these galaxies are dominated by dust-obscured AGN emission rather

than dusty star-formation. The central, obscured AGN in these FIRST-undetected Hot

DOGs are likely to be radio-quiet while boosting the FIR emission of the host-galaxy,

producing qIR-values far larger than previous estimates. In contrast, the only FIRST

detected Hot DOG in the sample, W2305, has significantly greater qIR-values compared

to previous work, suggesting that this galaxy is a radio-loud Hot DOG. Fig. 4.13 shows

that the 1.4 GHz emission from W2305 does not appear in lobes, suggesting that the

emission is still confined to the host galaxy, similar to the radio-WISE selected galaxies.

However, W2305 is not as radio-loud as the radio-WISE selected galaxies, and is likely

only a radio-loud Hot DOG.

Higher CO transitions are generally brighter than the CO(J=1–0) transition, and ad-

ditional transitions can help to place constraints on the motion and mass of the cold,

star-forming gas. Further radio observations are currently being employed by Lopez et

al. (in prep.) to determine the higher CO transitions of several of the Hot DOGs in

this work. When used in tandem with these results, these observations could be used

to understand the nature of the star formation properties of these galaxies. Deep ob-

servations between 1.4 GHz . ν . 30 GHz could be used to constrain the upper limits

of the free-free and synchrotron emission in these galaxies. These observations would

be able to determine the exact qIR-values of these galaxies, and help to understand the

factor by which the IR-emission is boosted by the central AGN. Deeper 1.4 GHz obser-

vations would be able to understand the nature of potential jets from these galaxies,

and whether the central AGN is radio-quiet.

Using previous work on both subsets of luminous, dust-obscured galaxies in this thesis,
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the result suggest that the radio-WISE selected galaxies have higher mid-IR fluxes

and redder IRAC [3.6] − [4.5] colours compared to Hot DOGs from Wu et al. (2012),

as shown in Fig. 3.5. Comparing the 850µm fluxes between Hot DOGs and radio-

WISE selected galaxies, the Hot DOGs generally have greater sub-millimeter fluxes

and significantly greater qIR-values. These results suggest that these two subsets are

part of different classes of galaxies, with the Hot DOGs dominating in the FIR and

sub-millimeter wavelengths, and radio-WISE selected galaxies dominant in the mid-IR

and radio. Given that the spectroscopic redshifts of the radio-WISE selected galaxies

in Chapter 3 are lower than the Hot DOGs in Chapter 4, this could imply that the Hot

DOGs are younger counterparts, with lower radio emission. However, a larger sample

of spectroscopically confirmed galaxies at a wide range of redshifts is needed to confirm

whether these galaxies are linked.

Radio observations of galaxies selected to have significant quantities of dust obscuration

have provided a unique insight into the properties of dust-obscured galaxies. Follow-up

observations using Spitzer show that a subset of these galaxies inhabit significantly

overdense environments of red IRAC-selected objects, similar to radio-loud AGN, sug-

gesting that the radio-WISE galaxies could be radio-intermediate counterparts of the

RLAGN. Radio observations of a subset of luminous Hot DOGs from Tsai et al. (2015)

show that these galaxies are significantly more radio-quiet than expected, suggesting

that the central, luminous, dust obscured AGN is boosting the FIR and sub-millimeter

emission and deeper 1.4 GHz observations could help to understand the synchrotron

processes of these high redshift, luminous IR galaxies.
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Abbreviations

ACA = Atacama Compact Array

AGN = Active Galactic Nuclei

ALMA = Atacama Large Millimeter/Sub-Millimeter Array

Arcsec = 1/60 arcmin = 1/3600 degrees

Arcmin = 1 arc-minute = 1/60 degrees

c = Speed of light (299, 792, 458 m s−1)

CARLA = Clusters Around Radio-Loud AGN

COSMOS = Cosmic Evolution Survey

cm = centimeter
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DOG = Dust Obscured Galaxy

DSFGs = Dusty Star Forming Galaxies

EAZY = Easy and Accurate Zphot from Yale

EVLA = Expanded Very Large Array

JVLA = Karl G. Jansky Very Large Array

FAST = Fitting and Assessment of Synthetic Templates

FIRST = Faint Images of the Radio Sky at Twenty-cm

FTS = Fourier Transform Spectrometer

FWHM = Full-Width at Half Maximum

FWZI = Full-Width at Zero Intensity

G = Gravitational Constant (6.67408× 10−11 m3 kg−1 s−2

GHz = Giga-Hertz (109 Hz)

GPS = GHz Peaked Spectrum

Hot DOG = Hot Dust Obscured Galaxy

HyLIRG = Hyper-Luminous Infra-Red Galaxy

Hz = Hertz (s−1)
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HzRG = High Redshift Radio-Galaxy

ICM = Intra-Cluster Medium

IGM = Intergalactic Medium

IR = Infra-Red

IRAC = Infra-Red Array Camera

IRS = Infra-Red Spectrometer

IRSA = Infra-Red Science Archive

JWST = James Webb Space Telescope

JVLA = Karl-Jansky Very Large Array

Jy = Jansky (10−26 Watts m Hz−1 )

K = Kelvin

kg = kilo-grams

km = kilometer

kpc = kilo-parsecs

LIRG = Luminous Infra-Red Galaxy

MIPS = Multiband Imaging Photometer for Spitzer
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MOPEX = Mosaicker and Point Source Extractor

Mpc = Mega Parsec (3.09× 1026 m)

mm = millimeter

MHz = Mega-Hertz (106 Hz)

NASA = National Aeronautics and Space Administration

NRAO = National Radio Astronomy Observatory

NVSS = NRAO VLA Sky Survey

PSF = Point Spread Function

PV = Position-Velocity

RLAGN = Radio-Loud Active Galactic Nuclei

RMS = Root Mean Square

SCUBA = Submillimetre Common-User Bolometer Array

SDSS = Sloan Digital Sky Survey

SED = Spectral Energy Distribution

SERVS = Spitzer Extragalactic Representative Volume Survey

SKA = Square Kilometer Array
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SNR = Signal to Noise Ratio

SMA = Sub-Millimeter Array

SMBH = Super-Massive Black Hole

SMG = Sub-Millimeter Galaxy

Spitzer = The Spitzer Space Telescope

SpUDS = Spitzer UKIDSS Ultra-Deep Survey

THz = Tera-Hertz (1015 Hz)

UV = Ultra-Violet

UKIDSS = UKIRT Infra-Red Deep Sky Survey

UKIRT = United Kingdom Infra-Red Telescope

ULIRG = Ultra-Luminous Infra-Red Galaxy

VLA = Very Large Array

W = Watts (kg m2 s−3)

WISE = Wide-Field Infra-Red Survey Explorer

z = Redshift
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Properties of Spitzer-observed

Radio-WISE Selected Galaxies
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APPENDIX B. PROPERTIES OF SPITZER-OBSERVED RADIO-WISE
SELECTED GALAXIES

WISE Designation RA (J2000) DEC (J2000) 3.6µm (mag) 4.5µm (mag) 12µm (mag) 22µm (mag) Redshift

W0304-3108 03:04:27.45 -31:08:38.40 17.82 ± 0.005 16.78 ± 0.002 14.84 ± 0.04 13.81 ± 0.07 1.54

W0354-3308 03:54:48.22 -33:08:27.24 19.04 ± 0.01 17.78 ± 0.003 15.17 ± 0.04 14.22 ± 0.13 1.37

W0519-0813 05:19:05.81 -08:13:20.03 19.20 ± 0.01 18.47 ± 0.005 16.17 ± 0.13 14.79 ± 0.26 2.05

W0525-3614 05:25:33.50 -36:14:40.92 19.84 ± 0.02 19.21 ± 0.01 16.08 ± 0.08 14.80 ± 0.23 1.69

W0526-3225 05:26:24.72 -32:25:00.84 19.70 ± 0.01 18.55 ± 0.01 14.40 ± 0.03 12.83 ± 0.05 1.98

W0549-3739 05:49:30.07 -37:39:39.95 19.89 ± 0.02 18.93 ± 0.006 16.22 ± 0.09 14.87 ± 0.23 1.71

W0613-3407 06:13:48.05 -34:07:29.29 19.18 ± 0.01 18.13 ± 0.004 15.39 ± 0.05 14.19 ± 0.13 2.18

W0630-2121 06:30:27.82 -21:20:58.92 19.69 ± 0.01 18.91 ± 0.01 15.37 ± 0.06 14.58 ± 0.23 1.44

W0642-2728 06:42:28.80 -27:28:01.20 18.92 ± 0.01 18.10 ± 0.004 17.17 ± NA 15.08 ± NA 1.34

W0719-3349 07:19:12.72 -33:49:44.77 19.86 ± 0.02 18.65 ± 0.01 15.70 ± 0.07 14.76 ± 0.25 1.63

W0729+6544 07:29:02.64 65:44:29.40 19.46 ± 0.005 18.48 ± 0.01 15.24 ± 0.05 13.77 ± 0.10 2.24

W0823-0624 08:23:11.28 -06:24:08.42 18.21 ± 0.01 17.26 ± 0.003 14.96 ± 0.04 13.80 ± 0.10 1.75

W1308-3447 13:08:17.04 -34:47:54.24 18.74 ± 0.01 17.88 ± 0.004 15.16 ± 0.05 13.96 ± 0.09 1.65

W1343-1136 13:43:31.44 -11:36:09.72 19.31 ± 0.01 18.48 ± 0.01 15.90 ± 0.08 14.82 ± 0.22 2.49

W1400-2919 14:00:50.16 -29:19:24.60 18.21 ± 0.002 17.10 ± 0.002 14.61 ± 0.03 13.67 ± 0.08 1.67

W1412-2020 14:12:43.20 -20:20:11.04 18.42 ± 0.01 17.40 ± 0.003 15.22 ± 0.04 13.98 ± 0.11 1.82

W1434-0235 14:34:19.68 -02:35:43.87 18.89 ± 0.01 17.90 ± 0.004 15.63 ± 0.06 14.67 ± 0.20 1.92

W1500-0649 15:00:48.72 -06:49:39.83 18.61 ± 0.01 17.55 ± 0.003 14.47 ± 0.03 13.36 ± 0.07 1.50

W1513-2210 15:13:10.32 -22:10:04.44 19.05 ± 0.01 18.08 ± 0.004 15.38 ± 0.07 13.82 ± 0.15 2.20

W1517 + 3523α 15:17:58.56 35:23:54.24 18.02 ± 0.01 16.80 ± 0.002 14.27 ± 0.03 13.11 ± 0.05 1.52

W1541-1144 15:41:41.76 -11:44:09.24 19.34 ± 0.01 18.21 ± 0.005 15.34 ± 0.07 13.75 ± 0.11 1.58

W1634-1721 16:34:26.88 -17:21:39.60 18.92 ± 0.01 18.08 ± 0.005 15.78 ± 0.10 14.62 ± 0.25 2.08

W1641-0548 16:41:07.20 -05:48:26.86 18.35 ± 0.01 17.29 ± 0.003 15.25 ± 0.06 14.55 ± 0.2 1.84

W1653-0102 16:53:05.28 -01:02:30.59 18.71 ± 0.01 18.10 ± 0.005 15.51 ± 0.08 14.64 ± 0.23 2.02

W1702-0811 17:02:04.56 -08:11:07.41 20.31 ± 0.03 19.19 ± 0.01 15.40 ± 0.10 13.88 ± 0.18 2.85

W1703-0517 17:03:24.96 -05:17:43.19 19.52 ± 0.01 18.39 ± 0.01 15.61 ± 0.12 13.86 ± 0.18 1.80

W1717 + 5313α 17:17:06.00 53:13:42.60 17.84 ± 0.005 16.96 ± 0.002 14.72 ± 0.03 13.79 ± 0.07 2.72

W1936-3354 19:36:22.56 -33:54:20.52 19.31 ± 0.01 18.25 ± 0.005 15.50 ± 0.07 14.46 ± 0.20 2.24

W1951-0420 19:51:41.28 -04:20:24.50 19.66 ± 0.02 18.78 ± 0.01 15.50 ± 0.08 14.05 ± 0.13 1.58

W1958-0746 19:58:01.68 -07:46:09.30 18.95 ± 0.01 17.94 ± 0.004 15.25 ± 0.07 14.05 ± 0.12 1.80

W2000-2803 20:00:48.48 -28:02:51.36 19.78 ± 0.02 18.39 ± 0.005 15.20 ± 0.07 14.24 ± 0.19 2.28

W2021-2611 20:21:48.00 -26:12:00.00 20.96 ± 0.04 19.82 ± 0.01 16.40 ± 0.16 14.43 ± 0.19 2.44

W2059-3541 20:59:47.04 -35:41:34.45 19.10 ± 0.01 18.08 ± 0.004 15.31 ± 0.06 14.60 ± 0.26 2.38

Table B.1: 33 WISE-Selected Radio-Loud objects in the centre of the field, including
the position, and photometry from the IRAC and WISE W3 and W4 bands with error.
Galaxies marked with α by their designation can be found in (Jones et al., 2015), which
details their expected IR luminosity that is not available in this work. For information
on obtaining the spectroscopic redshifts for all radio-WISE selected objects, see previous
work (Lonsdale et al., 2015). Error margins for IRAC bands are calculated using Source
Extractor (see Section 3.2.2). Positions, WISE magnitudes and errors were taken from
the WISE All-Sky Catalogue.
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Peñaloza, C. H., Clark, P. C., Glover, S. C. O., Shetty, R., & Klessen, R. S. (2017).

Using CO line ratios to trace the physical properties of molecular clouds. Monthly

Notices of the Royal Astronomical Society, 465:2277–2285.

Penney, J. I., Blain, A. W., Wylezalek, D., Hatch, N. A., Lonsdale, C., Kimball, A.,

Assef, R. J., Condon, J. J., Eisenhardt, P. R. M., Jones, S. F., Kim, M., Lacy, M.,

Muldrew, S. I., Petty, S., Sajina, A., Silva, A., Stern, D., Diaz-Santos, T., Tsai,

C.-W., & Wu, J. (2019). The environments of luminous radio-WISE selected infrared

galaxies. Monthly Notices of the Royal Astronomical Society, 483:514–528.
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