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Abstract

Accretion and Star Formation in Quasars

Sarah Virginia White

New College, University of Oxford

Submitted for the degree of Doctor of Philosophy

Trinity Term, 2015

Studying the interplay of accretion and star formation is crucial to our understanding of

galaxy evolution. The new generation of radio surveys are able to play a key role in this

area, since both processes produce radio emission. As we probe low radio-luminosities,

the two main populations are star-forming galaxies and radio-quiet quasars (RQQs). How

they contribute to the total radio emission is under debate, with previous authors arguing

that star formation dominates. In this thesis I investigate the relative levels of radio

emission due to accretion and star formation in RQQs.

Firstly, I select a sample of 74 quasars from the VISTA Deep Extragalactic Observa-

tions (VIDEO) survey, whose depth allows me to study very low accretion rates and/or

lower-mass black holes. By comparing radio emission from the quasars with that from a

control sample of galaxies, and calculating two independent estimates of star-formation

rate, I show that this emission is predominantly related to the accretion process. A second

sample of 72 RQQs is obtained from the Spitzer-Herschel Active Galaxy Survey, spanning

a factor of ∼100 in optical luminosity over a narrow redshift range at z ∼ 1. This en-

ables evolutionary effects to be decoupled when comparisons are made with the VIDEO

sample. I reduce radio data from the Karl G. Jansky Very Large Array (JVLA) for these

objects, and find further support that accretion makes a significant contribution to the

radio emission in RQQs. In addition, the levels of accretion and star formation appear to

be weakly correlated with each other, and with optical luminosity.

These findings offer an insight into how the mechanisms behind galaxy evolution may

interact differently in RQQs compared to their radio-loud counterparts. They also have

important implications for modelling radio populations below 1 mJy, which is necessary

for the development of the Square Kilometre Array.
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Introduction

“Black holes and revelations”

– Muse, Starlight

The work presented in this thesis concerns accretion and star formation, as present in

quasars. In this introductory chapter I will explain the importance of these two processes

for galaxy evolution, and describe studies that argue for and against their interdependence.

I will then provide the scientific background for how active galactic nuclei (AGN) and star-

forming regions produce radio emission. Radio interferometry enables such emission to be

observed with high angular resolution, allowing AGN activity and star-formation histories

to be investigated well beyond the local Universe. The theory behind this technique is

described in Chapter 4.

1.1 Galaxy evolution

At the start of the 20th century, astronomers were debating the significance of cloud-

like objects observed throughout the sky. The uncertainty was over whether they were

gas clouds within the Milky Way galaxy or external collections of stars, and therefore

galaxies in their own right. The spiral structure of some of these ‘nebulae’ was first

recorded by William Parsons in 1845, but it was not until the work of Edwin Hubble

that their extragalactic nature could be proven [e.g. Hubble, 1925] and confirmed beyond

doubt [Hubble, 1929]. As more and more galaxies were discovered it became necessary

1



2 1. INTRODUCTION

to develop classification schemes, based on their appearance, to help understand the

variety of shapes and sizes observed. The most enduring of these is Hubble’s ‘Tuning

Fork’, in which the majority of galaxies belong to one of two categories: ‘ellipticals’ and

‘spirals’ (Figure 1.1). Ellipticals are so-called because of their ellipsoidal shape, and have

a brightness profile that varies smoothly with radius. Spirals, meanwhile, have a central

concentration of stars (referred to as the ‘bulge’) around which a flat disc of stars, dust

and gas rotates. A subset of these objects have an additional bar-like structure, and so

they are named ‘barred spirals’. A common misinterpretation [e.g. Masters, 2013] of the

Hubble Tuning Fork was that galaxy evolution results in a changing morphology, from

left to right along the sequence shown. For this reason, ellipticals are often referred to as

‘early-type’ galaxies and spirals as ‘late-type’ galaxies.

In reality it is more likely that spiral galaxies, during a merger, lose the angular

momentum associated with their rotation, forming an elliptical galaxy. However, recent

simulations show that if there is sufficient gas in the system, or it is replenished by the

environment, then it is possible for a disc to reform following either a major [Governato

et al., 2009] or a minor [Moster et al., 2010] merger. (‘Major’ is used to describe a

merger where the two interacting bodies are of comparable mass, while the mass ratio in

a minor merger is typically >10:1.) The merging of matter is the result of self-similar

‘condensation’ predicted by the cold dark matter (CDM) model [e.g. Peebles, 1982]. This

is where small halos of dark matter collapse due to self-gravitation, followed by their

merging into larger halos as illustrated by the halo merger tree in Figure 1.2. These CDM

models therefore imply hierarchical structure in the Universe, and with the assumption

that the amount of baryonic matter scales with the mass of dark matter, they provide the

theoretical base for models of galaxy evolution.

As with any model, its success is judged by how well it is able to reproduce observa-

tions of the Universe. Relevant for galaxy evolution, Figure 1.3 illustrates the differences

between the luminosity function based on the halo-mass function (the theoretical model)

and the observed galaxy-luminosity function. It is clear that the method for incorporat-

ing baryonic matter is over-simplistic, as the model predicts both too many faint galaxies

and too many bright galaxies. ‘Feedback processes’ are therefore invoked to explain these
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Figure 1.1: The original ‘Hubble Tuning Fork’, as presented in the book Realm of the
Nebulae [Hubble, 1936], with example images of the different galaxy types from the Sloan
Digital Sky Survey (SDSS). The elliptical galaxies on the left-hand side are labelled E0
(the most round in shape) to E7 (the most elliptical). The galaxy type classified as S0
are termed ‘lenticular galaxies’. These are undergoing a transition between elliptical and
spiral morphology, having a central bulge and disc but no spiral arms. Towards the right-
hand side, along the two spiral branches, the prominence of the bulge decreases and the
spiral arms become increasingly open. Another category, ‘irregulars’ (Irr), is not shown
in this diagram. These have no symmetric properties and so do not fit into the above
sequence. Credit: Masters [2013].
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Figure 1.2: An illustration of a halo merger tree (left), with the flow of time indicated by
the arrow and the branch width corresponding to the mass of the halo. This therefore
shows the progenitors at the time of formation, tf , and how they merge to form the final
halo at the present time, t0. For a halo constrained to have mass M0 at time t0, there are
a number of possible trajectories that a particle within the halo may have taken (right).
Credit: Lacey and Cole [1993].

discrepancies, which I describe further in the next subsection.

There are two main approaches for modelling galaxy evolution, these being through

hydrodynamical simulations and semi-analytic models. In the former, the properties

of each particle or ‘box’ (such as the total mass and angular momentum) are evolved

numerically, as prescribed by fluid-dynamic equations. This allows the interaction of gas,

stars and black holes to be treated at a very small scale, but such N-body calculations

are computationally expensive. Semi-analytic models [e.g. Benson 2012] fare better,

in this respect, as they involve modelling baryonic physics on the galactic scale and

then combining this in post-processing to purely-analytic models (such as that by Lacey

and Cole 1993). The primary disadvantage is that a greater degree of approximation

is used, and so this may mask the underlying physics of feedback processes. However,

even in current simulations, from the Millennium Simulation [Springel et al., 2005] to the

EAGLE (Evolution and Assembly of GaLaxies and their Environments) Project [Schaye

et al., 2015], the parameters governing such processes are adjusted post-hoc on a trial-

and-error basis. Although this leads to much better agreement with observations, further
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Figure 1.3: A comparison of theoretical and observed galaxy-luminosity functions (LFs),
the latter being the 2dFGRS (Two-degree-Field Galaxy Redshift Survey) LF in the bJ

band (open circles with error bars). The solid line represents the LF derived from the
halo-mass function of Sheth and Tormen [1999], while the dashed line corresponds to the
halo-mass function of Press and Schechter [1974]. In both cases it is assumed that there is
exactly one galaxy with M/L = 100h (M�/L�) in each halo, where h = H0/(100 km s−1).
Credit: Yang et al. [2003].

understanding of the exact physical mechanisms is hindered by the computational cost of

simulating large cosmological volumes at the required resolution. Instead, the macroscale

properties of these mechanisms are parametrised and implemented via a ‘black box’ of

sub-grid physics (where ‘grid’ refers to the simulation’s resolution).

1.1.1 The role of feedback

Feedback, in this case, refers to the secondary effects of physical processes that either

promote galaxy growth (i.e. ‘positive feedback’) or suppress it (‘negative feedback’).

Note that this growth could be referring to either the supermassive black-hole, thought

to be at the centre of every galaxy, or the host galaxy in which the black hole resides.

As such, the main mechanisms for growth are black-hole accretion and star formation

(respectively), and their interaction is often cited to explain the tightness of the relation

between the black-hole mass, M , and the velocity dispersion of the host-galaxy bulge,

σ (M–σ; Ferrarese and Merritt 2000; Gebhardt et al. 2000; Figure 1.4). Silk and Rees

[1998] proposed a feedback model in which a wind, driven by the black hole, is countering
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the infalling gas. However the energy associated with the formation of a supermassive

black-hole far exceeds that required to unbind the bulge, leading to the normalisation of

the M–σ relation being a factor 1000 too small. King [2003] attempted to remedy this

by suggesting that the black hole’s wind is momentum-driven rather than energy-driven,

and so the majority of the output energy is dissipated as radiation. The remainder is

then sufficient to balance the inflow of energy, giving the correct normalisation.

Returning to Figure 1.3, the lack of low-mass galaxies in the simulations, compared to

observations, is thought to be related to star formation. Halos need to have a minimum

mass of ∼ 105 M�[Silk, 2011] if they are to have a potential well deep enough to trap

baryons and allow them to undergo cooling, eventually forming stars. However, the

energetic output from supernovae also has to be considered. These cause material to

be easily expelled from low-mass halos, reducing the available gas and thus preventing

further stellar-mass growth. Meanwhile, the discrepancy at the high-mass (i.e. bright)

end is thought to be due to active galactic nuclei (AGN, Section 1.2). The thermal energy

of the accretion disc, and mechanical energy of the jets, cause heating of the halo. As a

result, cold molecular clouds may not be able to collapse to form stars, and so this feedback

effectively ‘quenches’ star formation. In this scenario, the AGN has a self-regulating effect

on the growth of a galaxy [Silk and Mamon, 2012].

The interplay of accretion and star formation may also be able to explain the phe-

nomenon of ‘cosmic downsizing’. In the case of AGN, this is the observation that the

fastest-growing black holes were much larger in the early Universe than they are now

[Babić et al., 2007; Steffen et al., 2003]. This is likely due to the greater availability of

gas, fuelling the accretion, at earlier epochs. The same downsizing trend is seen for the

stellar mass of galaxies [Cowie et al. 1996; Figure 1.5], where the typical stellar-mass

shifts to lower values at lower redshifts. Clearly this goes against the expected hierar-

chical structure predicted by theorists. The cause of this trend is the quenching of star

formation in the most massive galaxies [Peng et al. 2010; Lilly et al. 2013], which may

point towards AGN-related feedback. (See Section 1.3 for further details.)
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Figure 1.4: The M -σ relation, indicating a connection between the mass of the super-
massive black-hole (M) and the velocity dispersion of the host-galaxy bulge (σ). Values
of M were measured using various dynamical techniques, as shown by the legend in the
top-left corner. Each datapoint is accompanied by an error ellipse, the colour of which
represents the host galaxy’s Hubble type: elliptical (red), S0 (green) and spiral (blue).
Credit: Gültekin et al. [2009].
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Figure 1.5: Stellar-mass functions for 220,000 galaxies, binned in redshift over the range
0.2 < z < 4.0 using variable step-size. The sample consists of both star-forming and
quiescent galaxies, down to a depth of KS < 24. The coloured areas indicate the extent
of the 68% confidence level, and the datapoints correspond to local estimates (triangles
from Moustakas et al. 2013, squares from Baldry et al. 2012). Credit: Ilbert et al. [2013].

1.2 Active galactic nuclei

A galaxy is said to have an AGN when there is material accreting onto a supermassive

black-hole at the centre. The accretion process is crucial to this ‘active’ description and,

in objects where fuelling is discontinuous, the AGN may exhibit variability over a range of

timescales [Hickox et al., 2014]. Similarly, a reservoir of gas may be exhausted completely,

and so the galaxy is only active for a finite period of time. Taking the typical age of a

normal galaxy to be about the Hubble time (∼ 1010 yr), and that approximately 1% of

all galaxies are active at any one time, it follows that the average lifetime of activity

is ∼ 108 yr [Woltjer, 1959]. This is also known as the ‘duty cycle’ of the AGN, and is

consistent with the time it may take destabilised gas to travel across a halo [Fiore et al.,

2012].

Due to the angular momentum of the infalling material, an accretion disc forms around

the black hole. In order for gas to move to smaller radii, this angular momentum must be

transported outwards, which is achieved via magnetorotational instabilities [Balbus and
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Hawley, 1991]. Other key features of the AGN are shown in Figure 1.6, such as the dusty

torus thought to surround the accretion disc. Its presence enables various degrees of AGN

obscuration to be unified by a single model, as optical observations of this axisymmetric

system are then highly dependent on the viewing angle. Unobscured AGN, for which the

‘central engine’ (i.e. black hole and accretion disc) can be seen, are labelled ‘Type 1’,

while ‘Type-2 AGN’ are those that appear obscured. However, there is disagreement over

the structure of the torus itself, with some authors suggesting that a clumpy distribution

of dust is more realistic than the simplified smoothly-varying distribution [Schartmann

et al., 2008]. If the torus does consist of individual dust clouds, then the Bayesian method

used by Alonso-Herrero et al. [2011] is a more reliable way of classifying the type of AGN.

This is because tight constraints can be placed on parameters describing the dust-cloud

distribution, and (for example) the small probability of a cloud intersecting the line-of-

sight, when viewing the accretion disc face-on, is taken into account.

The high temperatures associated with an AGN lead to strong emission-lines being

observed for the surrounding gas. Based on the widths of these lines, it is possible to

divide AGN into two populations again: those exhibiting narrow-line emission and those

with broad emission-lines also. As the velocity of the gas dictates the linewidth, it follows

that broad emission-lines (∆vFWHM >1000 km s−1) originate from gas clouds in the central

region of the AGN (the broad-line region, BLR) and narrow emission-lines (∆vFWHM '

200–900 km s−1) are emitted by gas clouds further out in the narrow-line region, NLR

[Peterson, 1997]. The location of the BLR means that it may be obscured by the torus,

and so the orientation angle is again an important factor in the classification.

Another division highlighted in Figure 1.6 is that regarding radio loudness. The terms

‘radio-quiet’ and ‘radio-loud’ arise from the dichotomy initially thought to exist in the

AGN population [Peacock et al. 1986; Xu et al. 1999]. However there are different defini-

tions for radio loudness, historically this being a straight-forward boundary of 1025 W Hz−1

at radio frequency 8.4 GHz [Hooper et al., 1996]. More common, and perhaps more physi-

cally meaningful, is the ratio between radio luminosity and optical luminosity [Kellermann

et al., 1989]. This is discussed further in Section 1.4.1, whilst here I consider the role of

radio loudness in AGN classification. Although radio jets have been detected in radio-
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quiet AGN [e.g. Blundell et al., 2003], they are largely associated with the radio-loud

population. If the viewing angle is such that we are looking down the jet of a quasar

(see Section 1.2.2), then the object is referred to as a ‘blazar’. They appear as compact

sources and have highly-energetic properties that vary rapidly. Two blazar subtypes are

OVVs (optically-violent variable quasars) and BL Lacs. As suggested by the name, flares

mean that the optical output of an OVV can vary drastically over timescales as short as

one day Sikora et al. [2001]. BL Lacs are also highly-variable, but differ in that they lack

the strong emission lines seen for OVVs.

There is still debate as to how jets from AGN are formed, but it is thought they

are powered by the rotation of magnetic fields [Blandford, 1990]. Spin is therefore a key

component, and the strength of these fields is also dependent on accretion rate and the

thickness of the accretion disc close to the black hole. As material spirals in towards

the black hole, gravitational energy is converted to thermal energy. Emission from the

accretion disc is due to bremsstrahlung radiation, which is proportional to the square of

the density, ρ. Therefore if the density is low, the thermal energy is retained, causing

the disc to stay geometrically thick. As the density increases, radiation is more efficient,

allowing the disc to cool and become thinner.

1.2.1 Seyfert galaxies

Seyfert galaxies and quasars are the two main groups of AGN, with the former having

low-luminosity nuclear emission and a detectable host galaxy. As such, observations of

these objects are largely confined to the local Universe, allowing the various processes

involved in galaxy evolution to be resolved. For example, Davies et al. [2014] exploited

SINFONI (Spectrograph for INtegral Field Observations in the Near Infrared) to study

the kinematics of molecular gas, with the aim of understanding how gas is driven into the

nuclear region.

In visible light, most Seyferts resemble normal spiral galaxies, but it is emission at other

wavelengths that reveals the large luminosity of their cores. As indicated in Figure 1.6,

the labels ‘Sey 1’ and ‘Sey 2’ refer to the level of orientation-dependent dust-obscuration.

There are also intermediate classes of Seyfert galaxies, which are defined based on the
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Figure 1.6: A model of the general structure of an AGN, with the aim to unify various
classification schemes. These are the terms used when the object is viewed along the line-
of-sight indicated by the green arrows. Although a radio jet is evident on the radio-loud
side of the illustration, this may not always be present. ‘OVV’ stands for an optically-
violent variable quasar, and ‘BL Lacs’ are a group of objects named after BL Lacertae,
their prototype. Other abbreviations used in the diagram are: QSO - quasi-stellar object;
BLRG - broad emission-line radio galaxy; NLRG - narrow emission-line radio galaxy; Sey
1/2 - two types of Seyfert galaxy; BH - black hole; BLR - broad-line region; and NLR
- narrow-line region. (See the text for further description.) Credit: NRAO, with image
retrieved from http://imagine.gsfc.nasa.gov/science/toolbox/spectra2.html and based on
that by Urry and Padovani [1995].
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relative strengths of the emission lines’ broad and narrow components [Osterbrock, 1981].

1.2.2 Quasars

Extremely luminous, unobscured AGN appear point-like at high redshifts, and so are

called quasi-stellar objects (QSOs) or ‘quasars’. By definition these are Type-1 QSOs, with

Type-2 QSOs being their obscured counterparts. Unlike Seyfert galaxies, the emission

from the central engine strongly outshines that from the host galaxy. Some quasars may

be dust-reddened, for which there are two popular explanations. Already discussed is the

orientation argument, that the dusty nuclear torus surrounding the accretion disc provides

a large amount of extinction along certain lines of sight to the quasar [see Antonucci 1993

for a review]. On the ‘evolution side’, the quasar begins life highly-obscured, following

a galaxy merger and associated starburst, but then gradually expels its dusty envelope

[Sanders et al. 1988; Hopkins et al. 2008]. This being the case, it is expected that many

galaxies may undergo a quasar phase, as illustrated in Figure 1.7.

Being the high-luminosity analogues of Seyferts, quasars host the most-rapidly accret-

ing supermassive black-holes, and so are excellent objects for studying extreme accretion

events. However there is a limit to their brightness, which is determined by the Eddington

limit, LEdd (Equation 1.1). This is where the outward radiation pressure, caused by the

heating of the infalling gas, is balanced by the gravitational force of the black hole (hence

the dependence on black-hole mass, MBH). Spherical accretion is assumed, and if there is

too much gas accreting at once, the resulting pressure will counteract the inflow of gas,

slowing it so that the quasar’s luminosity is ≤ LEdd. The Eddington ratio for a quasar

with bolometric luminosity, Lbol, is then defined as Lbol/LEdd. Its mean value is 0.1, for

quasars at z < 1, rising to higher values at higher redshift and (as expected) reaching an

upper limit of ∼1 [McLure and Dunlop, 2004].

LEdd =
4πGMBHmpc

σT

(1.1)

where G is the gravitational constant, and c is the speed of light. For infalling material

that is pure ionised hydrogen, the opacity is κ = σT/mp, where σT is the Thomson
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scattering cross-section for the electron, and mp is the mass of a proton.

1.3 AGN-related feedback

As introduced in Section 1.1.1, investigating feedback mechanisms has become an integral

part of galaxy-evolution studies. In this thesis I am particularly interested in how the

AGN interacts with its host galaxy, if at all. This feedback can be described as being

‘mechanical’ or ‘radiative’, and these two pathways are explained below.

1.3.1 Mechanical feedback

Mechanical feedback from an AGN is in the form of radio jets or outflows driven by the

central engine. In low-redshift objects these are seen to inflate ‘bubbles’ in the surround-

ing hot gas, creating cavities that are observed in the X-ray [e.g. Fabian et al., 2000].

By dividing the cavity enthalpy by a characteristic timescale, such as the duty cycle of

the AGN, an estimate of the time-averaged mechanical power can be derived. Such a

calculation is carried out by B̂ırzan et al. [2004], who show that the rate at which the

AGN injects energy into its environment correlates with the radio luminosity, although

with large scatter. Furthermore, the lower density within the cavities gives them buoy-

ancy, and as they ‘rise’, kinetic energy is likely dissipated as heat [McNamara and Nulsen,

2007]. Through heating of the galaxy halo and interstellar medium (ISM), mechanical

feedback may therefore suppress star formation [Croston et al. 2007; Best 2007].

The jets and outflows may also expel material from a galaxy, cutting off the fuel that

would otherwise accrete onto the central supermassive black-hole or collapse to form stars

[Combes et al. 2013; Morganti et al. 2013]. On the other hand, the jet could cause a

molecular cloud to collapse, initiating star formation [e.g. Silk, 2013]. Statistical evidence

of positive feedback in high-redshift quasars comes from Kalfountzou et al. [2012, 2014],

and an excellent individual example is Minkowski’s Object [Croft et al., 2006]. This is a

region of star formation, appearing blue in the left-hand panel of Figure 1.8, with radio

lobes from a nearby AGN highlighted in purple. When inspecting a HI map of the region

that has radio contours overlaid (right-hand panel), the interaction between the gas and
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Figure 1.8: A BR image of the Abell 194 field (left), with radio continuum (purple), HI
(dark blue) and Hα (light blue) data overlaid. Minkowski’s Object (MO) is at 1h25m47s,
-1◦22’20”, lying in the path of a jet from NGC541, at 1h25m44s, -1◦22’46”. The HI cloud
associated with MO is mapped in greyscale in the right-hand panel, with contours of
radio emission (observed with the VLA) overplotted. These are at 2 mJy/beam intervals,
covering the range 1–17 mJy/beam. Credit: Croft et al. [2006].

the radio jet becomes much clearer.

1.3.2 Radiative feedback

Even without jets, the radiation associated with the accretion disc is sufficient to prevent

the cooling of gas. The significance of this AGN-heating is suggested by Croton et al.

[2006] using Figure 1.9. They show that by incorporating this mechanism into their semi-

analytic models, the predicted galaxy luminosity functions are in much better agreement

with the observations. However, it can be difficult to decouple radiative effects from

other processes associated with negative feedback, such as the expulsion of gas by jets or

supernovae, where the star formation in the host galaxy is truncated. Much work over the

past decade has revolved around understanding such feedback mechanisms, with similar

semi-analytic models being developed to understand the observations [e.g. Benson et al.

2003; Bower et al. 2006]. These help to inform high-resolution simulations [e.g. Dubois

et al., 2011; Li and Bryan, 2014], but debate continues over how star-formation and

accretion processes interact. For example, the EAGLE simulation [Schaye et al., 2015]

still fails to match the galaxy luminosity function at high redshift, and cannot resolve the

multi-phase ISM. Also, like many models, the power output of the AGN is simply mapped

from the accretion rate, which itself is forced to be Eddington-limited, and there is no
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Figure 1.9: Galaxy luminosity functions in the photometric bands K (left) and bJ (right),
with observational data from the studies stated in each panel. The solid and dashed
lines represent the semi-analytic model with and without radiative feedback, respectively.
Credit: Croton et al. [2006].

prescription for the production of radio emission, largely due to the origin and evolution

of cosmic magnetism being poorly understood.

1.3.3 Impact on the star-formation rate

The impact of the AGN, through feedback, may be reflected by the way in which the

accretion rate correlates with the star-formation rate. Figure 1.10 is taken from Rosario

et al. [2012], who show that in each redshift bin, no correlation is seen between the

AGN luminosity, LAGN, and the star-formation luminosity, given by νLν(60µm), except

for systems with high values of each. However, the AGN luminosities here refer to the

instantaneous accretion rate, when this could be varying over timescales comparable with

the star-formation activity [Hickox et al., 2014]. In contrast, Chen et al. [2013] find that a

correlation does exist between the star-formation rate (SFR) and the black-hole accretion

rate if the latter is averaged over each SFR bin. Another example is the work by Bonfield

et al. [2011], showing a shallow but significant correlation between star-formation rate

(SFR) and average accretion rate. These studies suggest that the two processes may be

interlinked, either through feedback processes or as a consequence of being fuelled by a

common gas-reservoir.
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Figure 1.10: Mean 60µm-luminosity, νLν(60µm), against AGN luminosity, LAGN, for X-
ray selected AGN. They are binned in redshift over the range 0 < z < 2.5, with functional
fits to the mean measurements (solid lines). A correlation line for AGN-dominated systems
is shown (dashed line, Netzer 2009) and the shaded region indicates the ∼ 1-σ range
over which the spectral energy distributions (SEDs) for empirical pure-AGN lie. Credit:
Rosario et al. [2012].

1.4 Radio emission

Synchrotron emission is produced when charged particles are moving at relativistic speeds

through a magnetic field (Figure 1.11). The force exerted by the field on the particle is

in a direction perpendicular to the particle’s motion, causing it to change direction and

therefore accelerate. As with all charges undergoing acceleration, electromagnetic energy

is radiated as a result, and in this case it is called synchrotron radiation. The frequencies

of the emitted photons depend on both the energies of the particles involved and the

strength of magnetic field, with the combination of lower-energy electrons and magnetic

fields present in AGN and star-forming regions leading to radio photons being emitted.

Since the field continues to exert a perpendicular force as the particle travels, its motion

follows a spiral path through the field. As a result, the radiation is polarised in the

plane perpendicular to the magnetic field, and so information about the radio source’s

magnetism can be determined from the polarisation of radio emission.

Figure 1.12 shows the typical spectrum, from the radio through to the far-infrared
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Figure 1.11: An illustration of synchrotron radiation being produced when electrons are
accelerated by a magnetic field. Credit: NASA’s Imagine the Universe, image retrieved
from http://imagine.gsfc.nasa.gov/science/toolbox/spectra2.html.

(FIR), for a starburst galaxy. This is a galaxy in which the star-formation rate is very high

and at its most efficient (with respect to the amount of available gas). The synchrotron

emission has a power-law spectrum, Sν ∝ να, which reflects the underlying power-law

distribution of electron energies. For most optically-thin extragalactic radio-sources the

spectral index is α = −0.7. Also shown in Figure 1.12 is the spectrum for free-free emission

(this being another name for bremsstrahlung radiation) and that for dust re-radiating in

the far-infrared.

1.4.1 Radio emission from AGN

There are two main pathways by which AGN produce radio emission, the most common

being connected to the accretion disc. As electrons and other charged particles orbit and

accrete onto the central supermassive black-hole, they are accelerated by magnetic fields

[Blandford and Znajek, 1977] and so produce synchrotron radiation. The other route is

via radio jets. Radio emission is associated with the acceleration of electrons entrained

within the jet but also with regions where the surrounding environment is dense enough

to decelerate the jet’s relativistic particles. The properties of both the AGN and its

environment therefore determine the morphology and luminosity [Hardcastle et al., 2013]

as observed in the radio. AGN that are ‘edge-darkened’, where radio jets appear brightest

at the source centre, are classed as ‘FRI’ objects. Those with radio lobes that are ‘edge-
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Figure 1.12: The spectrum for the starburst galaxy M82, as observed in the radio and far-
infrared (solid line). This is produced by the sum of synchrotron radiation (dash-dotted
line), free-free emission (dashed line) and re-radiation from dust (dotted line). Credit:
Condon [1992].

brightened’, where the emission peaks well away from the actual AGN, are labelled ‘FRII’

[Fanaroff and Riley, 1974].

However, not all radio sources have strong jets and the distinctive morphologies asso-

ciated with them. Therefore a useful classification scheme is that by Best and Heckman

[2012], who divide radio galaxies into those that are ‘low excitation’ (LERG) and those

that are ‘high excitation’ (HERG), primarily based on the strength of emission lines. For

LERGs the accretion rate onto the black hole is less than 1% of the Eddington accretion

rate, ṀEdd, and the object is referred to as being in ‘radio mode’. In HERGs the black

hole is fuelled by cold gas at high rates of 1-10% ṀEdd, through radiatively-efficient accre-

tion discs. Hence ‘cold mode’ and ‘accretion mode’ are alternative names for this ‘quasar

mode’. HERGs are seen to evolve strongly at all radio luminosities, and tend to have host

galaxies that have younger stellar populations, lower stellar mass, lower black-hole mass,

and bluer colours than the LERGs. This is consistent with observations of quasars out to

very high redshifts, where the Universe is still relatively young, star formation dominates,



20 1. INTRODUCTION

and there hasn’t been enough time for numerous mergers.

1.4.1.1 Radio loudness

The FRI/FRII classifications above refer to objects that are radio-loud (Section 1.2).

However, the distinction between these and radio-quiet objects remains an arbitrary con-

cept as a bimodality in radio loudness has not been convincingly proven [e.g. Cirasuolo

et al. 2003; Baloković et al. 2012]. Ivezić et al. [2004] argue that the bimodality in the

radio-to-optical luminosity ratio is genuine, whilst others suggest it is a result of selection

effects, with objects actually found across the full range of radio powers [Lacy et al.,

2001]. There is also uncertainty surrounding the exact physical mechanism that turns

energy from accreted material into well-collimated jets, and why some systems show no

jets at all. For example, the influence of the spin of the black hole is still an open question.

Several theoretical and observational studies suggest that it may play a role [e.g. Bland-

ford and Znajek 1977; Wilson and Colbert 1995; McLure and Jarvis 2004; Volonteri et al.

2007; King et al. 2008; Fernandes et al. 2011], whilst van Velzen and Falcke [2013] present

evidence that it could be irrelevant. Meanwhile, Lin et al. [2010] find that different radio

morphologies are more dependent on the accretion rate than the galaxy’s structure, with

highly-extended, lobe-dominated radio galaxies having higher accretion rates than their

less-extended counterparts.

1.4.1.2 A minimum accretion rate

Fernandes et al. [2011] investigated whether there is a connection between the accretion

rate and the radio power for a set of radio galaxies. Figure 1.13 is taken from their work,

and shows the radio luminosity at 151 MHz on the x-axis, tracing jet power, and the mid-

infrared luminosity at 12µm along the y-axis. The latter is demonstrated to be tightly

correlated with the oxygen [Oii] emission line, and so acts as a proxy for the accretion

rate onto the black hole. The effectiveness of [Oii] as an indicator of accretion rate is

that it originates from the NLR (Figure 1.6), and so is unaffected by obscuration from

the torus.

With the addition of bright optically-selected quasars to the various samples of radio
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Figure 1.13: Mid-infrared (12µm) rest-frame luminosity, νLν12µm, against low-frequency
radio luminosity, Lν151MHz, for z ∼ 1 radio galaxies from different surveys (see legend).
In the left-hand panel, the best-fit line (solid, black line) is given by log10(νLν12µm) =
(0.47 ± 0.13) log10(Lν151MHz) + 25.0 ± 3.6. A sample of optically-selected quasars, taken
from Falder et al. [2010], are overplotted in the right-hand panel (open, blue circles).
Those with upper limits, given to 2σ, are stacked to give the result represented by a blue
star. Vertical lines indicate the radio luminosity of a starburst and the associated star-
formation rate. Drawing attention to the alternative axes: Jet power, Qjet, is estimated
from the radio luminosity, whilst the mid-infrared luminosity is used to estimate the
bolometric luminosity, Lbol. The maximum jet efficiency, η ∼ 2.5, is represented by the
red, dashed line. Credit: Fernandes et al. [2011].
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galaxies, the region labelled ‘A’ in the left-hand panel of Figure 1.13 is proven to be truly

absent of objects. (That is, it is not the result of radio-selection effects, as is the case for

region ‘B’.) Therefore the lower envelope in the correlation shows that for a given radio

luminosity, there is a minimum accretion rate. Assuming that the black hole is accreting

at the Eddington limit, this implies that there is a maximum efficiency with which the

black hole is able to produce jets from the infalling material.

This study uses a thin slice in redshift (0.9 < z < 1.1), and it is unclear whether the

result extends over a larger redshift range and, moreover, to the lower radio-luminosities

of RQQs. It is possible that an alternative mechanism determines the relation between

accretion rate and radio power in these objects, and that this is connected to RQQs

having a lower threshold in their black-hole mass than radio-loud quasars [e.g. Dunlop

et al., 2003]. Also, probing the minimum accretion-rate envelope for all AGN, whether

obscured or unobscured, entails removing contamination by star formation in the host

galaxy. This is because star formation can make a significant contribution to the radio

flux (see Section 1.4.2), and is thought to make a large contribution to the total radio

emission of radio-quiet AGN [Kimball et al. 2011; Condon et al. 2012].

1.4.1.3 Radio-quiet quasars

Quasars are (naturally) a component of ‘quasar mode’ accretors, belonging to the HERG

population as described by Best and Heckman [2012]. Although they were discovered using

radio observations, only ∼ 10% have significant radio emission [Hooper et al., 1996]. The

remaining radio-quiet quasars (RQQs), that do not show strong jets, need to be better-

studied at radio wavelengths to investigate their contribution to the overall radio-source

counts [e.g. Jarvis and Rawlings 2004; Simpson et al. 2006; Padovani et al. 2014] and the

underlying physical processes that may provide a different source of relativistic electrons

[e.g. Fernandes et al. 2011; Condon et al. 2012].

Figure 1.14 shows the number density of radio sources as a function of their flux density

at 1.4 GHz. Two ‘bumps’ are evident, with the one on the right due to AGN dominating

the bright end. As for the fainter bump, below 1 mJy, consensus holds that the total radio

population is dominated by star-forming (SF) galaxies [Condon et al., 2002]. However,
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Figure 1.14: The source counts at 1.4 GHz based on individual objects (datapoints), and
the 1.4 GHz P (D) distribution from Mitchell and Condon [1985] (blue line and error box)
and that based on Condon et al. [2012] (black line and error box). The latter is converted
from the 3.0 GHz P (D) distribution using a mean spectral index, α = −0.7. Power-law
approximations to the 1.4 GHz models of Condon [1984] and Wilman et al. [2008] are
represented by red and green lines, respectively. Also shown are the relative contributions
of AGN (dashed line) and star-forming galaxies (dotted line), according to the Condon
[1984] model. Credit: Condon et al. [2012].

this is based on the assumption that the approximate power-law describing the AGN

number counts, over the range −2.5 < log10[S/Jy] < −1.0 [Condon et al., 2013], simply

extends to lower luminosities (dashed line in Figure 1.14). It also assumes that the AGN

and SF populations are uncorrelated, which may not be the case (as illustrated through

various feedback scenarios). Meanwhile Wilman et al. [2008], whose total source-counts

are consistent with Condon et al. [2012], show that a combination of SF galaxies and

RQQs are able to reproduce the faint ‘bump’ in their simulations. This is also backed

up by observations [e.g. Simpson et al. 2006; Smolčić et al. 2008; Padovani et al. 2014].

However, we are yet to understand the relative levels of accretion and star formation in

RQQs, in terms of their contributions to the total radio emission.
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1.4.2 Radio emission from star-forming regions

A tight correlation between the far-infrared and radio emission (Figure 1.15) was first dis-

covered by Helou et al. [1985], and is (aptly) known as the far-infrared–radio correlation

(FIRC). The reason it exists is that both types of emission are mediated by star formation.

This process produces large quantities of dust that, being at cool temperatures (∼ 30 K),

radiates in the far-infrared via black-body radiation. As for the radio emission, supernova

remnants are naturally co-located with regions of star formation. When electrons tra-

verse these aging shock fronts, they are decelerated rapidly, thus producing synchrotron

radiation. However, given that the far-infrared traces ongoing star-formation, one might

expect the correlation to be affected by the delay between stars forming and supernovae

occurring. This is not the case, though, as the supernovae in question are only produced

by stars more massive than ∼8 M�. These stars have lifetimes of ≤ 3 × 107 yr, which

is a factor ten shorter than the lifetimes of relativistic electrons [Condon et al., 1991].

Therefore stellar populations older than approximately 108 yr do not contribute to the

radio emission from galaxies, meaning that radio observations are indeed probes of recent

star-formation.

A great advantage of radio emission over other indicators of star-formation rate (SFR)

is that it is unaffected by dust obscuration, and so could be crucial for determining the

SFRs of high-redshift objects (for which far-infrared data is too poor in resolution and

becomes confusion-limited). Also, at high redshift the molecular-gas content of galaxies

is much larger [Carilli and Walter, 2013]. Since dust largely traces the gas, the increased

dust content means that there is a greater likelihood that optical observations will be

obscured. This obscuration is in addition to that associated with an AGN’s torus being

viewed edge-on, which may itself have some redshift dependence if the shape of the torus

evolves. As a result, the biases associated with using optical emission-lines for sample

selection, and analysis, worsen.

1.4.3 Disentangling accretion and star formation

As stated previously, two crucial aspects of galaxy evolution are black-hole accretion

and star formation. That the two processes are connected is suggested by the cosmic
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Figure 1.15: The far-infrared–radio correlation for 313 infrared-selected galaxies, with
S60µm ≥ 5.24 Jy. The unfilled circles are galaxies known to have AGN, and so are excluded
from the sample, leaving 258 galaxies without known AGN (filled circles). Credit: Condon
et al. [1991].

history of star formation following a similar trajectory as the cosmic history of accretion

(Figure 1.16). Along with the peak at z ∼ 1 − 2 for both accretion [e.g. Ueda et al.

2003; Wolf et al. 2003] and star-formation [e.g. Madau et al. 1996; Hopkins and Beacom

2006] activity, the interaction of these processes is thought to explain, for example, why

black-hole mass is correlated with the bulge mass [Ferrarese and Merritt 2000; Gebhardt

et al. 2000; Gültekin et al. 2009]. However it is not yet well-understood how the two

phenomena interact or whether their similar histories are simply due to a common factor:

the availability of gas.

Many previous studies that investigated the interplay between AGN and star formation

have used optical and infrared data [e.g. Bonfield et al. 2011; Hardcastle et al. 2013]. The

strength of emission lines produced by gas is often used as a proxy for accretion rate

[Rawlings and Saunders, 1991], as the intense, hot environments of accretion discs lead

to the ionisation of multi-electron atoms. The disc’s thermal emission contributes to

the continuum, which is measured in the X-ray through to the mid-infrared. Optical
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Figure 1.16: A comparison of the best-fit star formation history (thick black line) with the
black-hole accretion history from X-ray data [thin red line, Shankar et al. 2009; light-green
shading, Aird et al. 2010]. These have been scaled by a factor of 3,300 to aid comparison,
as has the black-hole accretion history from infrared data [light-blue shading, Delvecchio
et al. 2014]. Credit: Madau and Dickinson [2014].

and near-infrared bands also provide information on the degree of any ongoing star-

formation, either directly from stellar light or indirectly, through energy being absorbed

by the surrounding dust and re-radiated at longer wavelengths. Emission measured in

the mid-infrared is indicative of warm dust [∼100–1000 K; Mathis 1990], mostly in the

torus, which has been heated via the accretion process. Meanwhile, star formation is

largely responsible for cooler dust [∼10–100 K; Kirkpatrick et al. 2012; Scoville 2013],

whose emission is observed in the far-infrared.

The ‘Baldwin, Phillips & Terlevich’ (BPT) diagram (Figure 1.17) is traditionally used

to provide object classification via diagnostic line-ratios [Baldwin et al., 1981], allowing

AGN to be separated from starbursts. The emission lines used for this method are suf-

ficiently close that the effect of (moderate) dust obscuration is negated. However, the

presence of dust means that ultra-violet and optical samples are prone to missing the

most-obscured objects. As such, without the necessary emission lines appearing in the

spectrum, employing the BPT diagram is insufficient for distinguishing AGN from star-

forming galaxies. Instead, near-infrared or mid-infrared photometry is needed to remove

star-forming contaminants (or, conversely, to remove AGN contaminants when studying

the star-forming population). Another way is to observe obscured AGN in the radio
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part of the spectrum, since emission at these long wavelengths is unaffected by dust. As

explained earlier in this section, electrons accelerated in magnetic fields lead to radio

emission being produced via synchrotron radiation [Kellermann and Owen 1988; Condon

1992], providing the means to measure both star formation and AGN activity at ∼GHz

frequencies.

However, for objects without obvious jets, separating star formation and accretion

components is difficult at radio wavelengths. Therefore, multi-wavelength data can be

used to help disentangle the two contributions to the total radio emission. For exam-

ple, using far-infrared data from Herschel in combination with deep radio-data breaks

the degeneracy in the radio emission. This is because Helou et al. [1985] and de Jong

et al. [1985] showed that a tight correlation exists between the far-infrared and radio (the

FIRC, Section 1.4.2), allowing us to determine the star-formation rate directly from radio

emission. Any ‘excess’ radio emission is then attributed to the AGN.

As mentioned in Section 1.4.1.3, studies of the radio-source populations as a function

of radio flux-density suggest that as we probe fainter radio-sources, the population changes

from being AGN-dominated (FRIs, FRIIs) to being dominated by star-forming galaxies

[Hopkins et al. 2003; Wilman et al. 2008; Condon et al. 2012]. However, there are obviously

cases in which AGN are hosted in galaxies with ongoing star-formation [e.g. Canalizo and

Stockton, 2001; Netzer et al., 2007; Silverman et al., 2009]. This is investigated further

by Kimball et al. [2011] and Condon et al. [2013], who study the radio emission from

samples of optically-selected quasars, leading them to propose that the radio emission

from these quasars is due to star formation within the host galaxy, rather than from

the AGN. Complementary studies at other wavelengths also suggest that there is at least

some ongoing star-formation in quasar host-galaxies. Using far-infrared observations from

Herschel, Bonfield et al. [2011] find a modest correlation between accretion luminosity and

star formation, and Rosario et al. [2013] show that the mean star-formation rate (SFR)

of quasar hosts is consistent with typical massive star-forming galaxies.

On the other hand, Zakamska and Greene [2014] use emission-line kinematics, from

quasars and their host galaxies, to show that star formation in quasar hosts is insufficient

to explain the observed radio emission. Instead they argue that the synchrotron emission
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Figure 1.17: A ‘Baldwin, Phillips & Terlevich’ (BPT) diagram [Baldwin et al., 1981],
used to spectrally diagnose a sample of 727 galaxies. They occupy the regions of star-
forming (SF) galaxies (green triangles), composite galaxies (orange circles), LINERs (Low-
Ionization Nuclear Emission-line Regions, red squares), and Seyferts (blue asterisks). The
solid line labelled ‘K01’ is the theoretical divide proposed by Kewley et al. [2001], sepa-
rating AGN from SF galaxies, while the ‘K03’ line (dashed line) is the empirical line from
Kauffmann et al. [2003]. The dotted line (‘C10’) demarcates the divide between Seyferts
and LINERs, as defined by Cid Fernandes et al. [2010]. Beneath the datapoints is the
distribution of emission-line galaxies from the SDSS, whose number density is given by
the grayscale bar on the right-hand side. Credit: Hakobyan et al. [2012].



29

is radiated from the shock fronts of quasar-driven outflows. Also, Simpson et al. [2006] cite

radio-quiet AGN as responsible for the changing number counts, with their contribution

towards the faint (100 ≤ S1.4 GHz < 300µJy) radio-source population thought to be at

least 20%. However no distinction is made with respect to the source of the radio emission

in these objects.

1.5 Thesis structure

In this thesis I conduct a thorough investigation of the cause of radio emission in RQQs,

and in the next chapter explain the selection criteria used to create a new sample of

quasars. For this I exploit the greater depth of the VISTA Deep Extragalactic Obser-

vations (VIDEO) compared to the Sloan Digital Sky Survey (SDSS), and include spec-

troscopic confirmation from the Southern African Large Telescope (SALT). The analysis

of these objects, in terms of their radio emission, is described in Chapter 3. In Chap-

ter 4 I detail the reduction of radio data from the Karl G. Jansky Very Large Array

(JVLA), for a sample of RQQs belonging to the Spitzer-Herschel Active Galaxy Survey

(SHAGS). This is followed by analysis of their emission in Chapter 5. Finally, in Chap-

ter 6 I present a summary of my findings and suggestions for future work. AB magnitudes

are used throughout this thesis (see Table 2.1 for conversions to Vega), and I use a ΛCDM

cosmology, with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, ΩΛ = 0.7.
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2

Quasar selection with VIDEO, and

SALT spectroscopy

“When we first came here, we were cold and we were clear,

with no colours on our skin, we were light and paper thin”

– Florence + the Machine, Spectrum

Many quasar studies over the past decade have been based on photometry and spec-

troscopy from the Sloan Digital Sky Survey [SDSS; York et al. 2000]. However, this

limits the science to those systems that have high accretion-rates and/or large supermas-

sive black-holes (SMBHs). In order to understand what processes govern the emission

from quasars with low accretion-rates and/or lower black-hole masses, we must exploit

deep, multi-wavelength data. In this chapter I describe how I use the VISTA Deep Ex-

tragalactic Observations (VIDEO) survey to construct a sample of 74 candidate quasars

(Section 2.2), followed by the optical spectroscopy that is used to confirm 26% of the sam-

ple (Section 2.3). I then outline how I derive photometric redshifts and absolute i-band

magnitudes via a template quasar spectrum (Section 2.4). The analysis of these quasars

is presented in Chapter 3.

31
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Table 2.1: Multi-wavelength data used over the XMM3 tile of the VIDEO survey, which
is centred at RA(J2000) = 02:26:18, DEC(J2000) = -04:44:00. CFHTLS–D1 = Canada–
France–Hawaii Telescope Legacy Survey Deep field 1, covering 1 deg2 within the XMM3
tile. VIDEO = VISTA Deep Extragalactic Observations. SWIRE = Spitzer Wide-area
InfraRed Extragalactic. IRAC = InfraRed Array Camera

Survey name Band Wavelength Point-source sensitivity Vega
(µm) (AB mag, 5σ) offset

CFHTLS–D1 u 0.38 27.4 -0.434
CFHTLS–D1 g 0.48 27.9 0.078
CFHTLS–D1 r 0.63 27.6 -0.165
CFHTLS–D1 i 0.77 27.4 -0.402
CFHTLS–D1 z 0.89 26.1 -0.536
VIDEO Z 0.88 25.7 -
VIDEO Y 1.02 24.5 -0.614
VIDEO J 1.25 24.4 -0.929
VIDEO H 1.65 24.1 -1.375
VIDEO KS 2.15 23.8 -1.836
SWIRE IRAC 1 3.60 22.5 -
SWIRE IRAC 2 4.50 22.1 -
SWIRE IRAC 3 5.80 19.7 -
SWIRE IRAC 4 8.00 20.0 -

2.1 Data

The aim is to study the radio properties of a sample of quasars, with zero contamination

from inactive galaxies, as a function of luminosity and redshift. (Hereafter I describe such

a sample as being ‘clean’.) For this I require multi-wavelength observations for the initial

selection and for determining photometric redshifts. I also use follow-up spectroscopy of

a subsample of the quasars, as a check on the selection to low fluxes and photometric-

redshift accuracy. These data are described below, and a summary of the imaging data,

used for Chapters 2 and 3, is provided in Table 2.1. This table also gives the values used to

convert between the AB and Vega magnitude systems, i.e. magVega = magAB+Vega offset.

Such offsets are calculated only for the bands used in SED-fitting (Section 2.2.2). The

final area over which I select the candidate quasars is 1 deg2, as determined by the extent

of the Canada–France–Hawaii Telescope Legacy Survey Deep field 1 (CFHTLS-D1; see

Section 2.1.2).
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2.1.1 Near-infrared: VIDEO

My primary selection relies on near-infrared photometry and I use the 5-band near-infrared

ZYJHKS data from the VISTA Deep Extragalactic Observations (VIDEO) Survey [Jarvis

et al., 2013], over the XMM3 tile, which spans 1.5 deg2 in area. The VIDEO imaging

has a typical seeing of <0.9 arcsec, and a 2-arcsec diameter aperture was used for the

measurements. The photometric uncertainties were determined by placing the aperture

on regions of blank sky within the VIDEO images and constructing a histogram of the

flux values. The 1-σ uncertainties, measured by fitting a Gaussian to this histogram, were

used directly during the fitting of spectral energy distributions (SEDs, Section 2.2.2).

2.1.2 Optical: CFHTLS and VVDS

The CFHTLS provides photometry in ugriz over 1 deg2 of the VIDEO–XMM3 field

[Gwyn, 2012]. This deep field (labelled ‘D1’) is centred at RA(J2000) = 02:25:59, DEC(J2000)

= -04:29:40, and again I use a 2-arcsec aperture for the photometry. Note that the Mega-

Cam filters used are not identical to those of SDSS, and that the i filter needed to be

replaced partway through the survey. The band referred to in Table 2.1 is the original i′1

filter, as images with the new, slightly bluer, i′2 filter were not used for the Deep Field

stacks.

The Visible Multi-Object Spectrograph (VIMOS) VLT Deep Survey (VVDS) provides

a catalogue of spectroscopic redshifts selected with 17.5 ≤ i ≤ 24.75, with a spectral

resolution of R ≈ 230 in two deep fields, VVDS–CDFS and VVDS–02h [Le Fèvre et al.,

2013]. I use data from the VVDS–02h field, which overlaps entirely with the VIDEO–

XMM3 and CFHTLS–D1 fields over an area of 0.61 deg2.

2.1.3 Radio: VLA

To investigate the level of radio emission in the quasars I use radio data, at 1.4 GHz, from

the VLA–VIRMOS Deep Field [Bondi et al., 2003]. The area covered is 1 deg2, centred

at RA(J2000) = 02:26:00, DEC(J2000) = -04:30:00, again completely contained within

the VIDEO–XMM3 field. The average rms noise of the radio map is 17.5µJy and the

restoring beam is a 6-arcsec × 6-arcsec Gaussian. Bondi et al. [2003] create a catalogue of
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all radio components with peak flux SP > 60µJy (∼ 3.5σ), resulting in 1054 radio sources,

with 19 thought to be multi-component. These data have previously been cross-matched

with the VIDEO survey data by McAlpine et al. [2012].

2.1.4 Mid-infrared: SWIRE

To check my quasar selection method, I use Spitzer/IRAC (InfraRed Array Camera) imag-

ing from the Spitzer Wide-area InfraRed Extragalactic (SWIRE) survey that completely

overlaps with the VIDEO–XMM3 field. This allows dust, associated with star-forming

regions and AGN, to be traced out to z ∼ 3 [Lonsdale et al., 2003]. The IRAC fluxes

(in µJy) are from Version 2 of the SWIRE catalogue and have already had aperture cor-

rections applied. I follow the recommendation to use ‘aperture 2’, which gives the flux

measured with an aperture of radius 1.9 arcsec and results in the signal-to-noise ratio

being maximised. Note that the SWIRE data do not need to be aperture-matched with

the VIDEO and CFHTLS photometry as they are not used alongside these two datasets

during the SED-fitting procedure (Section 2.2.2).

2.2 Quasar selection

Many studies have used multi-colour photometry to define clean samples of quasars, free

from contamination by stars and galaxies. Mortlock et al. [2012] used optical and near-

infrared data, whilst Richards et al. [2006a] used optical and mid-infrared data. In this

chapter I use a combination of optical and near-infrared for my selection, to fainter mag-

nitudes than previous work, and check the robustness of my selection using mid-infrared

data.

In assessing whether radio emission from quasars is due to star formation in the host or

from the accretion process, my key concern is to ensure a high reliability, at the expense of

completeness. I therefore impose a series of cuts to maximise the reliability of my sample.

Maddox et al. [2008] showed that the J −K colour is very effective at selecting quasars,

with the fraction being missed due to dust-reddening determined to be less than 10%.

This is because there is an excess in the J−K colour for quasars – even those reddened by
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dust – compared to that for foreground stars. Such stars may have optical colours similar

to the quasars, but near-infrared colour allows them to be distinguished [Warren et al.,

2000]. To exploit this, I therefore start by selecting all objects in the VIDEO KS-band

brighter than the 5-σ limit of KS = 23.8, as detailed in Jarvis et al. [2013].

2.2.1 K-band selection

I expect the vast majority of quasars to outshine their host galaxies in the KS band,

and therefore impose a morphology cut based on the SExtractor K CLASS STAR

parameter [Bertin and Arnouts, 1996]. This is a measure of the compactness of a source

on a scale of 0 to 1, with 1 representing a point-like appearance. To check the effectiveness

of K CLASS STAR as a morphology indicator, I select stars from the VIDEO catalogue

using giJKS colours (Figure 2.1). Following the method of Baldry et al. [2010], Jarvis

et al. [2013] show that the region of colour space defined as J −KS − flocus(g − i) < 0.1

provides a clean stellar-sample, free from contamination by galaxies. Figure 2.2 shows

the value of K CLASS STAR as a function of KS-band magnitude for these objects, and

I see that my point-source classification is robust down to KS = 22.8. Therefore imposing

a restriction on the morphological parameter, K CLASS STAR > 0.9, effectively means

that I should eliminate objects with KS ≥ 22.8.

As a further check, since I will rely on this morphology parameter for quasars rather

than stars, Boris Häussler created a set of simulated AGN for me to analyse. This was

done by adding a point source, representing the output from the quasar nucleus, to the

image of a model host galaxy. The latter are simulated following the methodology of

Häussler et al. [2007], using a Sérsic index of 4. For numerous steps in the total KS-band

magnitude, different values of AGN magnitude (mAGN), galaxy magnitude (mgalaxy), and

effective radius for the host (reff) are assigned. Exact details for the parameters used to

simulate the AGN-plus-host-galaxies are shown in Table 2.2.

Boris Häussler then ran SExtractor on the simulated images, outputting the K CLASS STAR

value for each object. Next, for each subset of the resulting catalogue – defined by a par-

ticular combination of total magnitude (KS), mAGN and mgalaxy – I calculated the fraction

of objects with K CLASS STAR > 0.9 (Table 2.3). This provides an estimate of the de-
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Table 2.2: The parameter values used to simulate AGN and their host galaxies. The
magnitudes of the AGN and the host are constrained by the assigned combination of
total magnitude, KS, and flux ratio, fAGN/ftotal. To clarify, ftotal = fAGN + fgalaxy.

Parameter Min. Max. Distribution
KS magnitude 18.0 23.5 In steps of 0.5
fAGN/ftotal 0.0 1.0 In steps of 0.1
reff/arcsec 0.3 2.1 In steps of 0.3

tection completeness (with respect to the AGN), for different ratios of AGN flux (fAGN)

to total flux (ftotal), when this morphological cut is made.

A simulated AGN that has been correctly classified as point-like will have a K CLASS STAR

value close to 1. My results show that for the brightest objects, with KS < 19.0, the AGN

must account for at least 90% of the total flux if over 90% are to have K CLASS STAR

> 0.9. This corresponds to the AGN needing to outshine its host galaxy by over two

orders of magnitude. The reason for this is that the host galaxies belonging to such

bright systems are themselves bright, and so their extended appearance influences the

K CLASS STAR measurement. However, I do not expect this to greatly bias my sample

as very few quasars in my sample have KS < 19.0. Over the more-populated range of

19.0 ≤ KS ≤ 21.5 (due to the shape of the quasar luminosity function and depth of our

data), I am able to recover over 90% of the simulated AGN provided that their flux is

≥ 50% of the total flux. I find that the distribution of reff for the host galaxy over this

regime has no influence on the K CLASS STAR values.

To achieve ≥ 90% completeness over 21.5 ≤ KS ≤ 22.5, I find that the AGN’s con-

tribution to the total flux must rise again to at least 70%. This means that I should

be aware of possible contamination from the host galaxy, as a consequence of using the

K CLASS STAR > 0.9 cut across this magnitude range. For total magnitude KS > 22.4,

no level of contribution from AGN to the total flux (fAGN/ftotal) allows me to attain

even 50% completeness. Therefore I impose a cut of KS ≤ 22.4, in addition to using

K CLASS STAR > 0.9 as a selection criterion, which ensures that the morphology of

the candidates is reliable. Whilst this means that I may be biased towards the brightest

quasars and faintest host galaxies, such a conservative approach is sufficient for the pur-

pose of this investigation. Such a bias works in a way that strengthens the conclusions I
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draw regarding the radio emission, as explained in Section 3.1.4.

2.2.2 Photometric fitting

Optical bands alone have in the past been used to define a colour space for quasar selec-

tion [e.g. Richards et al., 2001]. However their success in separating the regions occupied

by stars and quasars diminishes at high redshifts, and they are especially affected by

dust-reddening. Instead I follow the method of Maddox et al. [2008] and use gJKS colour

space (Figure 2.3). I also use full SED modelling, as inactive galaxies may still be present

amongst the potential quasar candidates, contaminating my sample. Fitting SED tem-

plates to the VIDEO–CFHTLS–D1 data was carried out using Le PHARE [Ilbert et al.,

2006].

There are 62 galaxy templates, based on the SEDs compiled by Coleman et al. [1980]

and those of starburst galaxies. In combination with different extinction law values, these

produce 187 sets of model photometry that are then redshifted. A range of extinction

values are also used in conjunction with the stellar library, consisting of 254 templates,

and the 10 empirical SEDs that make up the AGN library.

These AGN templates are taken from the SWIRE template library [Polletta et al.,

2007]. Two of them, ‘Sey18’ and ‘Sey2’, represent moderately-luminous Seyfert galaxies.

The ‘I19254’ template is from IRAS19254-7245, a starburst/ULIRG (ultra-luminous in-

frared galaxy) with Seyfert-2 galaxy properties. Another ULIRG is included in the form

of ‘Mrk231’, which has a heavily-obscured quasar at the centre. Like ‘I19254’ and the

‘N6240’ AGN template, its SED is an AGN-starburst composite.

Hatziminaoglou et al. [2005] used an optically-selected sample of 35 SDSS/SWIRE

Type-1 quasars to construct the three Type-1 quasar templates (‘QSO1’, ‘BQSO1’, ‘TQSO1’),

via a quasar composite spectrum in addition to rest-frame infrared data. The difference

between them is their IR/optical flux ratios, with ‘BQSO1’ representing the bottom quar-

tile and ‘TQSO1’ the top quartile. Finally, the ‘QSO2’ and ‘Torus’ templates are typical

SEDs for Type-2 quasars, with the second of these having greater dust obscuration. I

determine the best fit for both redshift and extinction using each of the SED libraries

(‘star’, ‘galaxy’ and ‘AGN’).
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Figure 2.1: The position of all VIDEO objects in giJKS colour space. Red contours
(dashed, with interval of 2 objects) correspond to the number of objects best fit by a
star template, via the Le PHARE code (Section 2.2.2). Green contours (solid, interval
= 10) are for those best fit by a galaxy template, and blue contours (dotted, interval =
2) correspond to an AGN template. The AGN and galaxy loci begin to blend into one
another, whilst the objects below the black (dash-dotted) line are used to create a clean
sample of stars (Figure 2.2). Overplotted are objects from the ‘Gold’ candidate quasar
subsample (black dots, Section 2.2.2), including those that are cross-matched with VVDS
(magenta squares, Section 2.3.1). In addition are VIDEO objects cross-matched with
VVDS but lying outside the Gold selection region, either with broad emission-lines (red
triangles) or without (yellow triangles). The definition of flocus(x), where x = g − i, is as
follows: for x ≤ 0.3, flocus(x) = −0.6127; for 0.3 < x ≤ 2.3, flocus(x) = −0.79 + 0.615x −
0.13x2; for x > 2.3, flocus(x) = −0.0632.
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Figure 2.2: The variation in K CLASS STAR, an indicator of compactness (1 = point-
like), for a clean sample of stars. Each of these objects are KS-band selected (KS ≤ 23.8)
in the VIDEO catalogue, and have stellar colours using the locus shown in Figure 2.1.

Figure 2.3 shows the gJKS colour space for the point sources in the VIDEO KS-band

selected catalogue where one of the ten AGN SEDs provides a better fit to the photometry

than the galaxy or star templates. Point-like objects that are best fit by a stellar template

are predominantly found in the light-blue, hatched region. Therefore the data points that

lie within this region represent objects with stellar gJKS colours, despite their photometry

being better-modelled by an AGN SED. The blue, dotted line in Figure 2.3 is the evolution

track for a model quasar that has no host-galaxy contamination, and follows a path that

lies between the star and galaxy regions.

I also show the broad region occupied by the galaxy tracks that are used by Le

PHARE (shaded grey in Figure 2.3). Some of the AGN template-fitted data points are

well-separated from the galaxy region, whilst others have greater overlap. Those that

remain ‘clear’ from the galaxy locus are subsequently referred to as the ‘Gold candidate

quasar sample’. This Gold selection region is demarcated by a green, dashed line in

Figure 2.3, as defined by the following straight-line equations, where x = J − K and
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y = g − J :

x = −0.30, (2.1)

y = −1.00 − 0.30 < x < 1.10, (2.2)

y = 0.65 − 0.30 < x < 1.10, (2.3)

x = 1.10. (2.4)

I use the descriptor ‘Gold’ simply to distinguish the candidates that I am confident

of being quasars. (Additional samples, labelled ‘Silver’ for example, could be constructed

using more-relaxed selection criteria.) The Gold sample comprises 75 quasars, with one

later being removed as the result of an absolute i-band magnitude cut (Section 2.4.2). I

deem the slight overlap with the galaxy tracks (shaded region) as acceptable given the

photometric uncertainties. The selected objects are best-fitted by Type-1 quasar models:

‘QSO1’, ‘BQSO1’ and ‘TQSO1’, and I later see where they lie in mid-infrared colour space

(Section 2.2.3). Valuing reliability over completeness, I choose not to extend the selection

region downwards to include a few extra points fitted by Type-1 quasar models. This is

because, with their positions lying well within the shaded region, there is a greater chance

of their gJKS colours being confused for galaxies. Similarly, the selection region is not

extended bluewards to include the BQSO1 objects around J −KS = 0.5, g − J = 0.5, as

doing so may introduce contamination by stars.

A similar method is used by Maddox et al. [2012] to construct a sample of quasars,

whose K-band magnitude range is 15.8 ≤ K ≤ 18.4. They are able to achieve > 95%

efficiency and > 95% completeness with respect to known SDSS quasars. In addition,

both methods incorporate information from SED fitting. Doing so enables me to be con-

servative in my selection, resulting in a clean sample of candidates. However, in contrast,

my candidates are much fainter due to the depth of the photometry used, spanning 18.4

≤ KS ≤ 22.4. The light from the host galaxy could lead to greater contamination as I

go deeper, but my selection (via morphology and colour information) ensures that the

quasar is dominating the total flux from the system.

As a result of my selection criteria, I actually have very good completeness with
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Figure 2.3: The positions of point-like objects (i.e. those with K CLASS STAR > 0.9)
in gJKs colour space, following Maddox et al. [2008]. Each of these data points has
photometry that is best fit by one of 10 AGN templates (see legend, and their description
in Section 2.2.2). The light-blue, hatched region represents the stellar locus, occupied by
VIDEO objects for which a stellar template provides the best fit to the photometry. The
blue dotted track is a model for how a quasar with no host-galaxy contamination evolves
with redshift, lying between the stellar and galaxy loci (to the left and right, respectively).
The redshift range of this track is 0.0 ≤ z < 5.0, with a blue star marking z = 0.0 and
blue ‘+’ markers every ∆z = 0.2 (with a bold marker denoting z = 4.8). The grey, shaded
region is the area covered by evolution tracks for the photometric fitting code’s library of
galaxy templates. The redshift range of these galaxy tracks is 0 ≤ z < 6, with colours
evolved for each step of ∆z = 0.04 taken. The region used to select ‘Gold’ candidate
quasars is demarcated by a green, dashed line.
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respect to unobscured quasars, as the majority of Type-1 sources lie in the selection region

(demarcated by the green, dashed line in Figure 2.3). The SEDs that I have excluded are

for composite systems or obscured AGN. This means that my sample is not representative

of the entire quasar population, and so I emphasise that my investigation accounts for the

radio emission from Type-1 quasars only. Also, the use of near-infrared data may lead to

a bias towards bright quasars residing in faint host-galaxies. This is because a host that

is bright in the KS band may have an extended appearance in the imaging data, causing

the object to be eliminated by the morphological cut. This potential bias is discussed in

the context of my final results in Section 3.1.4.

2.2.3 Mid-infrared colour

As an additional check on the validity of my selection, I use Spitzer data to investigate

where the Gold candidate quasars lie in mid-infrared colour space. Dust extinction is

not a problem when measuring emission in the mid-infrared, and so both unobscured and

obscured AGN can be detected. However, I note that my Gold candidates are biased

towards the unobscured population, given the photometric fit to Type-1 quasar SEDs. To

check what proportion are indeed active-galaxy candidates, I use the work of Lacy et al.

[2004] and Stern et al. [2005].

Lacy et al. [2004] use the 8.0µm/4.5µm ratio versus the 5.8µm/3.6µm ratio to sep-

arate stars, low-redshift galaxies, SDSS quasars and radio-selected quasars. Within this

colour space they find that there are two distinct sequences, the quasars belonging to one

and the remaining objects to the other. I refer to the region that contains the quasar

sequence as the ‘Lacy wedge’.

The tendency of AGN to be redder than galaxies in the mid-infrared is also exploited

by Stern et al. [2005], who use a [3.6]− [4.5] versus [5.8]− [8.0] colour-colour space. The

combination of restricted [5.8]− [8.0] colours observed for powerful AGN (due to a lack of

strong PAH emission) with their [3.6]− [4.5] colour (much redder than that of low-redshift

galaxies) leads to another clear selection region. I call this the ‘Stern wedge’.

I find that 62 of my 75 Gold quasar sample have cross-matches in the SWIRE cat-

alogue. Due to the depth of the mid-infrared data, only 35 of these have detections in



44 2. QUASAR SELECTION WITH VIDEO, AND SALT SPECTROSCOPY

−1.0 −0.5 0.0 0.5 1.0
log10[S5.8/S3.6]

−1.0

−0.5

0.0

0.5

1.0

1.5
lo
g 1

0[
S
8
.0
/S

4
.5
]

−0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
[5.8]−[8.0] (Vega)

−0.5

0.0

0.5

1.0

1.5

[3
.6
]−

[4
.5
]
(V

eg
a
)

Figure 2.4: Gold objects that have mid-infrared data are shown, following Lacy et al.
[2004] (left) and Stern et al. [2005] (right). The dashed lines outline the regions that
these authors use to select active-galaxy candidates.

each of the 4 bands, IRAC 1-4. Hence I use this as a consistency check on the brighter

candidates, rather than an additional step in the selection. Figure 2.4 shows that all of

the Gold sample (with detections in all 4 bands) lie within the Lacy and Stern wedges.

This provides further evidence that my quasar selection method is robust.

2.3 Spectroscopy

Spectroscopy enables the properties of objects to be studied with much finer wavelength-

resolution than can be obtained with photometry. This allows broad emission-lines to

be detected, leading to the straight-forward identification of quasars. However, blind

spectroscopic-surveys like the Visible Multi-Object Spectrograph (VIMOS) VLT Deep

Survey (VVDS) are expensive to conduct, and so must be confined to small areas. It

is therefore worthwhile investing effort into optical and infrared selection, so that the

efficiency of spectroscopic follow-up is improved.

In this section I use spectroscopic data to carry out a further check of the robustness

of my sample selection, in addition to obtaining accurate redshift information. Existing

spectroscopy comes from the VVDS, over the XMM3 tile within the VIDEO field. This

is complemented by new spectroscopy for objects belonging to the Gold sample, using

the Southern African Large Telescope (SALT). I discuss how the spectroscopic redshifts

compare to the photometric redshifts obtained from the template fitting in Section 2.4.1.1.
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2.3.1 VVDS data

I cross-matched all of the objects that had best-fit SEDs of an AGN (obscured, unob-

scured, or Seyfert-like) with the VVDS, using a matching radius of 1 arcsec. This identifies

127 objects with spectroscopic redshifts over the 0.61 deg2 covered by the VVDS–02h field,

twelve of which are in the Gold sample. Each of these 12 objects have broad emission-

lines, again showing that I have a good basis for selecting quasars. They also lie in the

quasar region of giJKS colour space (magenta squares in Figure 2.1), as identified by

Baldry et al. [2010].

The remaining 115 cross-matches lie in the galaxy locus of both giJKS space (triangles

in Figure 2.1) and gJKS space (Figure 2.3). According to the VVDS redshift flags, 7 of

them have broad emission-lines, meaning that they are more likely to be quasars. However,

inspection by eye reveals that this is actually the case for only 5 of the objects, one of

which is a broad absorption line (BAL) quasar. I also confirm that reliable redshifts have

been obtained for each of these 5. They appear as red triangles in Figure 2.1, with one

lying beyond the plot range of the figure. Their colours are redder than the Gold quasar

candidates, and lie in the region of gJKS colour space covered by galaxy evolution tracks,

hence their exclusion from my sample. These extra quasars highlight the incompleteness

of the Gold sample, although I emphasise my aim for a highly-reliable selection method

instead. The 110 cross-matched objects that show no broad emission-lines, yet are best

fit by an AGN template, may be obscured AGN.

2.3.2 SALT spectra

13 quasars from the Gold sample were observed between 4th November 2012 and 6th

January 2013, using the Robert Stobie Spectrograph [Kobulnicky et al., 2003] on SALT

[Buckley et al., 2006]. The PG0900 grating was used with the PC03850 filter, to obtain

coverage over 4500–7500 Å. A 2-arcsec slit, and a resolving power of R = λ/∆λ ≈ 600,

provided adequate resolution (10 Å) for measuring redshifts from broad emission-lines.

I completed ‘Phase II’ of the corresponding proposal, which involved compiling the

scheduling blocks, based on the observing conditions required for each object and con-

strained by the total time that had been allocated. I also needed to provide finding charts,
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Figure 2.5: A SALT finding chart for acquisition of a quasar, located at the cross-hairs
(RA = 02:26:39.83, Dec = -04:20:04.4). The spectrum for this object appears in panel
(iii) of Figure 2.6.

such as Figure 2.5, since most targets are fainter than the V = 17 magnitude limit of

the acquisition camera. The position angle of the long slit (represented by the red line in

Figure 2.5) was set so that it intersected both the target and a nearby bright star. The

target was then placed at the centre, to mitigate vignetting effects.

As part of the reduction of SALT spectra, the steps listed in the left-hand column

of Table 2.4 are completed when raw data is passed through the SALT PyRAF pipeline

[Crawford et al., 2010]. I then performed the tasks listed in the right-hand column, using

standard procedures in IRAF software. The importance of these steps is explained below.

1. Flat-fielding: Spectroscopic lamp flats were obtained, although unfortunately not

for each night of observation. These enable variations in pixel-to-pixel sensitivity to

be removed, and distortions in the optical path to be corrected for. Given that the

flat images have a large number of photon counts per pixel, compared to the counts
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Table 2.4: The steps used to reduce SALT spectra.

Within the SALT pipeline Completed by end user
Fidelity checking Flat-fielding
Gain correction Cosmic-ray rejection
Cross-talk correction Wavelength calibration
Bias subtraction Background subtraction
Amplifier mosaicing Flux calibration

per pixel for the science images, it is important to first normalise the flats using

the median value. Therefore, when they are used to correct the science frames, the

multiplicative errors are transferred without significantly changing the pixel values.

2. Cosmic-ray rejection: Cosmic rays appear in the images usually as very bright

spots, as a result of hitting only a single pixel of the detector. Those arriving at a

more-inclined angle may lead to a bright streak instead. To eliminate these artefacts,

three exposures were made for each target, with individual exposure times of 150,

200 and 400 seconds, according to the apparent magnitude of the object. The count

for a particular pixel is compared across the three images, with a sigma-threshold

set to remove unusually high pixel-values. In addition, the sharp-edge appearance

of cosmic rays in an image also allows them to be easily identified and removed.

3. Wavelength calibration: Also referred to as ‘arc calibration’, this involves shining

a lamp with emission lines at known wavelengths – an argon lamp in this case –

onto the grating used. The angle of the grating with respect to the slit leads to

the emission lines having a curved appearance in the 2D image. By correcting for

this distortion, and applying it to the science targets, it is possible to create images

where all pixels along the slit (i.e. along the non-dispersion axis) correspond to

a single wavelength. Such calibration is vital for obtaining an accurate redshift

later. Since IRAF struggled with fitting a polynomial to the large curvature of the

emission lines seen with SALT, the 2D images were cropped in the slit direction,

closer to the target, to avoid this problem.

4. Background subtraction: So that an accurate spectrum can be extracted, where

all of the light is solely due to the science target concerned, the thermal contribution
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made by the sky background needs to be removed. This is done by defining regions

either side of the target, along the slit dimension. A polynomial is then fitted to

these strips, extrapolated over the target itself, and subtracted from the ‘total flux’

spectrum. Doing so also removes the sky emission-lines that originate from elements

such as oxygen in the atmosphere. An added advantage for this setup is that I could

also fit the profile of the bright star used to acquire the target, as its light smoothly

varied as a function of slit position.

5. Flux calibration: For flux calibration, LTT 1020 was used as the standard star.

Observing such a spectrophotometric standard, whose spectrum is well-known,

means that photon counts can be converted into flux units and the intensity cali-

brated as a function of wavelength. To do this, the above reduction steps are carried

out for the standard in addition to the science targets. The continuum emission of

the extracted spectrum is then fitted, and scaled to match that of the known spec-

trum. A test that this calibration has been successful is to integrate the total flux

and check that the V -band magnitude, derived from this flux, agrees with the ex-

pected value of V = 11.52. Once satisfied, the same scaling/unit conversion can be

applied to each of the targets.

The resulting fully-reduced spectra, extracted from the calibrated images, are pre-

sented in Figure 2.6. (Chip gaps are over the ranges 5500 . λ/Å . 5545 and 6550 .

λ/Å . 6585.) They have been smoothed with a Gaussian window that covers 20 pixels,

and correspond to the 8 Gold candidates for which it was possible to determine reliable

spectroscopic redshifts. These are discussed further in Section 2.4.1.1.

Prominent emission-lines are labelled, except in panel (v) where the two labels indicate

resonant absorption features. As such, each of these candidates are confirmed to be

quasars. Ciii]1909 is found to be the most common emission-line, and also present is either

a Civ1549 or Mgii2799 broad line. Spectra for the other 5 objects observed with SALT were

poor, due to being badly affected by weather and technical difficulties. A cross-correlation

method was attempted for these, to extract the most-likely redshift, but their spectra were

too strongly affected by noise.
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Figure 2.6: SALT spectra for 8 Gold objects: (i) A quasar at z = 1.4 (RA = 02:26:52.14,
Dec = -04:05:57.1). (ii) A quasar at z = 1.4 (RA = 02:25:52.16, Dec = -04:05:16.1). (iii)
A quasar at z = 1.6 (RA = 02:26:39.83, Dec = -04:20:04.4). (iv) A quasar at z = 2.0
(RA = 02:26:18.59, Dec = -04:11:01.1). (v) A quasar at z = 2.1 (RA = 02:26:33.31, Dec
= -04:29:47.8). (vi) A quasar at z = 2.3 (RA = 02:26:12.64, Dec = -04:34:01.4). (vii) A
quasar at z = 2.6 (RA = 02:27:40.55, Dec = -04:02:51.1), with possible Lyα emission at
the spectrum’s blue end. This is the brightest object in the Gold sample, and the only
one to appear in both FIRST and NVSS radio catalogues. (viii) A quasar at z = 2.7 (RA
= 02:27:09.03, Dec = -04:55:10.1).
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2.4 The quasar sample

2.4.1 Photometric redshifts

The photometric redshifts (zp), fitted using Le PHARE (Section 2.2.2), were compared to

the spectroscopic redshifts (zs) of the Gold objects, obtained with the VVDS and SALT.

The majority are in good agreement (see Table 2.5), but there are a few cases where

the photometric fitting severely underestimated the true redshift. Using the normalised

median absolute deviation in ∆z/(1+z), where ∆z = (zs−zp), I find σ∆z/(1+z) = 0.082 and

four catastrophic outliers, where a catastrophic outlier is defined as having |∆z|/(1+z) >

0.15 [Ilbert et al., 2006]. Such inaccuracies prompted me to seek an alternative method

for determining photometric redshifts.

2.4.1.1 χ2 minimisation

I proceeded with a model quasar template provided by Paul Hewett, created so that it

has no host-galaxy contribution. The colours associated with this template were evolved

over the redshift range 0 < z < 7 in steps of 0.1. I also included 0.2 mag of uncertainty

to the quasar template colours to account for the variation in emission-line strength

and the intrinsic quasar spectral shape. This was added in quadrature to the measured

photometric uncertainties. The best fit was found through χ2 minimisation, and I name

the corresponding redshift ‘Colour-z’. Colour-z values calculated for the objects with

spectroscopic redshifts are presented in Table 2.5.

Figure 2.7 shows the correlation between the spectroscopic redshift, from both SALT

and VVDS, and my photometric redshift. Two of the VVDS redshifts were highly dis-

crepant, quoted to be 0.1 and 0.2 (Table 2.5). Inspection of their spectra showed that a

Mgii2799 line had been mis-identified as a Hα6563 line. I therefore corrected the redshifts

and used these values for Figure 2.7, which placed them in line with their correspond-

ing Colour-z value. Using all of the objects with spectroscopic redshifts, the accuracy of

Colour-z is σ∆z/(1+z) = 0.046. Out of the 19 objects I find there to be three catastrophic

outliers (circled in Figure 2.7). I investigated whether confusion between the Mgii2799 line

and the Civ1549 line led to the catastrophic outliers with Colour-z = 0.7, and similarly
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Table 2.5: Summary of redshifts for the QSOs spectroscopically confirmed by the VVDS,
and those observed by SALT (except 5 for which a redshift could not be determined).
* denotes a VVDS object assigned an incorrect redshift; the redshift given is my mea-
surement (see text for details).

R.A. (hms) Dec. (dms) Le PHARE z Colour z VVDS/ SALT z
02:25:25.68 -04:35:09.6 0.4 2.1 2.1
02:25:45.53 -04:34:45.6 1.7 1.7 1.7*
02:25:50.38 -04:33:24.6 2.8 2.5 2.7
02:25:52.16 -04:05:16.1 1.5 1.4 1.4
02:26:09.62 -04:24:38.0 2.6 2.8 2.7
02:26:12.64 -04:34:01.4 2.2 0.7 2.3
02:26:18.59 -04:11:01.1 0.4 1.9 2.0
02:26:22.15 -04:22:21.8 2.0 1.8 2.0
02:26:24.64 -04:20:02.4 2.0 0.7 2.2
02:26:33.31 -04:29:47.8 2.4 2.4 2.1
02:26:39.83 -04:20:04.4 1.9 1.5 1.6
02:26:52.14 -04:05:57.1 1.4 1.4 1.4
02:27:07.54 -04:32:03.2 1.6 1.5 1.5*
02:27:09.03 -04:55:10.1 3.0 2.7 2.7
02:27:33.99 -04:25:23.5 1.8 1.5 1.6
02:27:36.93 -04:26:31.5 0.6 1.8 1.8
02:27:38.99 -04:09:40.8 1.4 1.3 1.4
02:27:40.55 -04:02:51.1 2.4 2.6 2.6
02:27:47.34 -04:27:53.7 0.2 2.4 1.1
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Figure 2.7: Spectroscopic redshifts, from SALT and VVDS, showing the accuracy of
Colour-z as a photometric redshift, including the catastrophic outliers (circled, see text
for details).
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whether a Ciii]1909 line was being confused for a Mgii2799 line, resulting in the third outlier

(with Colour-z = 2.4). However, in each case, the absence/presence of other expected

emission-lines confirmed the previously-determined spectroscopic redshifts.

Therefore my Colour-z photometric redshift estimates perform well for the majority

of quasars observed by the VVDS and SALT. However, a single spectrum is not enough

to describe the variety found in the Type-1 quasar population, and for this reason I still

find a number of outliers. As such, I cannot simply assume these best-fit values for the

remainder of the photometric sample, for which I do not have spectroscopy. Instead I

note that each of these outliers have a double-peaked probability distribution function

(PDF) produced by the photometric fitting, with the secondary peak overlapping the

spectroscopic redshift. This prompted me to generate 1000 Monte Carlo redshifts per

Gold quasar, according to the full PDFs calculated for the Colour-z redshifts. These

redshifts are used for the distribution in absolute i-band magnitudes (Section 2.4.2) and

the subsequent analysis of the radio emission associated with the quasars. This therefore

allows my final results to take the redshift uncertainties into account.

2.4.2 Absolute i-band magnitudes

The absolute i-band magnitude of an object (M), by definition, is a measure of its intrinsic

brightness, having corrected the apparent magnitude (m) for the distance its light has

travelled. This is done using the following equation, where DL is the luminosity distance:

M = m− 5 log10(DL/10 pc). (2.5)

Determining absolute magnitudes is necessary for understanding the underlying phys-

ical processes that take place in the object’s rest frame. However, due to the finite

bandwidth of filters, it is necessary to apply a K-correction function when comparing the

measurements of objects at different redshifts.

2.4.2.1 K-correction

The K-correction accounts for bandwidth-smearing and spectral features that pass through

the observed band. It therefore depends on the shape of the filter in question, the typical
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SED for that population of objects, and the redshift. It is then possible to calculate the

K-corrected absolute magnitude for an object at any redshift. Equation 2.5 then becomes

M = m− 5 log10(DL/10 pc)−K(z), (2.6)

with the K-correction, K(z), given by

K(z) = 2.5 log10[1 + z] + 2.5 log10

[ ∫
F (λ′)S(λ)dλ∫

F (λ′/(1 + z))S(λ)dλ

]
. (2.7)

The flux, F (λ), is in units erg s−1 cm−2 Hz−1 and S(λ) is the reference filter’s response

function [Hogg et al. 2002, Oke and Sandage 1968]. In this work, the reference filter is for

the i band, and interpolations are calculated at 1 Å intervals. (A reminder that this is the

original i1 filter used by the CFHTLS, whose transmission function is closer to that of the

SDSS i-filter, rather than the i2 filter of the CFHTLS.) The redshift, z, that I use is the

Colour-z value calculated in Section 2.4.1.1, and the same quasar spectrum [Hewett et

al., in prep.] is used for determining the K-correction, and thus the K-corrected absolute

i-band magnitudes (Mi) of my quasar sample.

For comparison, the calibration of the SDSS Data Release 9 Quasar (DR9Q) catalogue

[Pâris et al., 2014] followed Richards et al. [2006a], who use a power-law spectral index

of α = −0.5 as the basis of their quasar SED. I note that the quasar spectrum used in

my study is much bluer, closely following a power-law with α = −0.25. This may be

explained by existing models being empirically-derived from quasar samples of varying

AGN fractions. That is, a greater proportion of the light originating from the host galaxy

will lead to a reddening of the resultant spectrum. This is further pronounced for low-

redshift objects, which dominate the SDSS catalogue. I therefore proceed with the model

spectrum provided by Paul Hewett, as this is more suitable for the Gold quasar sample.

Doing so also maintains consistency with the Colour-z values used.

2.4.2.2 The final quasar sample

To help finalise the quasar sample, I use the redshift probability distributions to calculate

the probability distribution for Mi per quasar. I then impose the criterion Mi ≤ −22,
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a magnitude cut that approximately splits quasars from Seyfert galaxies [e.g. Schneider

et al., 2003]. I find one quasar has no part of its redshift probability distribution with

Mi < −22, and so this object is removed from the sample. The properties of the final 74

quasars are given in Table 2.6. They are used for the remainder of this chapter and the

analysis in Chapter 3 (Figure 2.8).

61 of these 74 objects are beyond z = 1 and brighter than Mi = −22, demonstrating

the effectiveness of VIDEO+CFHTLS in detecting quasars. However, some of the objects

may have an incorrect Mi, arising from an incorrect Colour-z. This is why it is important

to note that I take this into account via my sampling of the photometric-redshift proba-

bility distribution. For example, the fraction of simulated objects that have Mi ≤ −22 is

used to weight the Gold quasars when analysing their radio emission in the next section.

In Figure 2.9 I also show the KS-band magnitude distribution of the final 74 quasars. Note

that the majority are indeed in the range 19.0 ≤ KS ≤ 21.5, as previously mentioned in

Section 2.2.1.

To understand the proportion of the total quasar population that I have selected

with my criteria, I use the quasar luminosity functions of Croom et al. [2009]1. These

are integrated over the redshift range of the final Gold sample, 0.5 ≤ z ≤ 3.1 (Fig-

ure 2.8), for objects brighter than Mg(z = 2) = −22.8, which corresponds to my cut

of Mi(z = 0) = −22.0. Using the luminosity dependent density evolution (LDDE) and

luminosity evolution + density evolution (LEDE) models as lower and upper limits, re-

spectively, these luminosity functions predict there to be between 338 and 381 quasars

over 1 deg2. My sample is therefore approximately 20% complete.

2.5 Conclusions

In this chapter I have described a robust method for the selection of RQQs in the VIDEO

survey [Jarvis et al., 2013].

1. By applying a morphology cut and combining AGN template fitting with photom-

etry, a region within gJKS colour space is defined that successfully selects Type-1

1Note that the value given in table 4 of Croom et al. [2009] should be log10(Φ∗
0) = −5.99 ± 0.07 (S.

Croom, private communication).
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Figure 2.8: The distribution of photometric redshifts (Colour-z) and K-corrected absolute
i-band magnitudes for the final 74 Gold quasars with Mi ≤ −22 (contour interval=10),
determined using the full redshift probability distributions.

18 19 20 21 22

KS

0

1000

2000

3000

4000

5000

6000

7000

8000

N
u
m
b
er
co
u
n
t

Figure 2.9: The KS-band magnitude distribution for the final 74 Gold quasars, for those
that have Mi ≤ −22 generated from sampling the redshift probability distribution.
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(i.e. unobscured) quasars. These make up my ‘Gold’ candidate quasar sample, which

(following an absolute i-band magnitude cut, Mi ≤ −22) comprises 74 quasars.

2. For follow-up, I use optical spectroscopy from both the SALT and VVDS, which

provides accurate redshifts for 26% of the Gold objects. My photometric redshifts

are shown to be reliable, with σ∆z/(1+z) = 0.046 when calculated across the quasars

with spectroscopic redshifts.
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3

Analysis of the quasars selected

using VIDEO

“I’m scanning all my radars, well she said she’s from a quasar,

forty thousand million light-years away”

– Jamiroquai, Cosmic Girl

In this chapter I explain the methods I use to investigate the radio emission from

the quasar sample described in Chapter 2. This work extends the previous studies of

Kimball et al. [2011] and Condon et al. [2013], who use photometry and spectroscopy

from the relatively shallow SDSS. The quasars in my sample are selected from much

deeper and narrower optical and near-infrared surveys, and here I determine whether

there is evidence for star formation in the quasar hosts, as a function of redshift and

absolute i-band magnitude. In Section 3.1 I analyse the radio emission from the quasar

sample, both by stacking and by adopting a parametric description of the radio source

counts for the quasars. I then discuss the origin of the emission in radio-quiet quasars,

and present conclusions in Section 3.2.
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3.1 Radio emission from radio-quiet quasars

3.1.1 Radio flux-density measurement

To obtain the radio properties of the RQQs in my sample, I initially performed a stacking

analysis. I used 1.4 GHz flux densities extracted from the VLA–VIRMOS Deep Field

map [Bondi et al., 2003] on a single-pixel basis, at the positions of the quasars. Due

to the conversion from right ascension and declination to an integer pixel number, the

positional error of the quasar associated with the chosen pixel is 1.5 arcsec for both co-

ordinates. This error is comparable to the angular size of the objects in question, but

deemed negligible given the 6-arcsec resolution of the data.

The mean and median radio flux-density values obtained at the positions of the Gold

objects are shown in Table 3.1, noting that the radio map has an average rms noise of

17.5µJy [Bondi et al., 2003]. In order to take the noise variation across the map into

account, a random sample is also created, using pixels between 17 and 42 arcsec away (in

a random direction) from each Gold quasar position. This was to ensure that the new

position was well outside the synthesised beam covering the Gold candidate position (i.e.

more than two beam sizes away), and so avoid any possible correlation in the flux values.

Also, using a fixed direction would have introduced a systematic error due to artefacts

arising during the radio imaging process, caused by the 6-order symmetry of the VLA’s

u− v coverage. Repeated 1000 times per Gold candidate, this method ensures that all of

the random pixels lie within annular loci, centred on a Gold position.

The fraction of negative flux density values is an indication of the level of non-

detections, and is significantly lower for the Gold positions than the random positions

(Table 3.1). Since the Gold quasar candidates are part of a clean sample, their median

radio flux density being higher than that for the random positions is expected. Figure 3.1

shows flux-density histograms for the quasars and the random positions, and clearly shows

a positive tail in the case of the former, reinforcing the evidence for excess radio emission

at the positions of the quasars. Within this tail are 10 objects with detections at > 3σ,

one of which is above 1 mJy and appears in both the FIRST and NVSS catalogues [White

et al. 1997; Condon et al. 1998]. Assuming a typical spectral index of α = −0.7 (where
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Figure 3.1: Radio flux-density distributions, with the blue (solid) histogram corresponding
to the Gold QSOs. The red (dashed) histogram corresponds to the random sample, where
the fluxes are extracted from pixels 17 to 42 arcsec away from the Gold QSO positions.
(Their number counts have been scaled to aid comparison.) The green, dashed lines
demarcate the mean noise level of the VLA map, at ±17.5µJy. Two curves represent
the distributions for simulated flux densities (see Section 3.1.3), where the radio number
counts for the quasars is modelled by a power-law (black, dotted line) or a Gaussian-plus-
power-law (purple, dash-dotted line). Note that there are two brighter Gold quasars that
have radio flux densities outside of the plot range.

Sν ∝ να), this is the only quasar in the sample that is ‘radio-loud’, according to the

definition of L8.4 GHz > 1025 W Hz−1 [Hooper et al., 1996]. It also satisfies the criteria for

radio-loudness defined by Kellermann et al. [1989] and Miller et al. [1990]. However, I

reiterate that these are arbitrary boundaries, and although the emission process may be

physically different, I continue to include this object in my analysis.

Lastly, although the single-point statistics presented are interesting, it must be re-

membered that stacking leads to a loss of information and it is far more informative to

study the entire flux-density distribution [e.g. Mitchell-Wynne et al. 2014].
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3.1.2 Statistical detections of radio emission

The majority of objects from my quasar sample have radio emission that is below the 1-σ

flux-density limit of the VLA map. Therefore I analyse the radio flux distribution of the

quasars to determine whether or not there is a statistical detection of significant radio

emission. Figure 3.1 indicates there is, but to investigate this quantitatively a two-sample

Kolmogorov–Smirnov (KS) test is used. This tests the null hypothesis that the Gold

quasar sample and the flux-density measurements at random positions are drawn from

the same underlying distribution. I find a KS statistic of D = 0.42 and p-value = 10−12.

Therefore the null hypothesis can be rejected, confirming an excess of radio emission for

the Gold sample.

I take the analysis a step further by investigating whether the excess radio emission

from quasars persists at all redshifts. The 74 quasars in the Gold sample, from Sec-

tion 2.4.2, are binned in a probabilistic manner by splitting the simulated objects (derived

from the Colour-z PDFs and subjected to a Mi = −22 magnitude cut) into four redshift

ranges. The frequency with which a quasar appears in each bin is recorded, and this is

then used to weight the number count distribution for the quasars across the redshift bins.

The number counts for the random flux densities, corresponding to a particular quasar

as they are (again) constrained to lie between 17 and 42 arcsec away, are weighted in the

same way. To create a Gold subsample for each bin, a number of simulated objects are

randomly selected according to how many of the original 74 quasars are sampled within

that bin. For the corresponding random subsample, 1000 random positions are selected

per Gold object. A KS test is then carried out between the redshift-based subsample

and the measurements at random positions, and the procedure repeated 1000 times. The

results are shown in Figure 3.2 and Table 3.2 and indicate that, for each of the redshift

bins, the null hypothesis can be rejected. That is, there is excess radio emission from the

quasars at all redshifts.

The Gold quasars were then binned separately by their absolute i-band magnitude,

using the same probabilistic procedure with regard to the simulated objects. As before,

the ranges of these 4 bins were set so that there was roughly the same total number of

simulated objects in each. The median p-values, calculated from 1000 KS tests between
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Figure 3.2: The flux-density distribution of Gold quasars (blue histograms), subject to a
Mi ≤ −22 cut, binned according to redshift (left column) and absolute i-band magnitude
(right column). To compare with the intrinsic radio noise properties, the flux-density
value was also measured at random positions, confined to lie between 17 and 42 arcsec
away from each quasar position (red, hatched histograms, scaled to aid comparison).
The dashed green lines are at ±17.5µJy, the mean rms noise (i.e. 1σ) level of the VLA
map [Bondi et al., 2003]. The positive offset of the quasar histogram from the random
distribution indicates a statistical detection of faint radio emission. The median p-value,
resulting from 1000 KS tests between the Gold and random subsamples, is given for each
bin (Table 3.2).
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Table 3.2: Mean and median radio flux densities for the quasars in the Gold sample,
binned by redshift and separately by absolute i-band magnitude. The number of different
quasars appearing in each bin is used to calculate the uncertainties. The error in the
median flux is the median absolute deviation (MAD), which reduces the effect of outliers
in the distribution. ‘Negative fraction’ refers to the number of flux-density values that are
negative. 1000 KS tests are performed per bin, with the median of the resulting p-values
quoted here.

Bin range Median flux Mean flux Negative Median
(µJy) (µJy) fraction p-value

0.0 ≤ z < 1.7 17.3± 9.8 22.5± 8.0 0.14 10−12

1.7 ≤ z < 2.1 19.9± 12.0 38.8± 10.0 0.12 10−18

2.1 ≤ z < 2.4 18.8± 13.9 34.2± 12.7 0.19 10−14

2.4 ≤ z < 3.1 15.6± 17.6 155.9± 66.7 0.25 10−8

−27.5 ≤Mi < −24.5 40.8± 32.9 197.6± 105.5 0.06 10−11

−24.5 ≤Mi < −23.5 19.4± 14.4 34.7± 9.9 0.14 10−12

−23.5 ≤Mi < −23.0 13.3± 13.8 11.8± 3.2 0.29 10−7

−23.0 ≤Mi < −22.0 14.8± 8.3 13.2± 4.2 0.21 10−8

the Gold and random distributions for each Mi bin, are also shown in Figure 3.2 and in

Table 3.2. I find evidence to reject the null hypothesis, at the �99.99% confidence level,

for each of the bins in absolute i-band magnitude.

Using the individual flux-density measurements and the redshift probability distribu-

tions to calculate the distribution in L1.4 GHz and Mi, Figure 3.3 shows the radio luminosity

against the absolute i-band magnitude. To perform a correlation test, I randomly select

one simulated object per Gold quasar (resulting in a total of 74 simulated objects for each

test) and repeat the process 1000 times. A strong correlation is found, with a median co-

efficient of r = −0.4±0.0 and median p-value = 10−4. The trend remains when I consider

only the objects that have a flux that is above the rms noise level, with S1.4 GHz > 17.5µJy

(dark-blue triangles in Figure 3.3). The apparent ‘smearing’ of the data points is due to

slightly different values of L1.4 GHz and Mi arising from the redshift probability distribu-

tion for the quasars (Section 2.4.1.1). If I only use L1.4 GHz and Mi as derived from the

best-fit photometric redshift, Colour-z, a correlation test for the 74 quasars results in

r = −0.2 and p-value = 10−1. 18% of simulated objects (that survived the Mi < −22

cut) are missing from Figure 3.3, due to them having a negative flux value extracted from

the VLA map. However, the binned median values and associated error bars (in black)

do include quasars with negative fluxes. The resulting negative values of L1.4 GHz are also
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Figure 3.3: Radio luminosity against absolute i-band magnitude for my sample of quasars.
Dark-blue triangles are simulated objects (based on the photometric-redshift probability
distributions) with S1.4 GHz > 17.5µJy (i.e. > 1σ), and light-blue circles are those below
this radio flux threshold. Overplotted in black are the median luminosities derived for
these objects, binned in Mi. The horizontal error bars indicate the ranges of the Mi bins
(Table 3.2), and the ordinate error bars represent the uncertainties on the median radio
luminosities.

used for the correlation test, meaning the sample is not flux-limited in the radio and the

trend seen is real.

This correlation between the optical luminosity, which is dominated by thermal emis-

sion from the accretion disc, and the non-thermal radio emission has previously been

found for radio-loud quasars [e.g. Serjeant et al. 1998; Fernandes et al. 2011; Punsly

and Zhang 2011], and has been used to infer that the jet-production process is related

to the accretion rate, but with black-hole spin playing an important role [e.g. Punsly,

2011; Tchekhovskoy et al., 2011]. However, at the lower radio luminosities observed in

this sample, I cannot rule out that such a trend is due to the various correlations between

black-hole mass, stellar mass and star-formation rate [e.g. Noeske et al., 2007].

3.1.3 Quasar-related radio source counts

In this subsection I follow the work of Kimball et al. [2011] and Condon et al. [2013] and

investigate the shape of the radio source counts due to quasars. To parameterise the radio



69

background as I probe to lower flux densities, it is necessary to understand the individual

contributions from various populations. For example, in the semi-empirical simulation of

Wilman et al. [2008, 2010] the number counts of extragalactic objects are broken down

into radio-loud and radio-quiet AGN, star-forming galaxies, and starbursts.

In Figure 3.4 I show the contribution to the radio source counts from my Gold quasar

sample using the measurements discussed in Section 3.1.1. The counts are brightness-

weighted so that the product, S2n(S), is proportional to the contribution by sources,

within each logarithmic bin in flux density, to the sky-background temperature [Condon

et al., 2012]. Below 1 mJy I find that a ‘bump’ appears in the number counts, as opposed

to a single power-law to lower radio flux densities. Such a bump has also been found

in studies based on the SDSS [Kimball et al. 2011; Condon et al. 2013] and has been

attributed to star formation in the quasar host-galaxy in both cases. In this subsection

I quantify the bump in terms of different parameterisations of the measured radio flux-

density distribution, and then explore whether the radio emission is due to star formation

or related to the accretion process in Section 3.1.4.

To fit the shape of the radio source count contribution from the Gold quasar sample,

I need to impose the same survey flux-density limit as the radio data. To begin with, a

simulated catalogue is created by drawing fluxes from a function of S2n(S) that follows a

particular power-law (see below). Then noise, with rms = 17.5µJy, is incorporated into

the simulated fluxes by adding the flux from randomly-selected pixels of the VLA map

used in Section 3.1.1. Effectively I have injected the model fluxes into the radio map and

then re-extracted the resultant flux value. This accounts for any small non-uniformity in

the noise distribution.

Next, for different combinations of the prescribed slope (α) and normalisation (c) of the

power-law, a chi-squared (χ2) test is performed between the data and the simulated flux

distribution. For this I normalise the simulated distribution so that the total number of

objects is 74, to match the size of the quasar sample. A minimum in the χ2 value (reduced

χ2
min = 6.2) is found for the combination of α = 0.89 ± 0.01 and c = 14000 ± 1000, and

the distribution produced by this power-law model is shown by a black, dotted line in

Figure 3.1. It appears significantly different to the flux-density distribution of the quasars,
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and this is confirmed by a KS test of the two distributions producing a p-value of 7×10−5.

With no evidence that the simulated fluxes are drawn from the same distribution as the

quasar fluxes, I conclude that a power-law is an inadequate description of the number

counts.

I adjust my model by adding a Gaussian contribution to the power-law, and use this to

create alternative simulated catalogues. The prescribed function of S2n(S) is then given

by

log10[S2n(S)] = log10[cSα] + A exp

(
log10[S]− µ

2σ2

)
. (3.1)

Minimising the χ2 value for the data and the resulting simulated flux-density catalogue

(reduced χ2
min = 3.2), the best-fit model is described by α = 1.04±0.01, c = 26000±2000,

A = 0.5 ± 0.1, µ = −4.9 ± 0.1, and σ = 0.5 ± 0.1. This gives p-value = 0.3 when a

KS test is performed between the simulated distribution and the measured radio flux

density of the quasars. This indicates that the distribution arising from this power-law

plus Gaussian model is indistinguishable from that of the quasars, and can be seen by

comparing the purple, dash-dotted line to the blue histogram in Figure 3.1. Furthermore,

the corresponding contribution to the radio source counts for this model is shown in

Figure 3.4 (red triangles). Note that they do not follow the purple, dash-dotted line

(due to e.g. some objects having negative fluxes, and some objects being shifted between

adjacent bins even at the bright end) but do overlap with the real data, thereby illustrating

the effect of the noise on the shape of the number counts. This is particularly prominent

below log10[S1.4 GHz] = −4.8, where the data and the simulated fluxes are within the 1-σ

noise of the VLA radio map (shaded region of Figure 3.4). In addition, the relatively

small survey area that I use (1 deg2) leads to only one Gold quasar in the bins at each

end of the flux-density distribution, and the addition of the noise is the dominant reason

why these objects are boosted into the brighter flux bins, from the more well-populated

regions at fainter flux densities. Indeed, this is why I simulate the flux-distribution based

on the model with the noise from the radio map included, to ensure a fair comparison

between model and data.

The Gold quasars presented in this thesis exceed the SDSS quasar counts by Condon

et al. [2013], as shown by the offset between my data points and their power-law fit
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Figure 3.4: The brightness-weighted counts of the Gold quasars (blue dots with error
bars), relative to the power-law fit (red, solid line) by Condon et al. [2013]. The equation
of their fit is S2n(S) = (12.9 ± 1.0) × S0.99±0.02 Jy sr−1. The prescribed number counts
(purple, dash-dotted line) for our simulated points is created by adding a Gaussian to a
power-law, as described in Section 3.1.3. It does not include the noise contribution later
added to create the simulated fluxes (red triangles, slightly offset to show the extent of the
error bars). A power-law only model (dotted, black line) is also illustrated. Overplotted
are the number counts for RQQs simulated by Wilman et al. [2008], with and without
the addition of noise from the VLA map [Bondi et al., 2003]. The shaded region indicates
the region fainter than the 1σ rms flux-density of the radio data, and so the data points
corresponding to S1.4 GHz < 17.5µJy (unfilled symbols) should be treated with caution.
Because log-log space is needed to display the data clearly, Gold quasars that have a
negative flux density do not appear in the plot. The error bars are Poissonian, depending
only on the number of objects appearing in a particular logarithmic bin, ∆ logS = 0.643.
(All points are plotted at the centres of the logarithmic bins.)
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(Figure 3.4). This is because I include much fainter optically-selected sources, by 6 orders

of magnitude in the r band, and do so over a redshift range of 0.5 < z < 3.1 rather than

1.8 < z < 2.5. Some authors have suggested that, if the radio emission is due to accretion,

then the power-law used to describe the brightness-weighted number counts above 1 mJy

should simply extend to lower luminosities. Therefore, any deviation away from this must

indicate the presence of radio emission from an alternative process, e.g. star formation

[Hopkins et al. 1998; Kimball et al. 2011]. However simulations by Wilman et al. [2008]

show that, even when considering the AGN population alone, a distinct ‘bump’ is seen

in the number counts. This is because the relation between accretion rate and radio

luminosity for radio-quiet quasars may not follow the same scaling relations that are

applicable to the radio-loud objects [e.g. Willott et al. 1999; Jarvis et al. 2001; Fernandes

et al. 2011]. This may be further accentuated by an emergent star-forming population,

and so a combination of the two should be considered.

For my quasar sample, a bump in the number counts is evident below 1 mJy, and is in

agreement with the work of Condon et al. [2013]. As another check with the literature,

I perform the same procedure outlined earlier in this subsection using the source counts

for radio-quiet quasars as simulated by Wilman et al. [2008]. That is, their model fluxes

are injected into the VLA map and then re-extracted, in order for them to have the same

noise properties as the real data and simulated fluxes. Since I cannot impose the same

criteria used for my quasar selection, as the simulations do not include reliable absolute

magnitudes at optical wavelengths, I simply adjust the normalisation of the resulting

number counts (green, dashed line and blue, dash-double-dotted line in Figure 3.4), em-

phasising my interest in the shape alone. Both the Gold quasars (blue dots) and the

simulated fluxes (red triangles) incorporate the noise properties of the radio map, and so

both datasets should be compared with the blue (dash-double-dotted) line. I find excellent

agreement between my data points and the unobscured RQQs modelled by Wilman et al.

[2008], indicated by their overlap within the Poissonian error-bars. Wilman et al. [2008]

used the empirical relation between X-ray luminosity and radio luminosity for a sample

of RQQs, coupled with the X-ray luminosity function to determine the radio luminosity

function, and therefore the source counts of the RQQ population. Consequently, such a
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comparison does not necessarily imply that the radio emission is related to the accretion

process, because more luminous AGN are more likely to be powered by more massive black

holes that reside in more massive galaxies. These massive galaxies also have a larger gas

reservoir from which stars can form, and so generally have higher star-formation rates.

The strong correlation between stellar mass and star-formation rate is in fact observed

over multiple decades in stellar mass, and is known as the star-formation main sequence

[Noeske et al., 2007]. ‘Normal’ star-forming galaxies are found to lie along this sequence,

whilst starbursts lie above the relation. Therefore, I further investigate the possibility

that the radio emission from the RQQs is due to star formation.

3.1.4 Radio emission from AGN or star formation

To explore the origin of the radio emission for my sample, I use the VIDEO survey to

create large samples of quiescent galaxies at similar redshifts to the quasars. This is to

determine whether there is excess radio emission from the quasars compared to ‘normal’

galaxies of similar mass. Constructing a sample of galaxies that is matched in stellar

mass to the quasars is problematic given that the quasar nucleus outshines the host

galaxy, thus rendering direct measurements difficult without deep space-based imaging.

I therefore adopt an approach whereby I use the observed relation between black-hole

mass, MBH, and stellar mass, M∗, from Bennert et al. [2011], MBH ∝ Mα
∗ (1 + z)β where

α = 1.12 and β = 1.15. This is quite a moderate evolution compared to other studies [e.g.

McLure et al., 2006; Peng et al., 2006]. I also compare this to the case where I assume no

redshift evolution in the relation (β = 0.00). Rather than calculating the black-hole mass

for each quasar, which would require complete spectroscopy that includes either Civ1549,

Mgii2799 or Hβ4861 broad lines [Wandel et al. 1999; McLure and Jarvis 2002; Vestergaard

2002], I adopt two fixed black-hole masses of 108 and 109 M�, and calculate the stellar

mass of the host according to the MBH–M∗ relation.

The stellar masses of the normal galaxies are determined by the VIDEO team, using

photometric redshifts from Le PHARE, in combination with stellar population synthesis

models of Bruzual and Charlot [2003] (see Johnston et al. [in prep.] for more details).

The galaxies are then matched to the quasars in both redshift (z ± 0.1) and stellar mass
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(M∗±0.3 dex) using the full probability distributions in redshift and absolute magnitude,

to produce four control samples. For a fair comparison, the Gold quasars are weighted

according to the same probability distributions, using the fraction of simulated objects

that are brighter than Mi = −22. With all four control samples, 1000 KS tests are

then performed, each time having randomly selected 74 galaxies that are matched to

the quasars. Assuming MBH = 108 M�, multiple KS tests show that the underlying

distribution of radio flux density for the quasars and galaxy control sample is significantly

different, with median p = 10−4 and 10−3, with and without evolution in the MBH–M∗

relation, respectively (Table 3.1 and Figure 3.5). Also, the median flux density of the

galaxies is much lower than that of the Gold quasars, for both scenarios. I therefore

find evidence for excess radio emission from the quasars, independent of whether or not

I assume redshift evolution in the MBH–M∗ relation.

Next I study the control sample created using MBH = 109 M� and MBH–M∗ evolution.

The median flux density is higher for these matched galaxies compared to those of the first

control sample in Table 3.1, as would be expected for galaxies lying on the star-formation

main sequence [Noeske et al., 2007]. As a result the p-value is also larger, indicating that

the radio output from these matched galaxies is more significant relative to the quasars’

emission. However, the median for this control sample is still below that of the Gold

quasar sample, suggesting that emission from the quasars remains in excess. In the case

of no redshift evolution in the MBH–M∗ relation, the p-value shows the quasar and galaxy

flux distributions to be distinct, but this time the median flux from the galaxies does

exceed that of the Gold quasars. This suggests that, for quasars hosted by the most

massive galaxies, star formation could be the cause of the radio emission.

However, any evolution in the ratio between MBH and M∗ weakens the case for star

formation in the quasar hosts. Furthermore, it is unlikely that the majority of the quasars

have 109 M� black-hole masses, given the shape of the black-hole mass function (BHMF)

[e.g. McLure and Dunlop 2004; Vestergaard and Osmer 2009]. Additional BHMFs are

collated in the review by Kelly and Merloni [2012], showing that 108 M� black holes

outnumber 109 M� black holes by a factor of ∼10–20, throughout the redshift range

0 < z < 3. Although I could use a realistic black-hole mass distribution for my analysis,
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Figure 3.5: Radio flux-density distributions, with the blue histograms corresponding to
the Gold quasars. These have been weighted according to the fraction of simulated objects
that are brighter than Mi = −22. (As in Figure 3.1, two Gold quasars have radio fluxes
outside of this plot range.) The red (hatched) histograms correspond to a control sample,
where one galaxy has been matched in z and M∗ for each simulated object, again having
Mi ≤ −22. The stellar masses are estimated assuming that the quasar has MBH = 108 M�
(upper panels) or MBH = 109 M� (lower panels). Whether or not redshift evolution in the
MBH–M∗ relation is used for this calculation is indicated by the value of β; For evolution
we use β = 1.15 (left panels), from the work of Bennert et al. [2011], whilst β = 0.00 (right
panels) corresponds to zero evolution. The median p-value, from 1000 KS tests between
the Gold and control galaxy samples (Table 3.1), is quoted in the top-right corner of each
panel, and the green, dashed lines demarcate the mean noise level of the VLA map, at
±17.5µJy.
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rather than a single fixed black-hole mass, I choose not to do so as this would add another

layer of complexity. By simply using assumed values, I can more clearly see the impact

of the black-hole mass when investigating the origin of the radio emission in RQQs. In

addition, most work in the literature uses data from the SDSS to study the BHMF,

rather than quasars selected to the same depth as my sample. Therefore I would expect

my quasars to have, on average, lower-mass black holes.

Star formation in the host galaxies of quasars has also recently been studied by several

authors. Bonfield et al. [2011] used a sample of SDSS quasars and data from the Herschel–

ATLAS [Eales et al., 2010] to show that the star formation is correlated to the quasar

accretion luminosity as well as the redshift. In a similar study, Rosario et al. [2013]

find that the star formation properties of quasars are consistent with a model where

the host galaxy lies on the star-formation main sequence [Noeske et al. 2007; Whitaker

et al. 2012]. These are both based on the assumption that the AGN emission dominates

the optical light and does not make a strong contribution to the far-infrared, which is

used to calculate the star-formation rate. In addition, support for radio emission from

quasars being related to star formation is provided by recent results on sub-mJy radio

source populations [Padovani et al., 2014], although I note that the AGN in the study of

Padovani et al. are generally much fainter optically than the quasars considered here.

I therefore further investigate the origin of the radio emission in my quasar sample

by comparing two independent estimates of the star-formation rate. The first estimate

uses the 1.4 GHz flux extracted from the VLA map, and uses the relation between radio

luminosity and SFR, as quantified by Yun et al. [2001] for a sample of IR-selected galaxies.

A second estimate of the SFR is based on the assumption that the quasar host-galaxies

lie on the star-formation main sequence, as found by e.g. Karouzos et al. [2014]. Of

course this may not be the case for the quasars in my sample, whose radio emission

may instead be due to starbursts, but it is a suitable first approximation. For this I

use the redshifts (simulated from the photometric-redshift probability distributions) and

typical black-hole masses for a quasar (108–1010 M�) to estimate the total stellar mass, as

previously described. (An insufficient number of galaxies in the VIDEO catalogue could

be matched to the quasars when assuming MBH = 1010 M�, and so this control sample
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was not created for the previous investigation.) These stellar-mass estimates are then

combined with the finding that SFR ∝ M0.6
∗ [Whitaker et al., 2012], which describes the

redshift evolution of the star-formation main sequence. The distribution in the SFRs are

presented in Figure 3.6, with the mean and median values for each distribution provided

in Table 3.3. To further aid comparison, these SFRs are represented by contours in

Figure 3.7, effectively acting as probability distribution functions for a particular black-

hole mass.

There is a mismatch between the two sets of star-formation rates calculated for the

simulated objects associated with the final 74 quasars (Figure 3.7), independent of whether

the MBH–M∗ relation is evolving or not. Quasars are most likely to have black-hole masses

of 108 < MBH < 109 M� [e.g. McLure and Dunlop, 2004], but the SFR implied by their

stellar mass indicates that this is an order of magnitude lower than expected from the

radio emission. Indeed, if there is evolution in the MBH–M∗ relation, the quasars would

need to have MBH ≈ 1010 M� in order for their SFRs to have a one-to-one correspondence

(lying on the dashed line). Assuming no evolution, the black-hole mass would need to be

> 109 M� if I am to explain the total radio emission as due to star formation alone. Note

that only objects with positive radio fluxes appear in Figure 3.7. However, this is taken

into account by the median and mean SFRs that are also shown, as all objects were used

for their calculation.

Therefore, either the assumption that the quasar hosts lie on the SF–mass sequence

is incorrect, and the quasars reside in starburst galaxies, or the AGN is contributing a

significant fraction towards the radio flux. I argue that the latter is the most probable

explanation because, based on work using far-infrared data [Bonfield et al., 2011; Rosario

et al., 2013], it is unlikely that the quasar host-galaxies are undergoing massive starburst

activity.

As mentioned earlier, the selection criteria I use to create my sample mean that I am

biased towards the brightest quasars (with high accretion rates/high black-hole masses)

and the faintest host galaxies (possibly with low stellar mass). Since these objects are

best-fit by a Type-1 quasar template, and dust has less of an effect in the KS band,

obscuration is unlikely to be the reason for the faintness of the host galaxy in the optical
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and near-infrared bands. Instead, these objects may have low stellar mass and therefore

low star-formation rates, and so I would expect there to be less radio emission due to star

formation as a result of my selection.

On a similar note, it may seem inappropriate to apply the standard MBH–M∗ rela-

tion, given the biases described above and my selection of only 20% of the total quasar

population (see end of Section 2.4). By doing so, for each assumed black-hole mass, I

may in fact be overestimating the stellar mass. Consequently, the SFR of the host is also

overestimated, and the true proportion of radio emission due to accretion would be even

greater. Kimball et al. [2011] and Condon et al. [2013] use SDSS-selected quasars, which

are also biased towards high accretion and low galaxy mass, albeit not to the same degree

as my sample. (This is because my selection is strongly dependent on the KS band, where

the host galaxy and quasar emission are generally more comparable, relative to selection

at optical wavelengths.) I also note however, that if the relation between optical luminos-

ity and radio luminosity shown in Figure 3.3 is due to the accretion process then I would

expect a greater degree of AGN-related radio emission in the SDSS samples. Therefore

carrying out the same analysis for their quasars would also lead to an overprediction of the

amount of radio emission due to star formation. Thus my conclusions, that the accretion

process is the primary origin of the radio emission at S1.4 GHz < 1 mJy, are strengthened.

3.2 Conclusions

As we probe to lower radio luminosities, it is vital that we fully appreciate the various

populations contributing to the radio background. Of particular importance are star-

forming galaxies and radio-quiet quasars (RQQs). These two types of sources may be

confused for one another, owing to the similar amount of low-level radio emission they

produce. They may even be composite, having both ongoing star-formation and black-

hole accretion. To disentangle the two, and understand their roles in galaxy evolution,

these objects must be better studied.

1. Using a probabilistic method to bin the Gold quasars by redshift, and separately

by absolute i-band magnitude, two-sample Kolmogorov–Smirnov (KS) tests were
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performed to compare the radio flux-density distribution of the quasars with that

of random positions. The results show that there is an excess of radio emission,

at the �99.99% confidence level, for quasars belonging to each of the redshift and

luminosity bins. I also find a trend across the Mi bins, with higher radio luminosity

correlating with increased optical luminosity. This provides indirect evidence for a

relation between the accretion process and the source of the radio emission.

2. By comparing the radio flux-density distribution for the Gold quasars with that

for control galaxies matched in redshift and stellar mass, I find that the quasars

have excess radio flux when assuming the most reasonable values of black-hole mass

(∼ 108 M�), independent of whether I adopt an evolution in the black-hole mass –

stellar mass relation. Star formation could explain the radio emission for quasars

with the most massive (∼ 109 M�) black holes, only if there is very little or no

evolution in the MBH–M∗ relation. This indicates that accretion is the primary

origin of the quasars’ total radio emission.

3. The contribution to radio source counts from quasars cannot be described by a

power-law alone, due to a ‘bump’ appearing below 1 mJy. I find that a power-law

plus Gaussian model for the source count distribution reproduces the behaviour

over the range −4.8 < log10[S1.4 GHz] < −2.5. I also find that such a source count

distribution is in good agreement with the source-count model for unobscured RQQs,

as simulated by Wilman et al. [2008]. The appearance of this feature is consistent

with previous work in the literature [e.g. Kimball et al. 2011; Condon et al. 2013].

These authors suggest that star formation in the hosts of RQQs is the source of

the radio emission. I make two independent calculations of SFR, one based on the

expected stellar mass of the quasar’s host galaxy, and the other using the radio

luminosity. A comparison of the two indicates that the AGN in these RQQs are

making the dominant contribution to the total radio emission. Although I cannot

rule out the possibility that the host galaxies are undergoing starburst activity,

I note that studies using far-infrared data from Herschel appear to rule out such

prodigious star formation in quasar hosts.
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Sample definition & JVLA data

reduction for z ∼ 1 quasars

“With great bandwidth comes great sensitivity”

– Uncle Rick, adapted from Spider-Man

In the previous chapter, my analysis on the origin of the radio emission was done

statistically, with SFRs derived from stellar-mass estimates and directly from the radio

luminosity. As discussed, the host galaxy is outshone by the AGN, making it difficult to

determine the stellar mass. In the following piece of work (Chapters 4 and 5), for an-

other sample of RQQs, I instead utilise Herschel photometry to calculate an independent

measure of the SFR. In the far-infrared, light is dominated by thermal emission from the

cool dust associated with star formation, with negligible heating from the AGN [Rowan-

Robinson 1995; Genzel and Cesarsky 2000]. Further advantages of using this particular

sample, described in Section 4.1, are that the RQQs are all at z ∼ 1 (thereby minimising

evolutionary effects) and have been selected to span a factor of ∼ 100 in optical luminosity

(enabling the luminosity-dependence of any correlations to be studied). In addition, this

work exploits the improved sensitivity of the Karl G. Jansky Very Large Array (JVLA),

with the reduction of these radio observations forming the basis of this chapter. For

reference, I also include the theory behind radio interferometry.

83
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4.1 Sample selection

Investigations that use samples covering a wide redshift range are subject to K-correction

uncertainties and evolutionary effects. Therefore careful study of objects belonging to a

single epoch is an important step towards understanding radio emission due to AGN, and

that due to star formation. These findings, including the way in which properties vary as

function of optical luminosity, can then be incorporated into how the underlying physical

processes evolve over cosmic time.

A sample of 72 RQQs is used for the work presented in this and the next chapter.

These are taken from the Spitzer-Herschel Active Galaxy Survey [SHAGS; Jarvis et al., in

prep.], which includes quasars that are selected from the SDSS using multi-colour criteria.

The quasars are restricted to a thin redshift slice of 0.9 < z < 1.1 (Figure 4.1), so chosen

because: (a) this is the minimum redshift at which there are sufficient high-luminosity

quasars for comparison to bright objects at higher redshifts, and (b) the targets are still

close (i.e. bright) enough that a large sample of them can be studied in a reasonable

amount of time.

The quasars span nearly 5 magnitudes in optical luminosity (1.1× 1011 < Lopt/L� <

9.6×1012), and the FIRST [White et al., 1997], NVSS [Condon et al., 1998], and WENSS

[Westerbork Northern Sky Survey; Rengelink et al., 1997] radio catalogues are used to

identify those that are radio-loud. These are divided into four bins in bolometric luminos-

ity, and a sample is randomly selected such that there are around 20 radio-loud quasars per

bin. The RQQ sample is then created, forced to match the radio-loud quasars in terms of

redshift and bolometric luminosity. Being undetected in FIRST, which has a flux-density

limit of 1 mJy/beam, targeted observations for the RQQs were obtained using the JVLA

(Section 4.2.3), exploiting the greater sensitivity of this instrument compared to the VLA.

4.2 Data

As illustrated in Chapters 2 and 3, it is necessary to have a wealth of ancillary data

available for the AGN in question, allowing various galaxy-evolution processes to be dis-

entangled from one another. Whilst MIR data and X-ray data exist for this sample, in



85

Figure 4.1: Absolute i-band magnitude against redshift for SDSS quasars (red dots),
from which my sample of 72 RQQs is selected. This is done over the redshift range
0.9 < z < 1.1, with radio-loud quasars (blue circles) removed. These are identified using
NVSS, FIRST and WENSS radio surveys. (Figure from Jarvis et al., in prep.)

the form of Spitzer and XMM-Newton observations, I describe below only the datasets

that I use in the current investigation.

4.2.1 Optical: SDSS

Optical photometry (ugriz) from the SDSS is used for the pre-selection of the quasars

[Richards et al., 2002; Schneider et al., 2005], with positions accurate to within 0.2 arcsec.

Follow-up spectroscopy from the fifth data release (DR5) [Adelman-McCarthy et al., 2007]

provides accurate redshifts, and allows absolute magnitudes to be calculated. The band

that I am most interested in for this work is the i band, as this is dominated by thermal

emission from the accretion disc and is less susceptible to dust than bluer bands. The

usual cut of Mi = −22 is used to separate quasars from Seyfert galaxies [Schneider et al.,

2003], although the relatively high redshift 0.9 < z < 1.1 means that Seyferts are already

eliminated from this sample of 72 objects by the SDSS spectroscopic limit.
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4.2.2 Far-infrared: Herschel

To estimate the level of star formation in the quasars, I use 5 far-infrared photometric

bands from the Herschel Space Observatory [Pilbratt et al., 2010]. These are at 70 and

160µm using the Photodetector Array Camera and Spectrometer (PACS) instrument

[Poglitsch et al., 2010], and at 250, 350 and 500µm using the Spectral and Photometric

Imaging REceiver (SPIRE) instrument [Griffin et al., 2010]. The mean 1-σ photomet-

ric uncertainties for the PACS and SPIRE bands are (2.56, 5.27) mJy and (6.29, 5.38,

7.09) mJy, respectively, and the beam sizes range from 5 to 36 arcsec at full-width half-

maximum. The RQQ sample was cross-matched with public data, including fields of

the Herschel Multi-tiered Extragalactic Survey [Oliver et al., 2012], and the remaining

measurements (for 53 of the 72 sources) were obtained as part of a targeted program (PI:

Jason Stevens). All maps were reduced by Eleni Kalfountzou and Jose Manuel Cao Orjales

[Kalfountzou et al., in prep.], using pipelines within the Herschel Interactive Processing

Environment (HIPE).

4.2.3 Radio: JVLA

In 2012, the VLA completed the upgrade of its receivers, and began operations as the

JVLA. For observations done at 1.4 GHz (‘L band’), this means a large improvement

in sensitivity due to the instantaneous bandwidth increasing from 1.3–1.7 GHz to 1.0–

2.0 GHz. Previously, an integration time of 8 hours would be needed to reach a depth of

30µJy/beam [Napier et al., 1983], making targeted observations of large samples unfea-

sible. Using the JVLA, however, 25 minutes per quasar was chosen in order to achieve an

rms noise level of 12.5µJy/beam. In addition to this, 10 minutes per source for overheads

and calibration are required, leading to 42 hours of observations in total (VLA-12B-115,

PI: Jarvis). These were taken between 4th November 2012 and 9th December 2012. Vis-

ibilities are recorded every second for 16 spectral windows, each having 64 channels of

1-MHz bandwidth. The most-extended configuration of the JVLA, the ‘A’ array, is used

to obtain the highest resolution. Its layout of antennae is presented in Figure 4.2, with

each arm extending 21 km in length, creating a maximum baseline of 36.4 km. For the L

band, this results in a synthesised beam that is 1.3 arcsec across.
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Figure 4.2: The JVLA’s A-array configuration, with distances in the X and Y directions
given relative to the centre of the array. The antennae at the centre are those labelled
‘ea05’, ‘ea12’ and ‘ea16’.

4.3 Radio interferometry

When a circular aperture is uniformly illuminated, an Airy diffraction pattern is produced.

This consists of a bright central region, known as the Airy disc, surrounded by numerous

concentric rings of decreasing brightness (Figure 4.3). Two sources of light, each producing

its own Airy pattern, are said to be ‘just resolved’ when the Rayleigh criterion is satisfied.

This is where the peak intensity of one pattern overlays the first null of the other pattern,

as shown in Figure 4.4. The size of the Airy disc is defined by the angle (θ, in radians)

at which the first minimum occurs:

sin θ ≈ 1.22
λ

D
, (4.1)

where λ is the wavelength of observation and D is the diameter of the aperture. When

dealing with small angles, the small-angle approximation sin θ ≈ θ can be made, giving:

θ ≈ 1.22
λ

D
. (4.2)
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Figure 4.3: The geometric set-up, shown in cross-section (left), that leads to an Airy
diffraction pattern (right) when a circular aperture is used. The intensity is indicated
by the grey-scale bar, though note that the scaling has been modified to enhance the
outermost rings. Credit: (left) HyperPhysics c©C.R. Nave, 2012, (right) retrieved from
https://en.wikipedia.org/wiki/Airy disk.

This angle is also referred to as the diffraction limit, and governs the angular resolution

of a single-dish telescope. Due to the scaling with wavelength, larger telescopes (i.e.

larger dish-diameters, D) are needed to maintain resolution at longer wavelengths. For

example, single-dish radio telescopes such as the Lovell Telescope (D = 76 m) and the

Arecibo Radio Telescope (D = 305 m) achieve resolutions of 50–500 arcsec. In order to go

beyond this, so that we can study the sub-arcminute structure of astrophysical objects,

another technique is required: radio interferometry.

4.3.1 Aperture synthesis

Radio interferometry works by using a combination of individual dishes, or antennae,

to synthesise a much larger dish. Hence the term ‘aperture synthesis’. Instead of the

diameter of an antenna, the maximum distance between antennae determines the reso-

lution. This is also called the maximum baseline, bmax, and so Equation 4.2 becomes

θ ≈ 1.22λ/bmax. Starting with the simplest set-up, a two-element radio interferometer

operates much in the same way as Young’s double-slit experiment (Figure 4.5). For a

wavefront incoming at angle θ (Figure 4.6), light arrives at the second antenna after a

time delay of τg, having traversed the extra distance ~b · ~s. This is the ‘geometric delay’

and is corrected for by adding a delay to the voltage signal received at the first an-
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Figure 4.4: The diffraction patterns for two point sources, at the limit where they can be
resolved, thereby demonstrating the Rayleigh criterion, ∆Yi ≈ 1.22λ/D. Credit: Moller
[1988].

tenna. The two signals are then brought together at the correlator, where they undergo

interference via multiplication and integration. The resulting interference fringes are the

telescope’s response function, encoding information about the spatial distribution of the

sky’s brightness.

An outline of the mathematics involved is given below, where the signals received

by the two antennae (V1 and V2) are taken to be quasi-monochromatic at frequency

ν. Angled brackets represent time-averaging, which is carried out by the correlator’s

integrating circuit. The output is then as follows:

r(τg) = 〈V1(t)V2(t)〉, (4.3)

=

∫
v1 cos[2πν(t− τg)]v2 cos[2πνt]dt, (4.4)

=

∫
v1v2(cos[2πνt] cos[2πντg] + sin[2πνt] sin[2πντg]) cos[2πνt]dt, (4.5)

=

∫
v1v2 cos2[2πνt] cos[2πντg]dt, (4.6)

=
1

2
v1v2 cos[2πντg]. (4.7)

Next I consider the primary-beam response function of an individual dish. This governs

the field-of-view and sets the effective collecting area, A(~s). (I state its dependence on
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Figure 4.5: Young’s double-slit experiment (a), showing the diffraction of light
waves through the two slits, S1 and S1, and the resulting intereference pattern
of bright and dark ‘fringes’ (b). Credit: image retrieved from https://astro.uni-
bonn.de/∼wucknitz/gravlens/.

Figure 4.6: A schematic diagram of a two-element interferometer, sampling a wavefront
in the direction ~s at angle θ from the zenith. Credit: Thompson [1999].
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Figure 4.7: An antenna’s primary-beam response, A, which varies with frequency (ν) and
direction co-ordinates (θ and φ). The intensity distribution of the astrophysical object
being observed is indicated by I(ν, θ, φ). Credit: Napier [1999].

~s to maintain consistency with Figure 4.6, but it can also be written A(ν, θ, φ) as done

so in Figure 4.7, which is provided for illustration.) I(~s) is the brightness of the radio

source at frequency ν, in the direction ~s. The total power received from the source, over

bandwidth ∆ν and solid angle dΩ, is A(~s)I(~s)∆ν dΩ. Since v1v2 is proportional to the

received power, the output from the correlator for the signal over solid angle dΩ is

dr = A(~s) I(~s) ∆ν cos[2πντg] dΩ, (4.8)

where constant gain factors have been omitted. Integrating over the celestial sphere, Ω,

and remembering that τg is a function of the baseline and source vectors, the total output

from the correlator is

r = ∆ν

∫
Ω

A(~s) I(~s) cos

[
2πν~b · ~s

c

]
dΩ. (4.9)

Note that the above takes the form of the real part of a Fourier transform (FT,

Equation 4.11, where ξ is any real number). Hence the sky’s radio-brightness distribution
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Figure 4.8: An example of a top-hat function (left) and its Fourier trans-
form, a sinc function (right). Credit: Richard Fitzpatrick, 2013, retrieved from
https://farside.ph.utexas.edu/teaching/315/Waveshtml/node57.html.

is connected to the interferometer’s response (r, effectively the interference pattern) via

an FT. This means that it is possible to invert the cross-correlated signal mathematically

to produce an image of the sky.

f̂(ξ) =

∫ ∞
−∞

f(x) e−2πixξ dx, (4.10)

=

∫ ∞
−∞

f(x) (cos[2πxξ]− i sin[2πxξ]) dx. (4.11)

To take the FT of a function means to convert it into a reciprocal (Fourier) space where

it can be represented by a series of sinusoidal functions. This is based on the assumption

that the original function is incoherent and so obeys the superposition principle. In the

case of an interferometer this means that the signal over a patch of sky, dΩ, is uncorrelated

with that from another. This then allows the ‘total’ interferometer response to be written

as a linear superposition of the individual responses to each patch of sky. In the case of a

true point-source, its intensity distribution on the sky is a δ-function, which then becomes

a constant in Fourier space. Alternatively, a source may have its brightness distribution

described as a top-hat function. The FT of this is a sinc function, as shown in Figure 4.8.

Further examples of FT pairs, or ‘reciprocity relations’, are presented in Figure 4.9. It is

also useful to note that a broad feature/function in real space corresponds to a narrow

feature/function in Fourier space, and vice versa.
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Figure 4.9: Examples of what a function in real space looks like in Fourier space when it
has undergone an FT. Note that the asymmetry of the sine wave means that its FT is in
the imaginary domain, as indicated by the dashed lines. Credit: Ekers [1999].

4.3.1.1 Measuring visibilities

The cosine function in the response, r (Equation 4.9), leads to the interferometer being

sensitive to only the even (symmetric) part of the source-brightness distribution, I(~s).

Therefore a second correlator is implemented to detect the odd (anti-symmetric) part.

This is done by inserting a 90◦ phase delay into the output of one of the antennae, and

the resulting response is

Rsin = ∆ν

∫
S

A(~s) I(~s) sin

[
2πν~b · ~s

c

]
dΩ. (4.12)

The final measurement, the ‘visibility’, is therefore a combination of cosines and sines,

which means that we can make use of the identity,

eiψ = cos(ψ) + i sin(ψ), (4.13)

to write it more conveniently as a complex quantity:

V = Rcos − iRsin = Ae−iψ, (4.14)
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where the visibility amplitude (A) and phase (ψ) are given by Equations 4.15 and 4.16:

A =
√
R2

cos +R2
sin, (4.15)

ψ = arctan(Rsin/Rcos). (4.16)

As such, Equation 4.9 can be written in its complex form:

V = ∆ν

∫
S

A(~s) I(~s) exp

[
−i2πν~b · ~s

c

]
dΩ. (4.17)

The Fourier space of the sky-brightness distribution, described by co-ordinates θ and

φ, is referred to as the u-v plane. The position of each visibility measurement is given

by the co-ordinates, u and v, where u is in the East-West direction and v in the North-

South direction. u and v are usually quoted in units of wavelength. However, so far I

have described the response of the most-basic radio interferometer, which consists of two

antennae. Since the antennae are arranged in a one-dimensional fashion, their sensitivity

to the sky (and hence the apparent sky brightness) is also one-dimensional.

The Westerbork Synthesis Radio Telescope (WSRT) is a linear array of 14 antennae,

lying in an East-West direction. A short integration time produces the one-dimensional

fringes seen in (a) of Figure 4.10, whilst longer integration times leads to more extended

coverage of the u-v plane (b), and so a better synthesised-beam. (The synthesised beam

is produced by averaging the point-source responses that are output by all possible pairs

of antennae in the array. It is analogous to a point-spread function but, because it

is calculated from the distribution and sizes of the antennae in the array, its response

function is known precisely.) The better u-v coverage over time is a consequence of the

Earth’s rotation, causing the source’s elevation to change. As this happens, the projected

baseline between a pair of antennae varies (i.e. ~b · ~s changes), and so more u-v space

is ‘swept out’. As a result, the object is measured with more baselines and therefore a

greater number of Fourier components. These enable the interferometer’s response to a

point source to be better constrained.
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The arrangement of the antennae in an array determines the number and range of inde-

pendent baselines with which visibilities can be measured. So that there is instantaneous

two-dimensional coverage of the u-v plane, without the need for very long integration

times, the Very Large Array (VLA) uses a Y-shaped configuration. This leads to a syn-

thesised beam with order-6 symmetry, illustrated in (c) of Figure 4.10. Although the

shape of the synthesised beam is taken into account during imaging (Section 4.3.1.3),

artefacts may still remain. Hence, as shown by Figure 4.10 (d), observing the source

at numerous elevations leads to an improvement. Furthermore, whilst baseline lengths

determine the resolution, sensitivity is calculated in the same way as for single-dish tele-

scopes, with larger collecting areas being favoured. The difference is that, because an

interferometric technique is used, this sensitivity is not uniform across all angular scales.

Radio observations can be done from the ground as they are not affected by phase

perturbations introduced by the atmosphere. This is because of a concept called ‘closure

phase’, which applies for an array with at least three antennae [Jennison, 1958]. The phase

of the visibility measured on baseline ‘1,2’ is Φ(12) = φ(12) + ε(1) − ε(2), where φ(12)

is the true source visibility on that baseline and ε values are the phase offsets caused by

atmospheric turbulence above each antenna (Figure 4.11). Writing equivalent expressions

for the other two baselines and adding them together gives the closure phase. Note that

the atmospheric offsets (and, similarly, all other antenna-based phase errors) cancel out,

leaving a dependence on only the source’s true brightness-distribution.

However, atmospheric effects do limit the frequency range of the radio window. To-

wards the high-frequency end (ν > 30 GHz, Wilson et al. 2009), the vibrational energies

of atmospheric molecules (namely H2O, O2 and CO2) are comparable to the energies of

mid-infrared photons, and so most of this extraterrestrial radiation is absorbed. The

limit at the lower end (ν < 10 MHz, Burke and Graham-Smith 2009) is a consequence

of photons reflecting off the ionosphere, which is a part of the upper atmosphere that is

partially ionised by solar ultraviolet radiation.

Finally, for any observation, there are in fact two sets of visibilities that are created

independently, doubling the data rate. This is due to the receiver on each antenna de-

tecting the electric vector, E, of the incoming electromagnetic wave in two orthogonal
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(a) Snapshot u-v coverage using the WSRT

(b) Integrated u-v coverage using the WSRT

(c) Snapshot u-v coverage using the VLA

(d) Integrated u-v coverage using the VLA

Figure 4.10: The antenna layout (left column), u-v coverage (middle column), and the
resulting synthesised beam (right column) for the Westerbork Synthesis Radio Telescope
(WSRT) and the Very Large Array (VLA). The integration time for each observation is:
(a) 1 hour, (b) 12 hours, (c) 1 minute, (d) 12 hours. Credit: Holdaway and Helfer [1999].
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Figure 4.11: An illustration of closure phase, which depends on the source structure (φ)
and not any phase perturbation (ε) introduced by the atmosphere. Cross-correlations
along different baselines mean that the latter cancels out, if at least three antennae are
used. Credit: Haniff [2007].

Figure 4.12: A monochromatic wave that is elliptically polarised. As the electric vector,
E, traces an ellipse, the two components Ex and Ey oscillate along their orthogonal
directions with phases φ1 and φ2, respectively. Credit: Burke and Graham-Smith [2009].

directions, Ex and Ey (Figure 4.12). These are complex amplitudes, each having their

own phase associated with them:

E = (x̂Exe
iφ1 + ŷEye

iφ2)eiωt. (4.18)

The Ex signals from all the antennae are cross-correlated separately from the Ey

signals. With these visibilities it is possible to determine the polarisation of the radiation,

which could be a single wave or the sum of a number of waves. The net polarisation is
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then stated in terms of the Stokes parameters, defined as follows:

I ≡ E2
x + E2

y , (4.19)

Q ≡ E2
x − E2

y , (4.20)

U ≡ 2ExEy cos[∆φ], (4.21)

V ≡ 2ExEy sin[∆φ], (4.22)

where the relative phase between the Ex and Ey components is ∆φ = φ1 − φ2. The

most commonly-used Stokes parameter for imaging is I, as this is proportional to the

total power of the wave, i.e. the intensity. Q and U parametrise linear polarisation, and

circular polarisation is described via the V parameter.

In the case of a fully-polarised wave, I2 =
√
Q2 + U2 + V 2. For describing partially-

polarised radiation, P =
√
Q2 + U2 + V 2 and the degree of polarisation is given by P/I.

If the radiation is completely unpolarised, I is equal to the intensity and Q = U = V = 0.

4.3.1.2 Calibration

A consequence of the multiplication step during cross-correlation is that slight fluctuations

in the amplifier gains do not matter too much, as they are generally uncorrelated with

the amplifier of the second antenna. This is another great advantage over single-dish

observations. Having said this, if there are correlations in the fluctuations, then the

visibilities of a source with known output need to be measured at regular intervals. Doing

so allows the gains to be tracked over time and corrected for, which is one of the calibration

steps that are required before the visibilities can be used for imaging.

Dependent on the path differences introduced by the electronics, or proximity of the

antenna to the correlator, an instrumental delay needs to be included in addition to the

geometric delay (Figure 4.6). This is referred to as delay calibration, and necessarily takes

into account the relative positions of the antennae in each cross-correlation pair.

There are a variety of different effects within the system that, like those explained

above, modify the measured visibilities once the wavefronts are received and processed by

the instrument. If we represent the true visibilities by the vector Vij then each process



99

corrupting the visibilities can be written as a Jones matrix acting on this vector. (The ij

subscript refers to the baseline between antenna i and antenna j.) Combining multiple

processes (described below), we then obtain the Measurement Equation [Hamaker et al.,

1996]:

V ′ij = Mij Bij Gij Dij Oij Tij Fij Pij Vij. (4.23)

By linearising this expression and solving via χ2 minimisation, the true visibilities can be

inferred from the data (V ′ij) algebraically. The various processes that need to be corrected

for are:

• Pij - The transformation that may be needed, to go between the co-ordinate system

of the rotating sky and the co-ordinate system of the antenna receiver’s rotating

mount (if it is not equatorial). This involves a rotation over the parallactic angle.

• Fij - The Faraday rotation of the electric-field vector, caused by the ionosphere.

• Tij - Any tropospheric effects, which are not dependent on polarisation. These are

multiplicative and include the atmosphere’s opacity and variation of the light’s path

length.

• Oij - The collecting area’s dependence on elevation, and other effects as a result of

the telescope’s optical components.

• Dij - The ‘D-term’, describing the instrument’s response to polarisation. There may

be leakage between the feeds, such as left-polarised emission being picked up by the

right-polarised detector.

• Gij - The complex gain response, which is a consequence of the electronic compo-

nents encountered along the signal path from the feed to the correlator. It includes

the scale factor for calibrating the absolute flux density, and depends on the polar-

isation.

• Bij - The bandpass response, which depends on the frequency and the spectral filters

in the electronic transmission system.
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• Mij - Any baseline-based correlator errors. These are non-closing (see discussion

of closure phase in Section 4.3.1.1), unlike the errors represented by the previous

matrices, which are antenna-based.

For each set of observations, a standard flux-calibrator and phase calibrator are re-

quired. Measuring the visibilities for these sources then provides information about the

response of the radio instrument, allowing calibration solutions (for both amplitude and

phase) to be derived via Equation 4.23. These solutions, which correct for the corrup-

tion of the visibilities outlined above, are then applied to the science targets. To achieve

good calibration, the order of observations is important, and can influence the choice of

calibrators. For example, it is necessary to alternate scans between the science target

and the phase calibrator so that there is good interpolation of amplitudes and phases

over time. Therefore it is advantageous to choose a phase calibrator that is close to the

science target, to reduce slewing time and minimise any differences caused by atmospheric

turbulence. The flux calibrator is used to calibrate the bandpass and bootstrap the flux

densities, but because it does not have any time variation (relative to the timescale of the

observations), only a single scan is required.

4.3.1.3 Imaging

In order to produce an image of the sky-brightness distribution [I(θ, φ)], an inverse Fourier

transform (IFT) needs to be performed on the visibilities. This would be straightforward

if we had complete information, with a visibility measurement at every position on the

u-v plane. In reality, the u-v plane has only been sampled, and this sampling function

[S(u, v)] relates the true visibility [V (u, v)] to the sampled visibility [V ′(u, v)] as follows:

V ′(u, v) = S(u, v)V (u, v). (4.24)

As already described, the visibility is the related to the sky brightness via

V (u, v) = FT[I(θ, φ)]. (4.25)

In accordance with the convolution theorem, a point-wise multiplication in one domain
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(e.g. Fourier space) is equal to a convolution (defined by Equation 4.26) in the reciprocal

domain (e.g. real space). Hence, taking the IFT of V ′(u, v) gives Equation 4.28:

(f ∗ g)(t) ≡
∫ ∞
−∞

f(τ) g(t− τ) dτ, (4.26)

and

IFT[V ′(u, v)] = IFT[S(u, v)] ∗ IFT[V (u, v)], (4.27)

= IFT[S(u, v)] ∗ I(θ, φ). (4.28)

The ‘dirty beam’ is B(θ, φ) = IFT[S(u, v)], and so the image produced from the

sampled visibilities is the true-sky image convolved with the dirty beam. This is called

the ‘dirty image’. As the synthesised beam is well-characterised, it can be accurately

deconvolved from the dirty image, thereby producing a ‘cleaned’ image.

As the effect of the beam is iteratively deconvolved, the image’s residuals are regularly

updated. It it therefore possible to see an improvement in the noise level as the imaging

progresses. This is a good indication of image quality, as it dictates the depth to which

radio sources may be detected. An indication that imaging is close to completion is the

noise level asymptoting to the theoretical-noise value. This limit is set by the sensitivity

equation:

∆I =
SEFD

ηc

√
npol N(N − 1) tint ∆ν

, (4.29)

where SEFD stands for the ‘system equivalent flux density’, measured in Jansky units

(1 Jy = 10−26 W m−2 Hz−1). This is defined as the flux density a source must have to

double the system temperature, Tsys, which is the summation of the noise temperatures

of the receiver, the antenna and the sky. Lower values of SEFD correspond to better

sensitivity, and for the VLA’s antennae, SEFD = 5.62Tsys/ηA where ηA is the (frequency-

dependent) antenna-aperture efficiency. The remaining quantities are: ηc - the correlator

efficiency; ηpol - the number of polarisation products in the image; N - the number of

antennae; tint - the total on-source integration in seconds; and ∆ν - the bandwidth in Hz.

Throughout Section 4.3.1 I have assumed that the radiation is quasi-monochromatic.
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This means that visibilities, that are actually measured over a finite bandwidth (∆ν), have

values of u and v that are incorrect. (Remember that these Fourier-space co-ordinates

are measured in units of wavelength.) Clearly the effect is greatest at the extreme ends

of the band, away from the central frequency (ν0) that had been assumed. The result

in the image plane is smearing in the radial direction, which worsens with distance from

the pointing centre. The effect is known as bandwidth smearing (BS, c.f. chromatic

aberration), and can be parametrised as in Equation 4.30, where θ is the angular offset

of the source from the centre and θHPBW is the half-power beamwidth of the synthesised

beam. It is deemed to be significant when the value of BS is of order unity [Fomalont and

Perley, 1999].

BS =

(
∆ν

ν0

)(
θ

θHPBW

)
. (4.30)

Time-averaging may be implemented to reduce the large volume of radio interfero-

metric data, but this also leads to smearing in the image plane. It arises because the

averaged visibilities are assigned (u, v) values that correspond to the mid-points of the

averaging intervals (∆tint). Bearing in mind that the u-v plane is swept out over time as

the Earth rotates, this means that averaged visibilities have been rotated away from their

original positions. Since rotation in the u-v plane is reflected by rotation on the image

plane, sources appear to be smeared in a tangential direction. However, this is strictly

only true for the combination of a polar source and East-West baselines. For other set-ups

the direction of the smearing is complicated by the array distribution and the elevation

of the source. Furthermore, the motion of a source through the interferometer’s fringe

pattern leads to losses in amplitude when time-averaging is done. Again, the effect gets

worst with increasing offset from the pointing centre, scaling as shown in Equation 4.31,

∆A ∝ (θ∆tint)
2. (4.31)

4.4 JVLA data reduction

A key consideration, before reducing JVLA data (unlike VLA data), is to set up a platform

with sufficient memory. This particular program consists of 11 scheduling blocks, each
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(typically) containing data for one flux calibrator, three phase calibrators, and seven

science targets. These were defined by Martin Hardcastle in scheduling of the observations.

Each block amounts to ∼170 GB in its raw form, but then expands to 2–3 times in size

during the numerous processing steps, described below. These were carried out using the

Common Astronomy Software Applications (CASA) package [McMullin et al., 2007]. As

CASA requires the data to be input as a visibility file (or ‘measurement set’), it must

first be converted from its original archival science data model (ASDM) format. Also, to

avoid long processing times, averaging needs to be done strategically so that important

information is not lost.

4.4.1 Calibration of the visibilities

As described in Section 4.3.1, each visibility measurement consists of two parts: the

amplitude and the phase. It is these values that, when Fourier transformed, produce an

image of the radio sky brightness. As various environmental and instrumental effects lead

to deviations of amplitude and phase from their true values (Section 4.3.1.2), calibration

is required to correct these, and to scale the radio fluxes appropriately.

4.4.1.1 Hanning smoothing

The first step in the reduction process was to Hanning smooth the data, which is done

to remove artefacts caused by Gibbs ringing. This is a phenomenon seen in the Fourier

transform when the particular function it is describing (in this case, the sky brightness

distribution) encounters a discontinuity. The result is repeated overshooting and un-

dershooting of the true function, as recreated by the Fourier transform. The effect is

illustrated in Figure 4.13 by a Fourier series, which still uses a combination of sine and

cosine terms but to describe a periodic (rather than non-periodic) function.

4.4.1.2 Initial RFI-flagging

The most time-consuming step was flagging, which involves masking visibilities that are

deemed to be unreliable (e.g. due to radio-frequency interference, RFI). Whilst automatic

flagging can achieve an rms of 50µJy/beam for my data, additional manual flagging is
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Figure 4.13: Fourier synthesis (red, solid line) of a square wave function (blue, dashed
line), using N=40 harmonics. The Gibbs phenomenon can be seen at each discontinuity
in the original function.

necessary to approach the theoretical noise of ∼ 12µJy/beam.

Even with averaging done over time and frequency, a simple diagnostic plot could take

up to an hour to load and display. Therefore I developed a strategy where I inspected mul-

tiple scheduling blocks at a time, one per workstation, and rotated between them. An ini-

tial flagging step was carried out to remove particularly strong RFI, identified by plotting

visibility amplitudes against frequency, over all of the objects in a scheduling block. Doing

so showed spectral windows 0–1, 3 and 8–9 to be the worst affected, which correspond to

frequency ranges 994–1122 MHz, 1186–1250 MHz and 1494–1622 MHz, respectively. The

origins of this interference include terrestrial transmissions, aircraft, and satellites. For

example, there is intermittent RFI from the Radar Target Scatter (RATSCAT) Division,

a radar system located at the nearby White Sands Missile Range in New Mexico, and used

to detect low observable weapon systems. Also, the JVLA’s modem produces continuous

RFI at 1200 MHz, whilst Global Position System (GPS) satellites use 1575 MHz (‘L1’)

and 1228 MHz (‘L2’) as their carrier frequencies.
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4.4.1.3 The JVLA pipeline

For Stokes I continuum observations (such as the present dataset), the National Radio

Astronomy Observatory (NRAO) has designed a JVLA calibration pipeline, consisting

of multiple Python scripts for running in CASA. Since Semester 2013A, it is run auto-

matically when a scheduling block has been completed, with the user downloading the

calibrated data from the archive.

In order for the pipeline to function correctly, over one scheduling block at a time,

each object must be labelled with the correct ‘scan intent’. This dictates whether those

visibilities should be used for the phase calibration, the amplitude and bandpass calibra-

tion, or whether they are the science targets over which the calibrations are applied. It

took about 36 hours (per block) for the pipeline to complete all of the different stages,

listed below.

1. Hanning smoothing of the data. This is an optional step, if it hasn’t previ-

ously been done. (The data needs to be Hanning smoothed before any preliminary

flagging.)

2. Application of deterministic flags. This includes flagging visibilities where an

antenna is not online yet, those for which a subreflector or focus error is recorded

(Figure 4.14), and any visibilities whose amplitude is exactly zero, as output by the

correlator. Another consideration is where the target is at such a low elevation that

antennae cast ‘shadows’ over one another. (Remember from Section 4.3.1.1 that it

is the projected baseline that is important for interferometry.) However, this is not

a problem for the current dataset, given the extended configuration of the A array.

3. Preparing models for the primary flux-calibrator. For 10 of the 11 scheduling

blocks the flux calibrator is J1331+3030 (a.k.a. 3C 286), and J0137+331 (3C 48) is

used for the remaining block. Both are quasars identified in the Third Cambridge

Catalogue of Radio Sources [3C; Edge et al., 1959], whose flux densities have been

carefully monitored using the JVLA. Being the most compact of the bright radio

sources studied by Perley and Butler [2013], and having the flattest spectral index,

3C 286 is the preferred calibrator for providing an accurate flux-density scale. Any
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variability is of only a few percent per century, unlike 3C 48, which varies over a

timescale of several years. However, Perley and Butler [2013] fit a cubic polynomial

to the changing spectrum, allowing it to be used as a reference source. This is

necessary for four of the science targets (those circled in Figure 4.15), as 3C 48 is

the only flux calibrator that is above the horizon for the appropriate time period of

observation. The model visibilities for 3C 286 and 3C 48 are shown in Figure 4.16,

with the higher amplitudes on the shorter spacings (i.e. lower values of u-v distance)

corresponding to extended emission on arcsecond scales. This structure is confirmed

by higher-resolution imaging [An et al., 2004; Wilkinson et al., 1991], but would only

cause problems for the calibration if it was not well modelled.

4. Deriving pre-determined calibrations. The first calibration involves antenna

position corrections, which is vital if the correct phase delays are to be applied to the

raw data. Such discrepancies in positions may be due to an antenna recently being

moved to its current pad, as a result of maintenance or the array acquiring a different

configuration for the next semester of observation. Other calibrations include the

‘known’ behaviour of the receivers, via the application of elevation-dependent gain

curves, and making corrections for atmospheric opacity. However, at frequencies of

1–2 GHz, the atmosphere’s opacity is typically less than 0.01, and really becomes

more important for the JVLA’s higher-frequency bands. For example, the K band

sits over the 22 GHz emission line for water vapour, and so atmospheric opacity

strongly depends on the time of day and the season.

5. Determining the initial delay-calibration. This is completed iteratively, and

leads on directly from corrections to antenna positions. As explained in Section 4.3.1.2,

for each baseline a certain time delay must be added to the signals, to take into ac-

count the extra distance travelled between the first antenna and the correlator,

compared to that baseline’s second antenna. This is in addition to the delay caused

by the wavefront reaching one antenna before the other. These delays are all cal-

culated relative to a reference antenna, chosen to be one of those at the centre of

the array (Figure 4.17). Following the initial delay-calibration, the cross-correlated

phases should be roughly the same, corresponding to the same part of the radiation’s



107

wavefront being sampled by each baseline.

6. Identifying problems within the system. This is done during steps such as the

previous one, and includes the identification of poor signal-processing components,

such as bad ‘deformatters’. A deformatter takes the optical-fibre signal that arrives

from the antenna and converts this into an electronic signal, which is then sent to

the correlator. (The original conversion of the electronic signal from an antenna

receiver, so that it can be transported along an optical fibre, is completed by a

‘formatter’.)

7. Flagging of RFI. Flagging is included in the pipeline, as each calibration process

highlights any visibilities that lead to particularly anomalous calibration solutions.

However, having eliminated only the worst RFI by hand, little improvement is seen

in the output dataset, suggesting that the algorithm could be improved.

8. Determining the initial bandpass-calibration. This is required to correct for

the slightly different bandpasses of all the antennae, which vary as a function of fre-

quency. (The bandpass is analogous to the transmission curve of an optical/infrared

filter.) Ideally the bandpasses for the individual spectral windows would have the

shape of a top-hat function, but instead there is undulation and end-channels that

do not fall away as steeply as others (Figure 4.18). As such, solutions are found

iteratively for each spectral window, on a channel-by-channel basis. This is done

using the flux calibrator observations, as its well-known spectrum allows it to double

as a bandpass calibrator. The spectral index of 3C 286 (or 3C 48) is therefore also

derived during this process.

9. Deriving the initial gain-calibration. This step makes use of the bandpass

calibration table. Here the relative gain variations of the system are solved for

as a function of time, rather than frequency. These ‘relative’ gains are found for

the target by observing a nearby phase calibrator, close enough that atmospheric

differences (due to the different lines of sight for the target and the phase calibrator)

can be minimised. ‘Absolute’ gains are then found by bootstrapping the solutions

to the absolute flux density of the flux calibrator.
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10. Deriving final calibrations. These are for the delays, bandpasses, and gains,

which are subsequently applied to the data. These solutions may have changed

slightly, from those in the initial-calibration tables, due to the RFI flagging done by

the pipeline (though minimal) and identification of bad deformatters.

11. Running an RFI-flagging algorithm on the target data. If the visibility of a

calibrator is flagged by the pipeline, then a calibration solution will not be calculated

for that particular time and frequency of observation. As such, interpolating the

calibration over the science targets will lead to some of the target data being flagged

by association. However, due to the intermittent nature of RFI, further flagging of

the target data is required, to be sure that corrupt visibilities do not affect the

imaging process.

12. Calculation of the data weights. This is done empirically, based on the standard

deviation of corrected visibilities within each spectral window. Such a calculation

is sufficient because the imaging process is only affected by errors in the relative

weights between visibilities, rather than the absolute scale error of the weights.

4.4.1.4 Further flagging

The pipeline outputs a large set of diagnostic plots, and from these it was obvious that

additional flagging was required to eliminate corrupted visibilities. For this I averaged

over 2 channels (i.e. 2 MHz) and 10 s, even though Equations 4.30 and 4.31 suggest that

I can average over 100 MHz in frequency, and the entire observation time per quasar, and

still recover a peak response of more than 95%. However, this would risk throwing away

a significant amount of good data if there is only a confined amount of RFI over the

specified bin of visibilities.

Each scheduling block is accompanied by a VLA Operator Log, and for two blocks it

was noted that a binary data file (BDF) was missing for a particular scan. These scans

therefore needed to be flagged, which I did so manually. However, bearing in mind that

other automatically-generated notes may be recorded due to oversensitivity, I compared

them to the pipeline’s diagnostic plots. Issues such as warming of a receiver, or stowing
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Figure 4.14: An example set of four types of deterministic flags that are applied to a
block of observations, as indicated via the colour of the text in the top-left corner. The
time is given along the x axis, and the y axis lists the individual antennae. (‘&&*’ is
CASA syntax, indicating a selection of cross- and auto-correlation baselines between the
specified antenna and all other available antennae.)
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Figure 4.15: Positions of the science targets (red plusses) and the flux calibrators used
(dark-blue triangles). The targets circled in black are flux-calibrated using 3C 48 rather
than 3C 286. Positions of alternative flux calibrators are indicated by light-blue circles.
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Figure 4.16: The model visibilities for 3C 286 (upper panel) and 3C 48 (lower panel),
when observed in the L band with the A-array configuration of antennae. Note that the
u-v distance (x axis) is given in wavelengths, with amplitudes colour-coded by spectral
window. Spectral window 9 (lilac points) was flagged completely for 3C 48, hence its
absence from the lower panel. For this figure, the visibilities have been averaged over
each spectral window (i.e. 64 channels) and over the total integration time.
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Figure 4.17: The initial delays determined for three of the 27 antennae, all relative to the
reference antenna. The two datapoints per spectral window correspond to the right (‘R’)
and left (‘L’) polarisations. Given the dimensions of the A array, the range in delays is
not expected to be higher than 8 ns.

of an antenna due to bad weather conditions, were clearly identifiable within the plots,

leading me to flag the corresponding data. (Such problems are not picked up by the

pipeline’s flagging algorithm.)

As mentioned in the previous section, bandpass calibration was carried out by the

pipeline, to correct for frequency-dependence effects on the measured amplitudes. How-

ever, given that the signal-to-noise ratio (SNR) of a particular channel needs to be at least

5 for a solution to be calculated, the response of the end channels of the spectral window

was not reproduced very well. This led to corrected amplitudes that were constant as a

function of frequency for the central channels, but appeared as ‘spikes’ at either end of

the spectral window. Therefore I also flagged these end channels.

Next I inspected the corrected amplitude versus u-v distance for each of the calibra-

tors. The flux calibrator had visibilities that were in line with the model (Figure 4.16),

but differing shapes were seen for the phase calibrators. The latter were chosen on the

assumption that they appear as point sources in the L band, and so have visibilities (both
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(a) Amplitude solutions

(b) Phase solutions

Figure 4.18: The (a) amplitude and (b) phase solutions resulting from bandpass calibra-
tion, for scheduling block sb12435448. For each spectral window the two colours represent
the left and right polarisations.
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Figure 4.19: Amplitudes as a function of u-v distance for the phase calibrator, J1639+865,
used in the sb12447081 scheduling block. The datapoints are colour-coded by spectral
window, and averaged over 64 frequency channels and over the total integration time.

amplitude and phase) that do not depend on the baseline over which they are measured

(Section 4.3.1). Figure 4.19 is an example of their expected flat appearance over u-v

distance (given here in units of wavelength). I also inspected the phases as a function of

u-v distance for each of the calibrators, to check that these were also independent of the

baseline, and to aid identification of faulty antennae.

For one of the phase calibrators, J1024-008 (Figure 4.20), strange undulation in the

amplitudes was observed. (Note that a combination of noise and having a flat spectral

index is the reason that the differently-coloured spectral windows appear to be inter-

spersed.) Further investigation revealed that these ‘bumps’ were due to faulty antennae,

which I then flagged. The improvement is seen in the lower panel of Figure 4.20, which

was produced following a second run of the pipeline (Section 4.4.1.5).

Another stage, when investigating the (corrected) response of the interferometer to

the phase calibrators, was to consult the VLA Calibrator Manual. This gives quality flags

for each of the calibrators, dependent on which band is being used for the observation.
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Figure 4.20: Amplitudes as a function of u-v distance for the phase calibrator, J1024-008,
as calibrated by the first pipeline run (upper panel) and by the second pipeline run (lower
panel). This refers to the sb12435448 scheduling block, and the datapoints are colour-
coded by spectral window. The visibilities are averaged over 64 frequency channels and
over the total integration time.
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However, these are largely out-of-date, with such notes relevant to the old VLA rather than

the JVLA. Nevertheless, they offer additional information to help understand amplitudes

such as those shown in Figure 4.21. The upturn in amplitudes for short baselines is

indicative of large-scale structure in the calibrator’s emission, which was confirmed when

I imaged the field (Figure 4.22). According to the VLA Calibrator Manual, J0818+423

is a high-quality calibrator, but is only reliable when its u-v range is restricted to ≥

10 kilo-wavelengths. However, I saw evidence of structure for baselines up to 50 kilo-

wavelengths, so I flagged visibilities with UVwave < 50 kλ before running the pipeline

again. I emphasise that such a restriction was applied to the calibrator only. Flagging

the associated targets in the same way would mean that sensitivity to extended structure

is lost, and so a radio jet (if present) would not be imaged. Similarly, for other phase

calibrators, I used the output of the first pipeline run to inform what u-v cut should

be made so that the remaining amplitudes are a flat function of u-v distance. This is

a legitimate thing to do because the gain-calibration solutions are antenna-based rather

than baseline-based, meaning that the restriction is in place for the calibration itself but

does not affect which baselines are present once applied over the target data.

Plots of amplitude versus u-v distance also proved useful for identifying anomalous

visibilities for the targets themselves. For example, I found that the high amplitudes

evident in Figure 4.23, following the first pipeline run, were due to a subset of baselines

that needed to be flagged. Although clipping above a certain threshold may appear to

achieve the same result, doing so could lead to artificial features in the final imaging.

4.4.1.5 Re-calibration using the JVLA pipeline

Having completed additional flagging, as detailed in the previous section, the pipeline

was run a second time so that the visibilites could be re-calibrated. For this a new

measurement set was created, where the corrected data from the original file was copied

across and existing calibration tables were cleared. The updated set of flags was also

applied. As calibration solutions are offsets to be applied to the input data, the majority

of those produced by the second run were incremental in size.

Figures 4.24 to 4.29 are presented to illustrate the improvement that is made between
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Figure 4.21: Amplitudes as a function of u-v distance for a phase calibrator in the
sb12434705 block. The output of the first pipeline run (upper panel) is used to in-
form what u-v cut should be applied for the second pipeline run (lower panel). Doing so
removes the non-linear shape seen in the upper panel, which is the result of the calibra-
tor’s extended structure. The datapoints are colour-coded by spectral window, and the
visibilities are averaged over 64 frequency channels and over the total integration time.
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Figure 4.22: Imaging the phase calibrator J0818+423, which is used in the sb12434705
block. The beamsize is illustrated by the green ellipse in the bottom left-hand corner,
and the greyscale bar represents the intensity on a logarithmic scale (units of Jy/beam).

the first and second pipeline runs. The first of these, Figure 4.24, shows the large amount

of RFI that was not identified by the pipeline’s flagging algorithm. The amplitude vari-

ation that remains is largely due to noise, and the different amplitudes sampled by the

antennae on account of their positions within the array.

Figure 4.25 is an example of the phase solutions calculated during the initial gain-

calibration, using ‘ea14’ as the reference antenna. These should be a steady function

of time, representing phase stability, but a sudden change could be seen for antenna

ea15 in the upper panel. (Note that datapoints moving between the two extremes of

the y axis are just a consequence of plotting the phases on a linear scale of -180 to

180 deg, rather than using polar axes.) This was accompanied by a shift in the amplitude

solutions (Figure 4.26). The explanation behind this was clearly revealed during the final

gain-calibration (Figure 4.27), where the upper baseband – spectral windows 8 to 15 –

appeared to be problematic, and so was flagged before the second pipeline run.

From the same scheduling block, in Figure 4.28, are the amplitude solutions for another
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Figure 4.23: Amplitudes as a function of u-v distance for a target in the sb12435448
block, as calibrated by the first pipeline run (upper panel) and by the second pipeline run
(lower panel). The datapoints are colour-coded by spectral window, and the visibilities
are averaged over 64 frequency channels and over the total integration time.
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(a) First pipeline run

(b) Second pipeline run

Figure 4.24: Corrected amplitudes as a function of frequency, partway through the cali-
bration conducted by the (a) first and (b) second pipeline runs. Only the calibrators in
scheduling block sb12435448 are plotted here; the object around amp = 15 is the flux cal-
ibrator, and the lower amplitudes (0–1) correspond to the phase calibrators. The vertical
streaks seen in the upper panel are due to RFI in the spectrum, and the improvement
brought about by manual flagging of this RFI is evident in the lower panel. Colour is
used to denote the different baselines, with averaging over all time only.
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(a) First pipeline run

(b) Second pipeline run

Figure 4.25: Phase solutions following the initial gain-calibration during (a) the first
pipeline run and (b) the second pipeline run for scheduling block sb12435448. The dat-
apoints are colour-coded by spectral window (0–15). In the first run, the solutions for
antenna ea15 became ‘displaced’ at time 11:21:50.4. Flagging was completed so that
the remaining solutions, re-calculated during the second run, were smoothly-varying and
approximately constant over time.
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(a) First pipeline run

(b) Second pipeline run

Figure 4.26: Amplitude solutions following the initial gain-calibration during (a) the
first pipeline run and (b) the second pipeline run for scheduling block sb12435448. The
datapoints are colour-coded by spectral window (0–15). As in Figure 4.25, the solutions
for antenna ea15 became displaced at time 11:21:50.4. Flagging the affected spectral
windows left only those with reliable, smoothly-varying solutions for the second run.
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(a) First pipeline run

(b) Second pipeline run

Figure 4.27: Gain amplitudes as a function of time. These are the result of applying the
final gain-calibration during the (a) first and (b) second pipeline runs for scheduling block
sb12435448. The datapoints refer to individual scans, which are colour-coded by spectral
window (0–15). Deviations away from an amplitude value of 1.0 (a) suggested that there
was a problem with those scans or, as in the case of ea15, an entire spectral window.
These were therefore flagged before running the pipeline a second time (b).
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three antennae. Note how one of the spectral windows, coloured in red, does not vary

smoothly with time in the first pipeline run. This is important as these solutions needed to

be interpolated over the targets. Through more-careful flagging, however, the fluctuating

visibilities were removed before re-calibrating.

Shown in parallel with Figure 4.27 are the gain amplitudes as a function of frequency,

rather than a function of time (Figure 4.29). These allowed me to identify particular

scans that were offset from an amplitude value of 1.0, and which spectral windows needed

to be inspected more carefully for RFI. In this case, for each of the antennae displayed,

improved calibrations were attained after further flagging.

4.4.1.6 Problematic scheduling blocks

Unfortunately, not all of the scheduling blocks could be reduced by the pipeline on the first

attempt. As mentioned in Section 4.4.1.3, the numerous steps are heavily reliant on the

objects within the block having the correct scan intent. For sb11472787, the pipeline failed

as there appeared to be no flux/bandpass calibrator present. However this was simply

the result of an incorrectly-labelled scan, which I corrected in a raw meta-data file, and

the absence of a ‘dummy scan’. (The first scan of every scheduling block is usually a scan

of less than 1 minute long, whilst the electronics settle, and is automatically deleted.)

In the case of sb12434705, the second pipeline run showed there to be no gain calibra-

tion solutions associated with the phase calibrator shown in Figure 4.21. Realising that

this was due to the cut made in u-v distance (Section 4.4.1.4), I relaxed the calibration

requirements. This meant reducing the minimum number of baselines per antenna from

13 to 5, and changing the minimum SNR from 5 to 3. The expected number of solutions

per antenna was then calculated.

4.4.2 Imaging JVLA data

4.4.2.1 Final flagging

Before the targets’ calibrated visibilities could be used for imaging, another round of

flagging was required. Previous manual flagging of any residual RFI (Sections 4.4.1.2 and

4.4.1.4) involved viewing the visibilities of each scheduling block at once, to speed up
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(a) First pipeline run

(b) Second pipeline run

Figure 4.28: Additional amplitude solutions following the initial gain-calibration during
(a) the first pipeline run and (b) the second pipeline run for scheduling block sb12435448.
The datapoints are colour-coded by spectral window (0–15). The bright-red datapoints in
the upper panel, for both the ea17 and ea18 antennae, show a great degree of oscillation
over time. Consequently, the corresponding spectral window was flagged, and so is absent
from the lower panel.
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(a) First pipeline run

(b) Second pipeline run

Figure 4.29: Gain amplitudes as a function of frequency. These are a result of the final
gain-calibration during the (a) first and (b) second pipeline runs for scheduling block
sb12435448. The datapoints refer to individual scans, but for each spectral window, the
two colours used correspond to the left and right polarisation. Deviations away from an
amplitude value of 1.0 (a) suggested that there was a problem with that spectral window
or, as in the case of ea10, a particular scan across the whole frequency range. These were
therefore flagged before running the pipeline a second time (b).
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the process, rather than on an object-by-object basis. As a result, the flagging mainly

involved data corresponding to the calibrators. This is because their amplitudes are larger

than those of the targets, creating an artificially-high threshold against which to compare

rogue RFI amplitudes. Further inspection was therefore required over the individual

targets themselves. They were first plotted scan-by-scan (still with averaging of 10 s

and 2 channels) as a function of frequency, which indeed helped to identify weaker RFI.

This was followed by inspecting the calibrated data as a function of time, allowing me

to carefully flag start and end intervals for scans – the antennae and electronics being

disrupted during a slew – in addition to checking for RFI. Doing this for each spectral

window individually meant that I avoided needlessly reducing the number of visibility

measurements for the targets. I then checked what proportion of the total bandwidth

had been flagged, and used this value in conjunction with Equation 4.29 to estimate the

theoretical rms for each image (Table 4.1).

4.4.2.2 Preliminary imaging

Next I created an image using CASA’s standard clean algorithm. This involves Fourier

transforming the visibilities to produce an image of the sky-brightness distribution (the

‘dirty image’), and then deconvolving the synthesised beam to better reproduce the ‘true’

distribution (Section 4.3.1.3). The deconvolution is done on an iterative basis, with clean

searching for the peak flux in the current (residual) image, subtracting off the beam

pattern, and storing these ‘clean components’ so that they can be used to create the

final image. For this process to be most effective, the synthesised beam needs to be well-

sampled, with 3 to 5 pixels covering its diameter. I used a pixel size of 0.25 arcsec, which

provided just over 5 pixels across the full-width half-maximum of the beam. If the beam

is under-sampled then aliasing effects may manifest themselves, where the sampling rate

is not sufficient to distinguish between two different underlying distributions. (This is

usually discussed in the context of frequencies but is equally valid for ‘spatial’ functions.)

In order for clean to work correctly, clean boxes need to be set for the image.

These act as a mask, defining the region over which we already know there to be genuine

emission. This avoids artefacts in the dirty image being misinterpreted as real emission,
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Figure 4.30: JVLA imaging of target SDSS134635.02+415630.9, with (left) and without
(right) clean boxes being set during the deconvolution algorithm. This highlights the
need for clean boxes, to eliminate artefacts such as the artificial pattern seen in the
left-hand image. The beamsize is illustrated by the green ellipse in the bottom left-hand
corner of each image, and the greyscale bar represents the flux in units of Jy/beam.

which would then result in unwanted clean components being recorded. The absence

of clean masks can also result in a patterned effect, as demonstrated in the left-hand

plot of Figure 4.30. (Section 4.4.2.3 explains how the residual streaks, emanating from the

bottom left-hand corner of the right-hand plot, were removed.) To judge whether emission

in the field was real or not, I used existing radio cutouts from FIRST, but this restricted

such decisions to only the brighter objects. Using the interactive mode, however, I could

add additional clean boxes as fainter emisson became apparent (the brighter clean

components having already been removed).

For cleaning I also used Briggs weighting of the visibilities, with a ‘robust’ parameter

of 0.5. This setting gives the best compromise between natural weighting and uniform

weighting of the data. The former involves assigning equal weights to each of the visibili-

ties, but doing so tends to overemphasise the shorter baselines (as there are more of them),

leading to better sensitivity but at the expense of angular resolution. Meanwhile, an extra

factor is used for uniform weighting, so that the density of the data is the same across the

u-v plane of visibilities. As a result, longer baselines are upweighted and shorter baselines

are downweighted, giving the reverse scenario of improved angular resolution but reduced
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sensitivity.

Due to the large-bandwidth upgrades of the JVLA, one of the clean modes that needs

to be implemented is multi-frequency synthesis imaging. As the co-ordinates in u-v space

are measured in units of wavelength, they will be slightly different from one frequency

channel to another. Therefore separately gridding the visibilities in the u-v plane leads to

improved u-v coverage. Also part of clean is the option of using a multi-scale mode, in

which I can specify different angular scales for carrying out the deconvolution. However,

given that all of my targets are quasars, and that any large-scale extended emission

would have led to detections in FIRST or NVSS, I proceeded with the default setting.

This entailed deconvolving the dirty image using the synthesised-beam response to a point

source. (In other words, the final image of the sky-brightness distribution was generated

from a superposition of point sources.)

Note that with each extra computation, the clean algorithm took longer to complete.

There was also the restriction in processing due to limited random-access memory. As

a result, I found that 1000 × 1000 pixel images were of sufficient quality in most cases,

taking about 1 hour to produce. This means that 4.2 arcmin is covered by each image,

which is only a fraction of the primary-beam size (30 arcmin at L band). Therefore, any

bright objects that are external to this field-of-view, either present in the primary beam

or the sidelobes of the beam response function, may make a non-negligible contribution to

the flux measured for the target at the pointing centre (Figure 4.31). To get around this,

the sidelobe objects needed to be imaged so that clean boxes could be placed around

them, allowing their brightness to be correctly modelled by clean components. The

methods I used for this are described in the next subsection.

4.4.2.3 Advanced imaging

To help decide whether further work would lead to an improved final image, I checked

whether there was any striping or radial patterns indicative of sidelobe artefacts (Fig-

ure 4.32). Two sets of stripes may also be overlapping, giving the image a ‘patchy’

appearance. However I bore in mind that such patchiness could also be due to phase

errors (i.e. poor calibration or there still being some RFI). Of these, I also noted the
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Figure 4.31: The power attenuation of the primary-beam response (in units of decibels),
as a function of angular distance from the pointing centre, ρ. This has been calculated
for the VLA at 1.4 GHz, each antenna being a circular aperture of diameter 24.5 m. The
curve indicates the distance at which a source of flux density S could be detected above
a threshold of 2 mJy, and therefore would need to be cleaned separately. Image credit:
Condon et al. [1998].

current SNR, and focused my attention on those objects that were undetected (SNR ≤ 3)

in a standard 1000 × 1000 pixel image. For RSDSS171145.53+601318.4 in Figure 4.32,

the artefacts were not sufficiently strong to affect the rms around the centre of the image.

For SDSS114700.39+620008.1, the SNR was sufficiently high that the impact of objects

detected via the sidelobes was negligible. Therefore, of the four examples shown, I carried

out further work on SDSS092753.52+053637.0 and SDSS164617.17+364509.4.

The first step was to generate images with a field-of-view that covers 75 arcmin ×

75 arcmin, this being 2.5 times the primary beam. I found that CASA struggled to

produce images beyond 3000 × 3000 pixels without crashing, and so I used this as my

maximum image size. This limited my resolution, as a single pixel was about the same

size as the synthesised beam, at 1.5 arcsec. However, the purpose of this larger image was

purely to get an idea of what emission lay outside of the central 250 arcsec × 250 arcsec.

As such, it was deemed acceptable to leave the imaging to run non-interactively (i.e. no

clean boxes) because the poor recovery of any faint emission – due to clean bias – was
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Figure 4.32: JVLA imaging of 4 RQQs, with each target at the pointing centre. For the ob-
jects in the left-hand column (RSDSS171145.53+601318.4 and SDSS114700.39+620008.1)
it was deemed that neither using outlier fields nor imaging beyond 1000 pix-
els (i.e. 4.2 arcmin) would improve the level of detection. However, such tech-
niques were implemented to improve the imaging of SDSS092753.52+053637.0 and
SDSS164617.17+364509.4 (right-hand column). The beamsize is illustrated by the green
ellipse in the bottom left-hand corner of each image, and the greyscale bar represents the
flux in units of Jy/beam.
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outweighed by the reduction in processing time (to ∼3 hours per image). In any case,

faint objects would likely make a negligible contribution to flux at the pointing centre.

Another clean algorithm I employed was w-projection, which is a vital correction

for creating wide-field images. If the array’s antennae were truly coplanar, then u and v

co-ordinates are enough to describe the visibilities in Fourier space. However, as this is

not the case, the baselines introduce a third component, w, in a direction orthogonal to

u and v. Whilst no correction needs to be applied at the phase (i.e. pointing) centre, this

effect becomes more pronounced with increasing distance from the centre. Thus, without

the consideration of w-projection, any emission would become more and more ‘defocused’

towards the image’s edges.

With these large-image ‘maps’, I identified any strong sources in the primary beam and

sidelobes, making a note of their position and the extent of the emission. These details

were kept in an ‘outlier file’ for each target, which I specified via the parameters of clean.

This time during the imaging process, the outliers were imaged separately, in addition to

the 1000 × 1000 pixel main image. Within the outlier file I specified rectangular clean

boxes as a starting point for the mask, then edited these interactively as the dirty image

was deconvolved.

In some cases it was clear that the artefacts originated from a source just beyond

the 250 arcsec covered by the original, preliminary image (Section 4.4.2.2). Rather than

spending time creating a map and an outlier file based on this, I simply extended the

main imaging-region to include the outlier emission. Another scenario was where there

was no real emission (or that which could be believed, on account of the noise) to set

a clean box in the main image. This was problematic as clean’s interactive window

does not allow the user to progress to the outlier-field images until at least one clean

box has been defined. To get around this, I forced clean to run with zero iterations,

created a dummy mask for the main image, and edited the outlier masks appropriately

via the interactive mode. I then saved the latter masks, directing the outlier file to use

these instead of the default rectangular boxes, and deleted all other output associated

with the zero-iteration run. Next I re-ran clean non-interactively until definite emission

appeared in the main image. I could then return to setting a clean region for the main
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image, and continue the clean as normal.

Figure 4.33 shows the substantial improvement in imaging quality that can be at-

tained when sources detected outside the central region are corrected for by using outlier

fields. In the case of SDSS092753.52+053637.0, although the measured peak flux re-

mains about the same (57.7µJy/beam instead of 54.9µJy/beam), the noise level has

halved, leading to an updated SNR of 2. For the target in the middle row of Figure 4.33,

SDSS122832.94+603735.1, the pointing-centre flux is still at the level of the noise, but

the field being clearly much smoother lends greater credance to this. Lastly, the SNR

for SDSS142817.30+502712.6 is 3.1, which may seem surprising given the rms noise sur-

rounding the target. (See Figure 4.36 for a zoomed-in image.) This could throw into

doubt whether the emission is real or not. However, given that there is such a radio flux

at the position where a quasar is known to be (the SDSS providing a priori information),

I can be more confident of the measurements that are made.

4.4.2.4 Final measurements

For each image I measure the peak flux of the target and note the rms value over the

entirety of the main image. These are provided in Table 4.1. However, this rms value

will be skewed if there are other sources present in the field. I therefore also record the

noise level over a manually-defined region, avoiding all sources, and use this value in my

calculation of the SNR. The 32 targets that are detected with SNR ≥ 3 are presented in

Figures 4.34 to 4.36, and the remaining zoomed-in images for the SHAGS sample (with

SNR < 3) are shown in Figures 4.37 to 4.40.

4.5 Conclusions

As demonstrated in this chapter, the reduction of radio data is very involved, requiring

a good understanding of the technique of interferometry and the algorithms used for

imaging. With the recent upgrade to the JVLA, this is further complicated by much larger

bandwidths for a given receiver. For example, it is necessary to obtain good bandpass

calibrations and image using a multi-frequency technique. Furthermore, the improved

sensitivity means that a greater number of sources need to be properly cleaned. This
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Figure 4.33: JVLA images for three targets, one per row, before (left column) and after
(right column) outlier fields are used as part of the clean process. The beamsize is
illustrated by the green ellipse in the bottom left-hand corner of each image, and the
greyscale bar represents the flux in units of Jy/beam.
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Figure 4.34: JVLA imaging of the SHAGS sample of RQQs, with each target at the
pointing centre. Each of the objects in this figure are deemed ‘detections’, having SNR
≥ 3. The beamsize is illustrated by the green ellipse in the bottom left-hand corner of
each image, and the greyscale bar represents the flux in units of Jy/beam.



138 4. SAMPLE DEFINITION & JVLA DATA REDUCTION FOR Z ∼ 1 QUASARS

Figure 4.35: JVLA imaging of the SHAGS sample of RQQs, with each target at the
pointing centre. Each of the objects in this figure are deemed ‘detections’, having SNR
≥ 3. The beamsize is illustrated by the green ellipse in the bottom left-hand corner of
each image, and the greyscale bar represents the flux in units of Jy/beam.
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Figure 4.36: JVLA imaging of the SHAGS sample of RQQs, with each target at the
pointing centre. Each of the objects in this figure are deemed ‘detections’, having SNR
≥ 3. The beamsize is illustrated by the green ellipse in the bottom left-hand corner of
each image, and the greyscale bar represents the flux in units of Jy/beam.
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Figure 4.37: JVLA imaging of the SHAGS sample of RQQs, with each target at the
pointing centre. Each of the objects in this figure are ‘non-detections’, having SNR < 3.
The beamsize is illustrated by the green ellipse in the bottom left-hand corner of each
image, and the greyscale bar represents the flux in units of Jy/beam.
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Figure 4.38: JVLA imaging of the SHAGS sample of RQQs, with each target at the
pointing centre. Each of the objects in this figure are ‘non-detections’, having SNR < 3.
The beamsize is illustrated by the green ellipse in the bottom left-hand corner of each
image, and the greyscale bar represents the flux in units of Jy/beam.
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Figure 4.39: JVLA imaging of the SHAGS sample of RQQs, with each target at the
pointing centre. Each of the objects in this figure are ‘non-detections’, having SNR < 3.
The beamsize is illustrated by the green ellipse in the bottom left-hand corner of each
image, and the greyscale bar represents the flux in units of Jy/beam.



143

Figure 4.40: JVLA imaging of the SHAGS sample of RQQs, with each target at the
pointing centre. Each of the objects in this figure are ‘non-detections’, having SNR < 3.
The beamsize is illustrated by the green ellipse in the bottom left-hand corner of each
image, and the greyscale bar represents the flux in units of Jy/beam.
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requires a wider field to be imaged, and so several factors (bandwidth-smearing, time-

averaging loss, and w-projection) become increasingly important. However, despite the

automated systems in place, the flagging of RFI remains reliant on visual inspection of

numerous diagnostic plots. Due to the reduction in sensitivity caused by flagged data, it

is expected that the final images have a noise level that is 2–3 times the theoretical rms

value. Such is the case for 67 of the 72 RQQs (Table 4.1), and of these, 32 objects have

a ≥3-σ detection.



5

Analysis of z ∼ 1 quasars

“Go ask the dust for any answers”

– Red Hot Chili Peppers, Can’t Stop

Using the newly-reduced JVLA images (Chapter 4), and FIR photometry already in

hand, this chapter describes the analysis performed on the SHAGS sample of radio-quiet

quasars. As in Chapter 3, the aim is to determine the relative contributions of black-hole

accretion and star-formation processes to the total radio emission. However, rather than

inferring the SFR from estimates of the stellar mass, I fit a grey-body spectrum to the

FIR emission to obtain a more-direct SFR measure. Also, given that this is a complete

sample over a narrow redshift range, I am able to investigate any trends with regard to the

optical luminosity of the quasar, without the added complication of possible evolutionary

effects and K-correction uncertainties.

5.1 Analysis of the radio emission

In the work of Falder et al. [2010], the relationship between AGN activity and environ-

mental density is investigated at z ∼ 1, using both the radio-loud and radio-quiet quasars

in SHAGS. From the stacking analysis performed for the same sample of RQQs that I use

here, they find the average flux density at 1.4 GHz to be 0.10± 0.02 mJy. This result was

used in the JVLA proposal to inform what depth the observations should achieve, bearing

in mind that the likely flux-density distribution was unknown. With the resulting JVLA

145
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imaging (Section 4.4.2.4), this distribution is revealed in the following subsection.

5.1.1 Radio flux-density measurement

Firstly, for the remainder of this chapter, when I refer to the radio flux-density or lumi-

nosity at 1.4 GHz, this is in fact the new L-band measurement (which covers 1–2 GHz).

This is different to the work presented in Chapters 2 and 3, where observations with the

VLA’s traditional L-band was used in conjunction with VIDEO data.

To investigate the radio flux-density distribution of the SHAGS sample of RQQs, I

carry out a similar analysis to that described in Section 3.1. Single-pixel flux densities are

extracted from the JVLA images at the pointing centre. For detected objects, this value

is superseded by the flux density extracted where the target’s radio emission peaks. A

tolerance of 1 arcsec from the pointing centre is used to account for any pointing error in

the observations, although such an offset is seen for only one of the targets. In each case,

the radio emission from well-detected objects appears as an unresolved point-source, with

none of the RQQs showing any extended emission. Resolution better than the present

1.3 arcsec, easily achieved with the Square Kilometre Array (SKA), would be needed to

distinguish between unresolved emission from the central engine and any small radio jets.

Average flux-densities for the sample are given in Table 5.1, with the mean flux-density

found to be 189.1 ± 58.5µJy/beam. This is within 1.1-σ error of the finding by Falder

et al. [2010], but my measurement is more accurate due to the better sensitivity of the

JVLA images compared to the typical 0.15 mJy rms of FIRST. Also presented in Table 5.1

are the average fluxes extracted at random positions. The latter refer to the 1000 pixel

values that are extracted from each JVLA image, lying between 3 and 9 arcsec from the

pointing centre. This is done so that the different noise properties of each of the radio

images can be taken into consideration. The effect of noise is particularly evident through

the fractions of flux densities that are negative, with the fraction for the random positions

(0.52) far exceeding that for the quasar sample (0.14).

Figure 5.1 shows the distributions of the flux densities, with the long positive tail of

the quasars clearly demonstrating that they are detected above the level of the noise. This

is quantitatively confirmed by 1000 Kolmogorov–Smirnov (KS) tests, which test the null
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Table 5.1: Stacked radio flux densities for the quasars, random sample, and when binned
in absolute i-band magnitude. The number of flux-density values that are negative is given
by the ‘negative fraction’, and the p-value is the median result from 1000 Kolmogorov–
Smirnov (KS) tests being performed per sample. This calculates the probability of the null
hypothesis that the two distributions are drawn from the same underlying distribution.
The error in the median flux is the median absolute deviation (MAD), which reduces the
effect of outliers in the distribution.

Sample Median flux Mean flux Negative KS test
(µJy/beam) (µJy/beam) fraction p-value

z = 1 quasars 86.1 ± 68.7 189.1 ± 58.5 0.14 N/A
Random positions -2.1 ± 23.8 -4.1 ± 6.7 0.52 10−21

−28.0 ≤Mi < −26.7 193.9±125.8 221.9±51.0 0.11 10−8

−26.7 ≤Mi < −25.4 88.6±46.7 150.8±29.4 0.06 10−10

−25.4 ≤Mi < −24.3 91.4±58.5 338.1±100.3 0.06 10−9

−24.3 ≤Mi < −23.0 22.9±31.5 45.7±10.6 0.33 10−2
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Figure 5.1: The radio flux-density distribution for the SHAGS sample of RQQs (blue
histogram). The red (hatched) histogram corresponds to the random sample, where the
fluxes are extracted from pixels 3 to 9 arcsec away from the quasar positions. (Their
number counts have been scaled to aid comparison.) The green, dashed lines demarcate
the mean rms noise level (±39.6µJy/beam), found by averaging over all 72 JVLA images.
Note that four brighter quasars lie beyond the radio flux-density range shown.
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hypothesis that the quasars’ flux densities and those extracted from random positions are

drawn from the same underlying population. 1000 tests are done in order to account for

the differing noise properties of the images, and the median p-value produced by these

tests is 10−21. This means that the null hypothesis can be strongly rejected, and that the

excess in radio emission from the quasars (compared to the random sample) is real.

5.1.2 Radio properties as a function of optical luminosity

To investigate the sample’s radio flux-density distribution further, I bin the quasars in

absolute i-band magnitude (Mi) and bin the radio flux-densities at the random positions

according to the Mi range of the associated quasar (Figure 5.2). For every bin in Mi

I perform several KS tests in order to derive a median p-value. Doing so enables the

random-position flux-densities to be well-sampled, as there are 1000 of these per quasar.

They are therefore selected at random, so that each test is between the flux densities

of the quasars within that bin and an equal number of random-position flux-densities.

The resulting p-values are quoted in Table 5.1 and Figure 5.2. For each of the Mi bins

there is evidence to confidently reject the null hypothesis that the quasars are drawn

from the same underlying flux distribution as the random positions. However, note that

the level of confidence with which I can reject the null hypothesis for the faintest bin

(−24.3 ≤ Mi < −23.0) is 99.0%. Looking at the corresponding flux-density distribution

(bottom right-hand panel of Figure 5.2), there are three objects that clearly lie beyond

the histogram for the random flux-densities, but the remaining quasars are at the level of

the noise. In fact, 6 of the 18 quasars present in this bin have negative flux densities, as

measured from the JVLA images. Whilst this is a higher proportion than for the other

Mi ranges, it is still not as high as the fraction expected for flux densities extracted from

pure noise (i.e 0.5). This means that the radio emission at the positions of the quasars is

real.

Next I determine whether there is a correlation between the radio luminosity and

the absolute i-band magnitude. As explained in Section 3.1.2, this may be expected for

RQQs if they exhibit the same accretion processes as radio-loud quasars [e.g. Serjeant

et al. 1998; Punsly and Zhang 2011]. That is, the amount of radio emission due to
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Figure 5.2: The flux-density distribution of the RQQs taken from SHAGS (blue his-
tograms), binned in absolute i-band magnitude. The flux-density value was also measured
at random positions, confined to lie between 3 and 9 arcsec away from each quasar posi-
tion (red, hatched histograms, scaled), to allow comparison with the intrinsic radio noise
properties. The dashed green lines are at ±39.6µJy, which is the mean rms noise (i.e.
1σ) level of the JVLA images. A statistical detection of faint radio emission is indicated
by the positive offset of the quasar histogram from the random distribution. The median
p-value, resulting from 1000 KS tests between the Gold and random subsamples, is given
for each bin (Table 5.1). Note that four brighter quasars lie beyond the radio flux-density
range shown.
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accretion is strongly-coupled to the optical luminosity of the accretion disc, due to the

thermal emission that is produced as material is transported inwards. However a different

mechanism may exist for RQQs, as suggested by Hardcastle et al. [2006]. A similar

conclusion is drawn from the stacking analysis by Fernandes et al. [2011] for optically-

selected quasars (Section 1.4.1.2), which include the RQQs presented here. The result

lies well above the minimum accretion-rate envelope dictated by the radio-loud sources

(Figure 1.13), but this could be skewed by a few quasars. (The radio data they use is not

deep enough to study the distribution on an individual basis.) Here I carry out a linear

regression analysis between the radio luminosity and the absolute i-band magnitude, for

each of the 72 RQQs (upper panel of Figure 5.3). The coefficient of determination, R2,

indicates how good the fit is on a scale from 0 to 1. The value of 0.02 shows that the

one-to-one relation between the two intrinsic properties is poor, but a trend can still be

seen by eye, where increasing radio luminosity is accompanied by increasing brightness in

the optical.

The translation of this best-fit line into logarithmic space is presented in the lower

panel of Figure 5.3, and overplotted are the median values for each Mi bin. Note that these

median luminosities include the negative values derived for RQQs that had a negative

flux-density extracted from the radio image. Finally, a Pearson correlation test gives

r = −0.1 and p-value=0.3, which indicates that the radio luminosity and the absolute

i-band magnitude are not strongly correlated. The reason for the weaker trend compared

to the VIDEO sample (Section 3.1.2) may in part be due to observational effects that are

not present in the SHAGS sample, such as the higher accretion rates observed at redshifts

beyond z ∼ 1 [Richards et al. 2006b; Croom et al. 2009]. To explore this further, deeper

radio data on optically-selected quasars is needed so that the correlation between radio

and optical luminosity can be studied as a function of redshift.
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Figure 5.3: The top panel shows the linear regression analysis performed between the radio
luminosity (L1.4 GHz) and the absolute i-band magnitude (Mi) for the SHAGS sample of
RQQs. This is in linear space to show negative radio luminosities. The coefficient of
determination (R2) is given in the top-right corner, and the same dashed line, L1.4 GHz =
−1.90× 1023Mi− 4.04× 1024, appears in both plots. In the lower panel is L1.4 GHz against
the absolute i-band magnitude, Mi. Dark-blue triangles correspond to objects detected
with a signal-to-noise ratio of over 3 (S1.4 GHz > 3σ), and light-blue circles are those below
this detection threshold. The black arrows represent 1-σ upper limits for objects with
negative radio fluxes, as measured from the JVLA images. Overplotted in red are the
median luminosities for these objects, derived from the measured flux-densities, binned
in Mi. They are offset from the dashed line because the latter is determined via mean
luminosities. The horizontal error bars indicate the ranges of the Mi bins (Table 5.1),
and uncertainties on the median radio luminosities are given by the ordinate error bars.
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5.2 Analysis of the far-infrared emission

5.2.1 Multi-band fitting in the far-infrared

Far-infrared emission is produced by the cool dust associated with star formation, and

therefore acts as a good tracer of the SFR. This emission is typically approximated by a

grey-body spectrum, which is the usual black-body function given by Planck’s law,

Bν(ν, T ) =
2hν3

c2

1

e
hν
kBT − 1

, (5.1)

multiplied by a frequency-dependent emissivity term, Qν = Q0(ν/ν0)β [Hildebrand, 1983].

Bν is the object’s brightness at frequency ν; T is the dust temperature; h is Planck’s

constant; c is the speed of light; kB is Boltzmann’s constant; and β is the dust emissivity.

The emissivity is usually in the range 1.0 < β < 2.0, and encodes details about the dust

grains, such as the absorption of radiation, their size, and their chemical composition. As

this leads to a degeneracy with temperature, I simplify the fitting by using a fixed value:

β = 1.8. This is the weighted-mean β used by Hardcastle et al. [2013] and Smith et al.

[2013], whose samples consist of galaxies selected from Herschel-ATLAS (Astrophysical

Terahertz Large Area Survey) at z < 1.

With the advent of data from the Infrared Astronomical Satellite (IRAS), studies

such as Chini et al. [1986] and de Jong and Brink [1987] appear to provide a realistic

description of the far-infrared emission by using a two-component model. That is, a cold-

dust population and a warm-dust population are fitted simultaneously by independent

grey-body spectra. The true dust population is likely to have a continuous distribution

of temperatures, however, and Bothun et al. [1989] point out that the dust mass derived

from the far-infrared measurements is highly dependent on the dust temperature that is

assumed, since 102 M� of warm dust (T = 50 K) has the same luminosity as 105 M� of

cold dust (T = 20 K). Given this degeneracy, a simple single-component isothermal model

should perform equally well, and this is confirmed by Smith et al. [2013]. Kalfountzou

et al. [2014] reach the same conclusion when they compare fits using an isothermal model

with those using a two-temperature model. The exceptions are where the warm-dust

component is better-described by a temperature that is significantly different from the
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value assumed for the two-temperature model. In these cases the single-temperature

model is a better description. An added advantage is that this method allows the work

to be compared to a greater number of studies in the literature, as the single-component

model is more widely used. Thus, with β fixed and the (single) temperature allowed to

vary between 10 and 60 K, the only other free parameter I use in the grey-body fitting

code is the normalisation.

I begin by using all of the available far-infrared photometry, that being the fluxes and

their errors as measured from PACS and SPIRE maps at 70, 160, 250, 350 and 500µm

(Section 4.2.2). However, if I am to determine the SFR from the far-infrared luminosity

(through integration of the fitted spectrum, over 8–1000µm; Sanders and Mirabel 1996),

then I need to be sure that this emission is not contaminated by dust-heating of AGN

origin. Such a contribution is a concern for only the 70µm band as, at z ∼ 1, this

corresponds to 35µm in the rest frame. Here the AGN is heating its (putative) dusty

torus, and this energy is re-radiated in the mid-infrared. As the AGN component of the

mid- to far-infrared emission appears to become negligible beyond rest-frame 60µm [e.g.

Hatziminaoglou et al. 2010; Ivison et al. 2010a; Feltre et al. 2014; Leipski et al. 2014], the

longer-wavelength bands should be a reliable measure of the cooler dust, heated by star-

formation processes. The old stellar population may also contribute to the far-infrared

emission, via heating of the dust in the diffuse interstellar medium (ISM). This is naturally

less dense than the molecular birth clouds that host newly-forming stars [Charlot and Fall,

2000], and therefore at cooler temperatures with emission at longer wavelengths.

As shown in Figure 5.4, the contribution of mid-infrared emission to the 70µm flux

biases the fit of the far-infrared to high temperatures. Without the constraint imposed

by this band, the grey-body spectrum moves to longer wavelengths, where it is better

able to describe the photometry (accompanied by a lower χ2 value). Therefore I continue

my fitting of the far-infrared emission using only the 160, 250, 350 and 500µm data, and

demonstrate in Figure 5.5 the improvement that this makes to the resulting χ2 values. The

integrated-FIR luminosities calculated using these four bands are presented in Table 5.2.
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Figure 5.4: An example of fitting the far-infrared emission where all five PACS/SPIRE
bands are used (upper plot). When the 70µm flux is not included (lower plot), there is
an improvement in the fit, judged by the lower χ2 value (inset plot) and better overlap of
the grey-body spectrum (curved line) with the photometry (black datapoints).
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Figure 5.5: The distribution in reduced χ2 values, with and without the use of the 70µm
band during the fitting of the far-infrared emission (red, hatched histogram and blue
histogram, respectively). The outlier at 28 < χ2 < 29 for the blue histogram corresponds
to an object for which a single grey-body spectrum is a particularly poor description of
the data.

5.2.2 Single-band fitting in the far-infrared

Due to some RQQs not having good detections in each of the 4 PACS/SPIRE bands,

I also fit the grey-body constrained by a single band: 250µm. This band is chosen

because, for this sample, it measures the emission close to the grey body’s peak, which

is expected to be at ∼100µm in the rest frame [Guiderdoni et al., 1998]. Near the peak,

any temperature variations lead to a minimal difference in the measured 250µm flux,

and so this can be a good indicator of the bolometric luminosity if the temperatures are

similar. Technically the 160µm band measures flux even closer to the peak, but this

is on the shorter-wavelength side of the peak and so is more likely to suffer from AGN

contamination. The 250µm therefore offers the best compromise.

With only one band constraining the fit, the same χ2 value would be produced by

all possible combinations of temperature and normalisation (α), these being the two free

parameters. If I fix the temperature to a sensible value, the best fit can be determined

by the normalisation alone. To decide the most appropriate temperature to use for the

subsequent single-band fitting, I inspect the current distribution for the sample (attained



159

0 10 20 30 40 50 60

Temperature/(K)

0

1

2

3

4

5

6

7

8

N
u
m

b
er

co
u
n
t

Figure 5.6: The distribution in temperatures when multiple bands (160, 250, 350 and
500µm) are used to constrain the fit of the far-infrared emission, with emissivity fixed
via β = 1.8. The dashed line indicates the median temperature for the sample, at 24.5 K.

through multi-band fitting, Figure 5.6) and calculate the median temperature. This is

24.5 K. For comparison, Hardcastle et al. [2013] use a fixed temperature of 20 K whilst

Smith et al. [2013] find that 23.5 K is the best-fitting global temperature for their sample.

This suggests that the temperature of the dust present in this sample is similar to the

general low-redshift galaxy population and also obscured radio galaxies. By using the

median instead of the mean value, my results are less affected by outliers amongst the

RQQs.

5.2.3 Determining the far-infrared luminosity

For both the multi-band and single-fitting cases, the far-infrared luminosity for each RQQ

is calculated using the following integral:

LFIR =
4πD2

L

1 + z

∫
αQνBνdν, (5.2)

where DL is the luminosity distance, and the integration is done over wavelengths 8 <

λ/µm < 1000 [Sanders and Mirabel 1996; Bell 2003].
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5.3 Investigating the level of star formation

Regarding the origin of the far-infrared continuum in quasars, Sanders et al. [1989] con-

cluded that the emission over 2–1000µm was mainly due to re-radiation from a warped

disc, heated by the AGN. However today the general consensus agrees with Rowan-

Robinson [1995] and Haas et al. [1999], who argued that it is star formation in the quasar

hosts that results in the far-infrared emission. To investigate whether star-formation

activity is sufficient to explain the total radio emission for my sample, I compare two

estimates of the SFR in the subsection below.

5.3.1 Comparison of star-formation rates

As in Section 3.1.4, I calculate one estimate of the SFR directly from the radio luminosity,

following the relation of Yun et al. [2001]. This assumes that the total flux in the radio is

due to star formation alone. The second SFR estimate comes from the far-infrared lumi-

nosity, LFIR, as determined in the previous section through fitting a grey-body spectrum

to PACS/SPIRE photometry. For this I use Equation 5.3, taken from Kennicutt [1998],

which applies to starbursts. This is most relevant for my purposes, as the SFRs in such

objects is at a maximum, limited only by the volume of gas that is available. In other

words, I am assuming that the conversion of gas into stars is at its most efficient, and so

the derived SFR values are themselves upper limits. Bell [2003] suggests a two-power law

relation between far-infrared and radio emission, however, this second power-law is only

warranted at very low SFRs, which are well below the SFR that could explain any of the

radio emission in my RQQ sample.

SFR/(M� yr−1) = 4.5× 10−44LFIR/(erg s−1). (5.3)

In Figure 5.7 I show the two SFR estimates against one another, for both the multi-

band and single-band fitting cases. There are three single-band datapoints that have

particularly low SFRs derived from LFIR, prompting me to double-check the fitting. Two

of them have negative fluxes extracted from the 250µm maps, whilst the third is forced

to a low LFIR on account of the 250µm flux being significantly lower than for the adjacent
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bands. Other than these three anomalous points, the results are very similar for the two

types of fitting. This provides further support that sampling close to the peak emission

provides a good indication of the integrated far-infrared luminosity.

If the total radio emission from the RQQs in the SHAGS sample can be explained

entirely by star formation, then the datapoints should lie along a one-to-one relation

(dashed lines in Figure 5.7). As seen in Figure 3.7, the majority of the RQQs have values

of SFR(L1.4 GHz) that exceed this relation, suggesting that the radio emission is above that

expected from star formation alone.

With reference to Figure 3.7, I present the same comparisons of SFR estimates but

this time colour-coded by black-hole mass for each of the 72 RQQs in this sample (Fig-

ure 5.8). These masses were calculated by Falder et al. [2010], who use the virial-mass

estimate technique of McLure and Jarvis [2002] with Mgii2799 broad lines from SDSS DR5

spectroscopy (Section 4.2.1). It may be expected that, because of the larger gas reservoirs

associated with more-massive galaxies (and, implicitly, more-massive black holes), the

amount of star formation would increase with black-hole mass. However, no such trend

is seen between black-hole mass and SFR in Figure 5.8. As a further check, I investigate

more directly whether any correlation exists between black-hole mass and SFR in Fig-

ure 5.9, and confirm that the two properties are not clearly correlated for these objects.

What is apparent, however, is the higher radio-detection rate for higher black-hole masses.

Figures 5.8 and 5.9 illustrate the difficulty of using sample properties to determine how

various galaxy-evolution processes interact. One explanation for the lack of correlation

between black-hole mass and SFR is that, being from the same epoch at z ∼ 1, the typical

gas density is similar for each of the RQQs, independent of how massive the galaxy is.

With larger stellar mass not necessarily being connected to higher SFR, this may seem to

contradict the star-formation mass sequence studied by numerous authors [e.g. Noeske

et al. 2007; Whitaker et al. 2012; Johnston et al. 2015]. However, note that such a relation

is studied with samples of ∼20,000 star-forming galaxies, hence poor number statistics

may be behind the lack of an observable trend for this sample of RQQs. This is assuming

that the host galaxies of RQQs do behave in the same way as normal star-forming galaxies,

as suggested by Rosario et al. [2013]. Another consideration is that a larger black-hole
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(a) Multi-band fitting in the FIR
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(b) Single-band fitting band in the FIR

Figure 5.7: The SFR calculated from the integrated-FIR luminosity (LFIR, Section 5.2)
against the SFR calculated from the extracted radio flux density at 1.4 GHz. LFIR is
determined by using either (a) 4 bands to fit the grey-body spectrum, or (b) the 250µm
measurement only. Dark-blue triangles correspond to objects detected with a radio signal-
to-noise ratio of over 3 (S1.4 GHz > 3σ), and light-blue circles are those below this detection
threshold. Black arrows represent 1-σ upper limits in the radio-derived SFR for quasars
having a negative flux density measured from the JVLA images. The dashed line indicates
the one-to-one relation, if star formation accounts for all of the radio emission.
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(b) Single-band fitting band in the FIR

Figure 5.8: The same as Figure 5.7 but colour-coded according to the black-hole mass,
MBH, as shown in the legend. Triangles are still used to represent objects detected with
a radio signal-to-noise ratio of over 3 (S1.4 GHz > 3σ), and circles for those below this
detection threshold.
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Figure 5.9: The SFR calculated from the integrated-FIR luminosity (LFIR, Section 5.2)
against the black-hole mass, MBH. LFIR is determined by using either (a) 4 bands to
fit the grey-body spectrum, or (b) the 250µm measurement only. Dark-blue triangles
correspond to objects detected with a radio signal-to-noise ratio of over 3 (S1.4 GHz > 3σ),
and light-blue circles are those below this detection threshold. The lines of best-fit are
given by SFR(LFIR) = 9.62 log10[MBH] + 1.63 and SFR(LFIR) = 6.61 log10[MBH] + 15.5,
and the associated coefficient of determination is shown in the bottom left-hand corner
of each plot. Overplotted in red are the median SFRs derived for these objects, binned
in MBH. The horizontal error bars indicate the ranges of the MBH bins, and uncertainties
on the median SFRs are given by the ordinate error bars.
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accretion rate may restrict how much gas is available for star formation, but similarly,

star-formation activity may place a limit on the volume of gas that can be accreted

[cf. Bouché et al. 2010]. Unfortunately I do not have any CO observations to directly

determine the abundance of gas, and so will simply study the relative contributions of

star formation and accretion to the total radio emission in Section 5.4.

5.3.2 The far-infrared–radio correlation

Star formation makes a contribution to the total radio emission and, as shown in the

previous subsection, can be measured using far-infrared data. Therefore, as part of my

analysis of the RQQs in SHAGS, I will use the well-established far-infrared to radio

correlation (FIRC, Section 1.4.2). A temperature-dependence in this relation has been

identified by Smith et al. [2014], and so I use a measurement of the far-infrared that

minimises any bias with respect to temperature. As already explained (Section 5.2.2), for

this sample, the 250µm band meets this criterion and is a reliable tracer of the far-infrared

emission. I therefore use this to construct a FIRC that is appropriate for these RQQs.

The reason why I do not use the integrated far-infrared luminosity instead is that the

relevant FIRCs in the literature, for comparing with, are not determined using objects all

at the same redshift. As a result, they are less suitable for extrapolation to my sample.

For z ∼ 1 objects, 250µm fluxes provide the monochromatic luminosity at 125µm in

the rest-frame (Equation 5.4). In order to accurately measure the intrinsic emission, it is

necessary to apply a luminosity K-correction [Schneider, 2014], the derivation of which is

presented below.

L125 =
4πD2

LS250

1 + z
. (5.4)

Rearranging the above and writing with generalised observed and emitted frequencies,

ν and ν ′, respectively:

Sν =
(1 + z)Lν′

4πD2
L

(5.5)

=
(1 + z)Lν′

4πD2
L

Lν
Lν

(5.6)

=
Lν

4πD2
L

[
Lν′

Lν
(1 + z)

]
. (5.7)
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Now the contents of the square brackets is the total K-correction that is made, con-

sisting of a bandwidth term, (1 + z), and a spectral term, Lν′/Lν . The latter takes into

account the changing shape of the SED, comparing the spectrum at the observed fre-

quency to that at the rest-frame frequency. If I wanted to use the 250µm flux to get the

monochromatic luminosity at 250µm in the rest-frame, then I would use the entire ex-

pression. As I am probing the 125µm emission directly with the 250µm band, there is no

need for the spectral term, due to the narrow redshift range of the quasars in my sample.

The necessary calculation then reverts to Equation 5.4. However, to show consistency be-

tween the luminosity K-correction above and the magnitude K-correction (Equation 2.7,

repeated as Equation 5.10), I take the logarithm of the contents in square brackets:

K(z) ∝ log10 [1 + z] + log10

[
Lν′

Lν

]
(5.8)

= log10[1 + z] + log10

[∫
F (ν ′)S(ν)dν∫
F (ν)S(ν)dν

]
. (5.9)

K(z) = 2.5 log10[1 + z] + 2.5 log10

[ ∫
F (λ′)S(λ)dλ∫

F (λ′/(1 + z))S(λ)dλ

]
. (5.10)

Since F (ν) ∝ λ2F (λ), Equations 5.9 and 5.10 are equivalent.

Following Smith et al. [2014], I use a dimensionless parameter, qλ, to describe the FIRC

(Equation 5.11), where λ is the rest-frame wavelength. Since I use the 250µm band, and

my RQQs are all at z ∼ 1, the FIRC parameter is as defined in Equation 5.12. The

work of Smith et al. [2014] included investigation into the temperature dependence of q100

and q160 (which use 100µm and 160µm, respectively, for Equation 5.11). They present

stacked values for these q parameters – their z < 0.5 sample binned in dust temperature

– and I use the extremes of these values (q160 = 2.4 and q100 = 2.9) as a guide for what I

can expect my q125 values to be. (As the 125µm rest-frame emission lies between emission

at 100µm and emission at 160µm, I expect the behaviour of q125 to be bounded by the

behaviour of q100 and q160.) Note that the values 2.4 and 2.9 are read from Fig. 9 of Smith

et al. [2014], and I simply use the midpoint value for the definition below:

qλ = log10

[
Lλ

L1.4 GHz

]
, (5.11)
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q125 = log10

[
L125µm/(W Hz−1)

L1.4 GHz/(W Hz−1)

]
= 2.65. (5.12)

The positions of the RQQs with respect to the FIRC can be seen in Figure 5.10. Purely

star-forming galaxies are expected to lie between the dashed lines, but the majority of

the sample are towards the right-hand side of the FIRC. This means that the total radio

emission exceeds that expected from star formation. This plot is effectively the same

as Figure 5.7 but without the conversion from observable quantities to SFRs. In this

plane the interpretation, that accretion-connected radio emission is significant in RQQs,

is clear. Hence, I have additional evidence (Section 3.1.4) that this process makes a

significant contribution to the radio observations of RQQs, with the current work being

complementary to that for the VIDEO sample, having different selection effects and biases.

It also benefits from using individual measurements of L125µm for each quasar, rather than

relying on probability contours derived from assumed black-hole masses and empirical

scaling relations.

For comparison, Seymour et al. [2009] find that their stacked values of q70 are at

least 0.5 dex lower for AGN than for the star-forming galaxies in their sample of sub-mJy

radio sources, which extends to z ∼ 3. This means that there is more radio emission

from the AGN, and this excess can be explained by the accretion process. However, note

that they use the definition q70 = log10[S70/S1.4 GHz], i.e. observed rather than rest-frame

measurements. Care then needs to be taken as the 70µm band is subject to emission from

AGN heating of the torus, and the degree of this contamination will vary with redshift.

To appreciate the level of the contribution by the accretion process to the total radio

luminosity, I use the FIRC (q125 = 2.65) to calculate the radio luminosity based on the

value of L125µm for each object. This gives me the radio luminosity expected due to

star-formation processes, L1.4 GHz, SF. Subtracting this from the total radio luminosity

then determines the radio luminosity that is connected to accretion (Equation 5.13). I

do this for all of the RQQs, including those lying to the left-hand side of the solid line in

Figure 5.10. Although they are likely to have a negligible contribution from accretion to

the radio emission, and (by the definition below) have unphysical values of L1.4 GHz, acc, it
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Figure 5.10: The monochromatic luminosity at rest-frame 125µm, L125µm, versus the
radio luminosity, L1.4 GHz. Dark-blue triangles correspond to objects detected with a
radio signal-to-noise ratio of over 3 (S1.4 GHz > 3σ), and light-blue circles are those below
this detection threshold. Black arrows represent 1-σ upper limits in L1.4 GHz for quasars
having a negative flux density measured from the JVLA images. Note that objects with
log10[L125µm] . 25.6 have FIR fluxes that are detected below 3σ. The dashed lines are
the lower and upper bounds on q125, 2.4 and 2.9, respectively. The solid line corresponds
to the midpoint value, q125 = 2.65 (Equation 5.12).
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is statistically correct to use the full sample.

L1.4 GHz = L1.4 GHz, SF + L1.4 GHz, acc. (5.13)

I then use these L1.4 GHz, acc values to calculate what fraction of the sample has AGN-

dominated radio emission, and the total accretion-related radio luminosity for all of the

objects (Table 5.3). This is repeated using upper-limit radio luminosities and 1-σ detected

RQQs, to avoid using negative values of L1.4 GHz (derived for 10 sources by virtue of their

flux-density measurement). In each of these cases I find that ≥65% of the RQQs have

a significant amount of radio emission due to accretion. Moreover, this process accounts

for ≥82% of the total radio luminosity, summed across the full sample. Taking this a

step further, I separately study the RQQs for which the total radio luminosity is in excess

of q125 = 2.15. This corresponds to lying over 2σ away from the FIRC, where I have

approximated the error in q125 via the relative positions of the lower and upper bounds

(∆q125 = 0.25, see Figure 5.10). For these 31 RQQs, all of which are AGN-dominated and

make up 43% of the SHAGS sample, the accretion-related contribution to the total radio

emission is at a level of 92%.

For completeness, as several studies in the literature use the integrated far-infrared

emission to describe the FIRC [e.g. Murphy 2009; Ivison et al. 2010b], I convert the q125

relation into LFIR-L1.4 GHz space. To do this I first determine the best-fit line that maps

my monochromatic luminosities, L125µm, onto the correlated far-infrared luminosity, LFIR

(upper plot of Figure 5.11). I then apply the same transformation to the lines of constant

q125 (q125=2.4, 2.65 and 2.9), which leads to the curved lines shown in the lower plot of

Figure 5.11. They appear to approach an asymptote at log10[LFIR] = 37.55, but this

is non-physical and just a consequence of the best-fit relation between L125µm and LFIR

having a non-zero y intercept.

5.4 Trends between radio and optical luminosities

In this section I investigate how star formation and black-hole accretion, quantified by

their contribution to the total radio luminosity, correlate with the optical luminosity.
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Figure 5.11: The integrated-FIR luminosity, LFIR, using multi-band fitting, against the
monochromatic luminosity at rest-frame 125µm, L125µm (upper plot). The coefficient of
determination, R2, is given in the bottom right-hand corner. The line of best-fit, LFIR =
2.46× 1012 L125µm + 3.26× 1037, is used to convert the lines of constant q125 (Figure 5.10)
into FIR-luminosity versus radio-luminosity space (lower plot). As before, the solid line
corresponds to the midpoint value, q125 = 2.65. Dark-blue triangles correspond to objects
detected with a radio signal-to-noise ratio of over 3 (S1.4 GHz > 3σ), and light-blue circles
are those below this detection threshold. Black arrows represent 1-σ upper limits in
L1.4 GHz for quasars having a negative flux density measured from the JVLA images.
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Figure 5.12: The accretion luminosity, L1.4 GHz, acc, against the SF luminosity, L1.4 GHz, SF.
Dark-blue triangles correspond to objects detected with a radio signal-to-noise ratio of
over 3 (S1.4 GHz > 3σ), and light-blue circles are those below this detection threshold.
Black arrows represent 1-σ upper limits in L1.4 GHz for quasars having a negative flux
density measured from the JVLA images. A linear regression analysis gives the coefficient
of determination shown in the bottom right-hand corner. Overplotted in red are the
median luminosities derived for these objects, binned in L1.4 GHz, SF. Horizontal error bars
indicate the ranges of the L1.4 GHz, SF bins, and uncertainties on the median accretion
luminosities are given by the ordinate error bars.

Firstly, I present the accretion-related radio luminosity against the star formation-related

radio luminosity in Figure 5.12. A linear regression analysis gives the coefficient of de-

termination, R2 = 0.05, which indicates that the correlation between accretion and star

formation is weak. However, a positive trend can be seen by eye. This suggests that the

two processes may be connected via feedback mechanisms, although the correlation could

also be explained by a common factor, such as the amount of gas that is available (fuelling

both star formation and the AGN).

The star-formation radio luminosity is shown against the absolute i-band magnitude,

Mi, in the upper panel of Figure 5.13. Although the correlation appears to be poor,

linear regression analysis indicates (via R2 = 0.09) that the trend is in fact stronger than

that seen between the total radio luminosity and Mi (Figure 5.3). The reason could be

that the greater scatter introduced by the accretion-related radio emission, as evident

in the lower panel of Figure 5.13, has been removed. The coefficient of determination
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for L1.4 GHz, acc against Mi is only R2 = 0.01. As a check, I use an alternative method

for calculating L1.4 GHz,SF, and thereby L1.4 GHz, acc. This involves the one-to-one relation

shown in Figure 5.7, where the SFR derived from LFIR is used to set L1.4 GHz, SF. The

resulting values of L1.4 GHz, acc are shown in Figure 5.14, and are very similar to those in

Figure 5.13.

It is puzzling that these two observables (L1.4 GHz, acc and Mi) are not more closely

correlated, given that it may be expected for both to be directly associated with the

accretion disc. A common gas-reservoir can explain the trend between L1.4 GHz, SF and

Mi, since this gas can fuel both star formation and accretion. Therefore, with Mi acting

as a proxy for accretion rate, another factor must be at work to explain the scatter in

L1.4 GHz, acc. For example, magnetic fields may play a role, leading to radio jets that boost

the value of L1.4 GHz, acc but are too small to be resolved in the JVLA images. Furthermore,

the environmental density will dictate how much radio emission results from such jets.

The reason is that denser material will interact more strongly with the jet, thus rapidly

decelerating electrons and producing more radio emission. This is substantiated by the

hydrodynamical numerical modelling of radio-galaxy lobes by Hardcastle and Krause

[2013], although their analysis does not take into account radiative losses. They also

focus on FRII objects (Section 1.4.1), and simply scaling down the interaction between

jets and the environment may be inappropriate for RQQs. Along these lines, Yee and

Green [1984] and Falder et al. [2010] find that RQQs occupy less-dense environments

compared to their radio-loud counterparts. In addition, regarding Figure 5.14, note that

the faintest Mi bin contains numerous objects with negative radio flux-densities, and so

the median L1.4 GHz, acc value is itself negative. With deeper radio data the detection rate

should improve, allowing for better investigation into trends between the radio and the

optical at the faint end.

Next I calculate L1.4 GHz,SF/L1.4 GHz, acc, and study how this varies with Mi (Fig-

ure 5.15). This ratio gives the relative contributions of the star-formation and accretion

processes to the total emission. No trend can be seen with optical luminosity, although

it is interesting that the brightest bin in Mi is the one that contains the greatest pro-

portion of 3σ-detected RQQs. In order for the quasars to be this optically-bright it is
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Figure 5.13: The SF luminosity, L1.4 GHz, SF (upper plot), and the accretion luminosity,
L1.4 GHz, acc (lower plot), against the absolute i-band magnitude, Mi. Dark-blue triangles
correspond to objects detected with a radio signal-to-noise ratio of over 3 (S1.4 GHz > 3σ),
and light-blue circles are those below this detection threshold. Quasars having a negative
flux density measured from the JVLA images are represented by black circles in the upper
plot, and by 1-σ upper-limit arrows in the lower plot. The lines of best-fit are given by
L1.4 GHz, SF = −3.02×1022Mi−6.23×1023 and L1.4 GHz, acc = −1.60×1023Mi−3.42×1024,
and the associated coefficient of determination is shown in the bottom left-hand corner
of each plot. Overplotted in red are the median luminosities derived for these objects,
binned in Mi. The horizontal error bars indicate the ranges of the Mi bins (Table 5.1),
and uncertainties on the median radio luminosities are given by the ordinate error bars.
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Figure 5.14: The accretion luminosity, L1.4 GHz, acc (calculated via an alternative method
to that for Figure 5.13, see text), against the absolute i-band magnitude, Mi. Dark-
blue triangles correspond to objects detected with a radio signal-to-noise ratio of over
3 (S1.4 GHz > 3σ), and light-blue circles are those below this detection threshold. Black
arrows represent 1-σ upper limits in L1.4 GHz for quasars having a negative flux density
measured from the JVLA images. The line of best-fit is given by L1.4 GHz, acc = −1.62 ×
1023Mi−3.49×1024, and the associated coefficient of determination is shown in the bottom
left-hand corner. Overplotted in red are the median luminosities derived for these objects,
binned in Mi. The horizontal error bars indicate the ranges of the Mi bins (Table 5.1),
and uncertainties on the median radio luminosities are given by the ordinate error bars.
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Figure 5.15: The ratio of the SF-related radio luminosity, L1.4 GHz,SF, to the accretion-
related radio luminosity, L1.4 GHz, acc, as a function of the absolute i-band magnitude, Mi.
Dark-blue triangles correspond to objects detected with a radio signal-to-noise ratio of over
3 (S1.4 GHz > 3σ), and light-blue circles are those below this detection threshold. Quasars
having a negative flux density measured from the JVLA images are represented by 1-σ
upper-limit arrows. The dashed line is to guide the eye where L1.4 GHz, SF = L1.4 GHz, acc.
Overplotted in red are the median ratios for these objects, binned in Mi. The horizontal
error bars indicate the ranges of the Mi bins (Table 5.1), and uncertainties on the median
ratios are given by the ordinate error bars.
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necessary for them to be accreting efficiently, since this leads to greater thermal emis-

sion from the accretion disc, which dominates the i band. Also associated with higher

accretion rates is the larger amount of electrons being accelerated by magnetic fields in

the disc and around the black hole. This produces synchrotron emission, resulting in

higher values of L1.4 GHz, acc. It is therefore reasonable to suggest that the median ratio

of L1.4 GHz, SF/L1.4 GHz, acc in this bin is lower than the others because some mechanism is

leading to more-efficient accretion. Also, if accretion efficiency is larger, then (depending

on the exact location of the gas with respect to the black hole and the host galaxy) star

formation will be suppressed due to a lack of fuel. This could be further compounded by

the thermal energy from the accreting black hole, preventing gas from cooling enough to

collapse and form stars.

5.5 Conclusions

Using a sample selected over a single epoch (0.9 < z < 1.1) and spanning two orders of

magnitude in optical luminosity, I investigate the star-formation and accretion properties

of RQQs in the Spitzer-Herschel Active Galaxy Survey (SHAGS). The narrow redshift

range allows any evolutionary effects to be decoupled from my findings, breaking the

degeneracy between luminosity and redshift that is inherent in most samples. Previous

studies that used the same sample needed to invoke stacking analyses, as the radio data

was not of sufficient sensitivity. The current work uses new JVLA images, whose reduction

is described in the previous chapter, to uncover the following results:

1. 32 of the 72 objects are detected a 3-σ level in the 1.4 GHz radio images, with the

median flux-density for the whole sample determined to be 86.1± 73.3µJy/beam.

2. A Kolmogorov–Smirnov (KS) test between the quasar sample and fluxes extracted

at random positions leads to a p-value of 10−21, confirming that they are drawn

from distinct populations, as indicated by the significant positive tail in the flux-

density distribution. This means that the quasars have a statistical detection of

radio emission.
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3. The sample is binned in absolute i-band magnitude, Mi, and additional KS tests are

performed to compare the radio flux-density distribution of the quasars with that

of random positions for each bin. For the three brightest bins there is evidence at

the �99.99% confidence level for excess radio emission from the quasars. However

for the faintest bin, the confidence level falls to 99.0%. Even deeper radio data is

required to properly investigate the properties of these quasars.

4. A linear regression analysis between the radio luminosity and Mi indicates that

correlation between the two is poor, although a weak trend can be seen by eye, with

the optically-bright quasars having the highest radio luminosities.

5. Far-infrared luminosities are used to estimate individual star-formation rates (SFRs)

for the quasars, which are then compared against SFRs derived from the radio

luminosity. The latter are based on the assumption that all of the radio emission is

a consequence of star-formation processes.

6. The inclusion of black-hole masses in the analysis indicates that quasars harbouring

more-massive black holes do not necessarily have higher SFRs. This may be ex-

pected from more-massive black holes residing in galaxies with larger stellar mass,

which in turn are more likely to host larger reservoirs of gas. One explanation for

the lack of correlation is the role of AGN feedback, with star formation being sup-

pressed as a result of accretion-related heating of the gas. Another is simply that

black-hole mass and SFR are not related.

7. The monochromatic luminosity at rest-frame 125µm, L125µm, is a reliable tracer of

the far-infrared emission for this sample. It is therefore used to describe the far-

infrared to radio correlation (FIRC), via the dimensionless parameter q125. As was

found for the VIDEO sample (Section 3.1.4), emission from star formation alone

cannot explain the total radio emission for the majority of RQQs, suggesting that

accretion still makes an important contribution.

8. Exploiting the FIRC, I divide the total radio emission (L1.4 GHz) into its constituent

components: that related to star formation, L1.4 GHz, SF, and that related to accre-

tion, L1.4 GHz, acc. The latter is used to quantify the contribution of the AGN to the
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total radio luminosity. Given a 1-σ detection level in the radio, 78% of the RQQs

are AGN-dominated (having L1.4 GHz, acc > 0.6L1.4 GHz), and the accretion process

accounts for 86% of the radio luminosity when summed across the objects. This

proportion increases to 92% for objects lying over 2σ away from the FIRC.

9. The radio emission connected with star formation is found to vary with Mi, which

could be explained by the common reservoir of gas, although regression analysis

indicates that the trend is a weak one. Meanwhile, L1.4 GHz, acc shows large scat-

ter when plotted against Mi, and no trend with optical luminosity is observed for

the relative contribution of the two processes (L1.4 GHz, SF/L1.4 GHz, acc). Deeper ra-

dio data, a larger sample size, and additional multi-wavelength data may help to

disentangle the various feedback mechanisms at work, if they are indeed playing a

significant role. It is unclear whether this would strengthen or dilute the trends

currently observed.
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Summary and future work

“Even the smallest person can change the course of the future”

– Galadriel, The Lord of the Rings: The Fellowship of the Ring

6.1 Summary

Black-hole accretion and star formation are crucial to galaxy evolution, with several stud-

ies citing their interaction as the reason for the suggested co-evolution of black-hole mass

with bulge mass [Croton et al., 2006; Silk and Mamon, 2012]. Another indication that

the two processes are connected is that they both peak in activity over the epoch z ∼ 1–3

[Madau et al., 1996; Ueda et al., 2003]. However, recent work [e.g. Rosario et al. 2012; Fel-

tre et al. 2014] suggests that there is actually little dependence of SFR on the luminosity

of the AGN. In addition, the impact of AGN feedback is dependent on the environment,

with the possibility of triggered star formation occurring on nuclear [Davies et al., 2006],

galactic [Ishibashi and Fabian, 2012], and intracluster [Croft et al., 2006] scales. Other

sources of feedback include supernovae, which expel material that may otherwise accrete

onto the central black hole. The remnants left behind by supernovae in star-forming

regions accelerate relativistic electrons, resulting in synchrotron radiation that emits at

radio frequencies. Therefore, since accretion also produces synchrotron emission, radio

observations can provide an unbiased view of both AGN and star-forming populations.

As part of disentangling accretion and star-formation processes, we need to develop a

better understanding of how the various populations contribute to the total radio emission.

This is particularly important at low radio luminosities, where the relative proportions

of star-forming galaxies and RQQs is debated. Kimball et al. [2011] and Condon et al.
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[2012] suggest that the radio emission from RQQs is dominated by star formation, whilst

Simpson et al. [2006], Smolčić et al. [2008] and Wilman et al. [2008] show that RQQs

are making an important contribution in the sub-mJy regime. However, the level of star

formation that occurs within RQQs is not very well understood.

To investigate further, I examine the origin of the radio emission in a sample of 74

RQQs, selected using the VIDEO Survey (Chapter 2). Using VLA imaging to study their

faint radio emission, I find evidence that it is predominantly accretion-powered rather

than due to star formation (Chapter 3). This is through a comparison of two independent

estimates of the SFR, one based on the radio flux-density and the other on the stellar

mass of the host galaxy. Additional evidence comes from comparing the radio flux-density

distribution of the RQQs to that of control samples of galaxies, matched in both redshift

and stellar mass.

In an extension of the work done by Condon et al. [2013], I carry out an improved

stacking analysis by properly accounting for the varying noise level in the radio data,

and using deeper data that allows me to probe lower black-hole masses and/or accretion

rates. I find very good agreement between source counts derived using this technique and

the number of RQQs predicted by Wilman et al. [2008], and demonstrate that a power-

law function is an inadequate description for AGN at low radio luminosities. Instead, a

power-law plus Gaussian model enables the behaviour in the number counts (notably the

‘bump’ below 1 mJy, Figure 1.14) to be reproduced.

I then carry out a similar analysis (with regard to a comparison of SFRs) for another

sample of RQQs, previously constructed as part of the Spitzer-Herschel Active Galaxy

Survey (SHAGS). For these I have reduced new JVLA data (Chapter 4), leading to a ≥3-σ

detection for 32 of the 72 objects. Again I calculate the SFR based on the radio luminosity,

but this time use far-infrared luminosities (from photometric fitting of Herschel data) to

obtain an alternative SFR estimate. As before, the majority of the sample have excess

radio emission that cannot be accounted for by star formation alone, thus indicating that

emission from an AGN is making an important contribution (Chapter 5). The same

conclusion is drawn when I use the appropriate FIRC for this sample, defined via the

ratio of the luminosity at rest-frame 125µm to that at 1.4 GHz. Using this relation I am
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able to demonstrate that the bulk of the radio emission originates from the AGN.

For both samples of RQQs I also investigate whether there is a correlation between the

radio luminosity and the optical luminosity. Such a trend would be expected for objects

in which accretion dominates the radio emission, as this process also manifests itself via

thermal emission from the accretion disc in the i band. In the case of the quasars selected

using VIDEO, there is good evidence of a correlation between the two properties, which

is hypothesised to be largely redshift-driven. This is then tested using the complementary

SHAGS sample, where the RQQs span a narrow redshift range (0.9 < z < 1.1), allowing

the degeneracy with possible evolutionary and K-correction effects to be broken. I find

that there is only a weak trend between radio luminosity and optical luminosity for the

z ∼ 1 quasars, confirming the influence of redshift-dependence for the VIDEO sample.

Next I use the FIRC to calculate the radio luminosity due to star formation and that due

to accretion for the SHAGS sample. The former shows a weak correlation with optical

luminosity, possibly explained by the common gas-reservoir that fuels both star formation

and the AGN. Blandford and Payne [1982] and Reynolds et al. [2006] argue for the power

of radio jets to scale with accretion rate, given that the accretion of magnetic flux onto

the black hole may factor into whether or not a radio jet is produced. However, no trend

is seen between the accretion-connected radio-luminosity and the optical luminosity for

these RQQs. I suggest that this could be due to the magnetic field in or surrounding the

accretion disc to not be of sufficient strength to produce a large amount of synchrotron

radiation, and not simply related to the accretion rate. This points towards a different

mechanism, to that in radio-loud quasars, producing radio emission.

Through the work described in this thesis I have shown that, for the RQQ population,

the bulk of the emission below 1 mJy (at 1.4 GHz) emanates from the AGN, in contention

with current ideas that it is star-formation dominated. Although such emission may be in

the form of jets [e.g. Blundell and Rawlings, 2001], it is possible that synchrotron radiation

from shock fronts, associated with outflows driven by the quasar, is also contributing to

the total radio emission [Zakamska and Greene, 2014]. In addition, I have found evidence

that the level of star formation is only weakly correlated with the level of accretion. This

could be due to the different timescales associated with AGN activity and star formation,
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leading to a delay between the two [Wild et al., 2010] that may be particularly pronounced

for radio-quiet objects.

Furthermore, the latter result is in contrast with radio-loud quasars, which exhibit a

stronger correlation [Kalfountzou et al., 2012, 2014] that could be brought about by the

compression of molecular clouds by radio jets [e.g. Croft et al., 2006]. The reason for the

coupling between AGN activity and star formation being weaker in RQQs may (again) be

due to these objects having a different accretion mechanism to that in radio-loud quasars.

Although jets may still be present, AGN-related feedback could instead be dominated by

disc winds from the outermost regions of the accretion disc [as observed in microquasars,

e.g. Blundell et al. 2001]. Alternatively, Laor and Behar [2008] suggest that synchrotron

emission in RQQs could be due to magnetic reconnection events accelerating electrons in

the corona above the disc.

6.2 Future work

Galaxy evolution studies will benefit from even deeper radio data, leading to larger sample

sizes of individually-detected objects. The combination with deep multi-wavelength is also

needed, enabling the radio emission to be separated accurately into accretion-connected

and star formation-connected components. In this section I describe what further work

can be done, based on the investigations outlined above, and highlight related gaps in our

understanding that require further research.

6.2.1 The obscured population

A limitation of many AGN studies reliant on optical data, such as the quasar luminosity

function of Croom et al. [2009], is that the obscured population is not well-accounted

for. Using X-ray data, Gilli et al. [2007] suggest that the obscured fraction is as high

as 80%, accompanied by an anticorrelation with bolometric luminosity [Treister et al.,

2008]. Their inclusion, therefore, will teach us more about the quasar population as a

whole, including what underlying physics govern the different accretion modes that are

observed. Furthermore, by investigating the way in which obscuration varies with redshift,
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it may be possible to discern orientation effects from evolutionary effects that are due to

the quasar expelling its dusty envelope [Hopkins et al., 2008].

Re-radiation from the torus emits in the mid-infrared and so, following Lacy et al.

[2004] and Stern et al. [2005], I could use mid-infrared criteria to reliably select both ob-

scured and unobscured AGN. This selection is orientation independent [Mart́ınez-Sansigre

et al., 2006], and I would need optical/near-infrared imaging or spectroscopy to classify

the objects as Type 1 or Type 2 (Section 1.2). I would then use the radio emission to see

if there is an excess from the obscured population, as may be expected from the evolution

scenario. Following on from this, I could instead select for star-forming objects using a

far-infrared selection, which is also orientation independent with regard to the AGN. As

before, I would use optical/near-infrared data to distinguish between Type-1 and Type-2

AGN, and then investigate whether I find excess radio emission from the obscured popu-

lation. However, a key element for such studies is matching the obscured and unobscured

populations in redshift and bolometric luminosity, which is difficult without full SEDs.

Furthermore, while creating my sample of quasars from the VIDEO survey (Chap-

ter 2), I noticed several objects that didn’t satisfy the gJK selection cuts but did lie

within the Stern and Lacy wedges (Figure 2.4). Many of them are fitted by Le PHARE’s

‘torus’ quasar template [Polletta et al., 2006], and it would be interesting to investigate

their radio properties, in terms of the contributions made by accretion and star formation

to the total radio emission. Recent studies [e.g. Chen et al., 2015] suggest that the SFRs

in obscured quasars are higher than in their unobscured counterparts, but care must be

taken due to possible contamination from the AGN.

6.2.2 Extension of luminosity functions

In order to better constrain how various populations contribute to the total radio source

counts [e.g. Wilman et al., 2008], we need to probe to lower radio luminosities. From

these measurements, luminosity functions can be constructed, allowing the evolution of

RQQs to be studied.

The lower limit of a radio luminosity function is naturally limited by the depth of the

observations, although stacking analyses enable sources below this threshold to be ex-
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tracted. The simplest method is to overlay multiple images to increase the SNR, but this

discards information about the individual sources and gives only a single, mean measure-

ment. In Chapter 3 I employed a more-advanced analysis, in that I used the individual

measurements (whether detected above the rms noise or not) to model the flux-density

distribution of the RQQs. However, information is still lost via the binning process.

Mitchell-Wynne et al. [2014] improve upon this by using a maximum-likelihood method

to model the flux-density distribution, whilst Zwart et al. [2015] extend the analysis to

a Bayesian framework, where model selection is implemented based on the Bayesian ev-

idence. The resulting number counts, in terms of flux, can then be converted into a

radio-luminosity function, ideal for specific populations identified at other wavelengths.

I could take this a step further by modelling the luminosity function itself, generating a

catalogue of simulated flux-densities from this, and then using the methods of Mitchell-

Wynne et al. [2014] and Zwart et al. [2015] to determine whether the original luminosity

function is reproduced. This study could also include the redshift dependence of the lu-

minosity function by incorporating redshift information from multi-wavelength surveys

[e.g. Roseboom and Best 2014].

Note that the techniques described above are suitable for data in which the rms is

dominated by instrumental noise. For those that are confusion-limited, where sources are

unresolved and ‘blur’ into the overall radio background, a probability of deflection, P (D),

analysis should be applied to find additional objects [Scheuer 1957; Patanchon et al. 2009;

Glenn et al. 2010; Vernstrom et al. 2014].

6.2.3 Exploiting VLBI resolution

In this thesis I have separated accretion-related radio emission from star formation-related

radio emission in two samples of RQQs (Chapters 3 and 5), using stellar-mass estimates

and far-infrared luminosities in combination with radio data. Another method I could use

is to spatially resolve the two components, resulting in a possibly cleaner separation that

is less dependent on empirical relations and their associated caveats. This requires sub-

arcsec resolution, which is achievable through very-long-baseline interferometry (VLBI).

Using baselines of length ≥100 km, it is possible to resolve the core emission of the
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AGN, and any small radio jets that may be present in RQQs [Ulvestad et al., 2005].

For this I plan to use data, already in hand, from the extended Multi-Element Radio

Linked Interferometer Network (e–MERLIN) to study a sample selected in the far-infrared

(S250µm > 38 mJy) from the Herschel-ATLAS [Eales et al. 2010] and having a measure-

ment of S1.4 GHz > 1 mJy in the FIRST radio survey [White et al. 1997]. These flux limits

are used to ensure that the objects have a good SNR. Each of these targets are at z < 0.5

but unresolved in FIRST (the resolution there being ∼5 arcsec), and so have no obvious

jets. By subtracting the radio emission that can be confidently attributed to black-hole

accretion, using the high-resolution e–MERLIN data, from the total emission as detected

in FIRST, the contribution from star formation in the host galaxy can be calculated. The

latter will be a lower limit due to (possible) nuclear star-formation being confused with

radio emission from the accretion disc. Then, using the far-infrared data from Herschel,

a FIRC can be determined that is free from AGN contamination.

Another project is already underway using e–MERLIN: the e–MERlin Galaxy Evolu-

tion Survey [eMERGE; Guidetti et al. 2013]. This is a deep observation, down to sub-µJy

levels, over the GOODS–N (Great Observatories Origins Deep Survey–North) field. The

aim is to study the formation and evolution of AGN and star-forming galaxies out to

z ∼ 5, with resolutions of 50–200 milliarcsec probing scales of 0.5–1.5 kpc at z > 1. The

result will be the first detailed view of how star-forming regions are distributed within

galaxies, over the peak in star-formation activity, and unaffected by dust obscuration.

In parallel, accretion-connected radio emission will be resolved over the epoch of peak

AGN-activity.

6.2.4 The Square Kilometre Array and its precursors

Although VLBI is excellent for producing high-resolution images, such instruments have

sensitivity only on specific spatial scales. Arrays generally have a larger collecting area,

and for a point-source, radio-continuum sensitivity of 1µJy (1σ), a 48 hr integration

is required using the JVLA’s S band (its most-sensitive band, at 2–4 GHz). However

with the SKA, the world’s largest next-generation radio telescope, a 2.8µJy rms can be

achieved at 2.35 GHz in only 1 hr [Prandoni and Seymour, 2015]. Over the next decade,
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studies of the radio properties of radio-quiet AGN will therefore move from the statistical

work described in Chapters 3 and 5 to direct detections with precursors of the SKA. For

example, the MeerKAT–MIGHTEE continuum survey [Jarvis, 2012] will survey 35 deg2

to 1µJy rms, and ASKAP–EMU [Norris et al., 2011] will image the whole sky to 10µJy

rms, thus providing direct measurements of the contribution of radio-quiet quasars to the

total radio source counts.

Also in preparation for the SKA is the Murchison Widefield Array (MWA), which oper-

ates over the frequency range 70–230 MHz. In my next position as a Postdoctoral Research

Associate I will be using the GaLactic and Extragalactic All-sky MWA (GLEAM) survey

[Wayth et al., 2015] to study the different populations that contribute to the total radio

number counts, and how they evolve with redshift over a wide frequency range. Due

to the 130-arcsec resolution of the GLEAM mosaic, this will require careful statistical

analysis based on multi-wavelength data, with ugriz photometry from the VLT Survey

Telescope ATLAS survey [Shanks et al., 2015] and Y JK photometry from VISTA Hemi-

sphere Survey [VHS; McMahon et al. 2013]. The results will be particularly exciting, as

the Southern sky has never been explored at such low frequencies.

As reviewed by McAlpine et al. [2015], Jarvis et al. [2015], and Smolčić et al. [2015],

the SKA will play a pivotal role in determining the accretion history and star-formation

history of objects throughout the Universe. One key technical concern, however, is the

unparalleled volumes of data that will be produced. As shown in this thesis, even dealing

with JVLA data requires large processing effort and careful visual inspection that is

very time-consuming. The current capabilities of the JVLA lead to data rates of up

to 140 MB s−1, whilst for SKA Phase 1 the data rates are expected to reach 20 PB s−1

[Dewdney et al., 2013]. Therefore a substantial amount of effort will be invested over

the coming years, to improve the pipelines for processing data and outputting final data

products. Doing so will encourage more members of the scientific community to use the

SKA, and not just those with a background in radio astronomy. However, this takes us

towards the realm of search algorithms and other automatic procedures, where there are

not the same opportunities for serendipitous discoveries. To counter this, one of the six

key science projects of the SKA will be exploration of new parameter space [Huynh and
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Lazio, 2013; Wilkinson, 2014]. Whilst challenging, this means that this ground-breaking

facility will be kept as flexible as possible.
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F. Combes, S. Garćıa-Burillo, V. Casasola, L. Hunt, M. Krips, A. J. Baker, F. Boone,

A. Eckart, I. Marquez, R. Neri, E. Schinnerer, and L. J. Tacconi. ALMA observations

of feeding and feedback in nearby Seyfert galaxies: an AGN-driven outflow in NGC

1433. A&A, 558:A124, October 2013. doi: 10.1051/0004-6361/201322288. 14

J. J. Condon. Cosmological evolution of radio sources. ApJ, 287:461–474, December 1984.

doi: 10.1086/162705. 23

J. J. Condon. Radio emission from normal galaxies. ARA&A, 30:575–611, 1992. doi:

10.1146/annurev.aa.30.090192.003043. 19, 27

J. J. Condon, M. L. Anderson, and G. Helou. Correlations between the far-infrared,

radio, and blue luminosities of spiral galaxies. ApJ, 376:95–103, July 1991. doi: 10.

1086/170258. 24, 25

J. J. Condon, W. D. Cotton, E. W. Greisen, Q. F. Yin, R. A. Perley, G. B. Taylor, and

J. J. Broderick. The NRAO VLA Sky Survey. AJ, 115:1693–1716, May 1998. doi:

10.1086/300337. 62, 84, 129

J. J. Condon, W. D. Cotton, and J. J. Broderick. Radio Sources and Star Formation in

the Local Universe. AJ, 124:675–689, August 2002. doi: 10.1086/341650. 22

J. J. Condon, W. D. Cotton, E. B. Fomalont, K. I. Kellermann, N. Miller, R. A. Perley,

D. Scott, T. Vernstrom, and J. V. Wall. Resolving the Radio Source Background:

Deeper Understanding through Confusion. ApJ, 758:23, October 2012. doi: 10.1088/

0004-637X/758/1/23. 22, 23, 27, 69, 181

J. J. Condon, K. I. Kellermann, A. E. Kimball, Ž. Ivezić, and R. A. Perley. Active Galactic
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B. Häussler, D. H. McIntosh, M. Barden, E. F. Bell, H.-W. Rix, A. Borch, S. V. W. Beck-

with, J. A. R. Caldwell, C. Heymans, K. Jahnke, S. Jogee, S. E. Koposov, K. Meisen-

heimer, S. F. Sánchez, R. S. Somerville, L. Wisotzki, and C. Wolf. GEMS: Galaxy

Fitting Catalogs and Testing Parametric Galaxy Fitting Codes: GALFIT and GIM2D.

ApJS, 172:615–633, October 2007. doi: 10.1086/518836. 35

G. Helou, B. T. Soifer, and M. Rowan-Robinson. Thermal infrared and nonthermal radio

- Remarkable correlation in disks of galaxies. ApJL, 298:L7–L11, November 1985. doi:

10.1086/184556. 24, 27



206 BIBLIOGRAPHY

R. C. Hickox, J. R. Mullaney, D. M. Alexander, C.-T. J. Chen, F. M. Civano, A. D.

Goulding, and K. N. Hainline. Black Hole Variability and the Star Formation-Active

Galactic Nucleus Connection: Do All Star-forming Galaxies Host an Active Galactic

Nucleus? ApJ, 782:9, February 2014. doi: 10.1088/0004-637X/782/1/9. 8, 16

R. H. Hildebrand. The Determination of Cloud Masses and Dust Characteristics from

Submillimetre Thermal Emission. Quarterly Journal of the RAS, 24:267, September

1983. 152

D. W. Hogg, I. K. Baldry, M. R. Blanton, and D. J. Eisenstein. The K correction. ArXiv

Astrophysics e-prints, October 2002. 53

M. A. Holdaway and T. T. Helfer. Interferometric Array Design. In G. B. Taylor, C. L.

Carilli, and R. A. Perley, editors, Synthesis Imaging in Radio Astronomy II, volume

180 of Astronomical Society of the Pacific Conference Series, page 537, 1999. 96

E. J. Hooper, C. D. Impey, C. B. Foltz, and P. C. Hewett. The Radio Properties of Opti-

cally Selected Quasars. III. Comparison between Optical and X-Ray Selected Samples.

ApJ, 473:746, December 1996. doi: 10.1086/178186. 9, 22, 63

A. M. Hopkins and J. F. Beacom. On the Normalization of the Cosmic Star Formation

History. ApJ, 651:142–154, November 2006. doi: 10.1086/506610. 25

A. M. Hopkins, B. Mobasher, L. Cram, and M. Rowan-Robinson. The PHOENIX Deep

Survey: 1.4-GHz source counts. MNRAS, 296:839–846, June 1998. doi: 10.1046/j.

1365-8711.1998.01403.x. 72

A. M. Hopkins, J. Afonso, B. Chan, L. E. Cram, A. Georgakakis, and B. Mobasher. The

Phoenix Deep Survey: The 1.4 GHz Microjansky Catalog. AJ, 125:465–477, February

2003. doi: 10.1086/345974. 27

P. F. Hopkins, L. Hernquist, T. J. Cox, and D. Kereš. A Cosmological Framework for the
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218 BIBLIOGRAPHY
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