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Abstract

Over the past two decades, detailed studies in the nearby Universe have shown that
accreting supermassive black holes (SMBHs; or active galactic nuclei; AGN) can have
a significant effect on their host galaxies, suppressing star formation and regulating
their growth (known as AGN feedback). One of the most striking examples of AGN
feedback in action comes from detailed studies of local AGN which exhibit powerful
bi-polar jet outflows that can deposit significant energy into the galaxy halo, heating the
surrounding gas and thereby regulating their own growth and suppressing star-formation
activity. Therefore, studying the properties of AGN and the galaxies in which they
reside is crucial in understanding and further developing our current models of galaxy
formation and evolution.

AGN can be split into two distinct categories, based on the accretion efficiency of
the SMBH: radiative-mode AGN, and jet-mode AGN. Radiative-mode AGN are
associated with efficient accretion, typically from cold gas, resulting in the formation
of a geometrically thin, optically thick accretion disk that is typically surrounded by
a dusty obscuring structure; these AGN are known to drive powerful outflows. Jet-
mode AGN are associated with inefficient accretion, typically from hot gas, and display
powerful bi-polar synchrotron radio jets that emit the bulk of their energetic output into
the surrounding medium in the form of mechanical energy; these AGN are identified
as such based on radio observations, showing no signs of AGN activity (e.g. accretion
disk or torus) at other wavelengths. Based on the nature of the excitation lines, the
jet-mode and radio-loud radiative-mode populations are also known as low-excitation
radio galaxies (LERGs) and high-excitation radio galaxies (HERGs), respectively.
However, our understanding of these AGN and their feedback effect is built primarily
from detailed local Universe observations. Determining the physical mechanisms
underpinning triggering and fuelling of AGN and how this affects AGN feedback
activity across cosmic time is crucial but lacking.

In this thesis, I address this shortcoming using deep observations carried out by the LOw

i



Frequency ARray (LOFAR) telescope: the LOFAR Deep Fields; this forms the deepest
radio continuum survey to date at low frequencies. I generated key science-enhanced
datasets using this survey and studied the cosmic evolution of AGN feedback from
low-luminosity radio-AGN within the past 10 Gyrs and how this feedback affects the
growth and evolution of galaxies.

In the first science chapter of the thesis, I detail the pipeline I developed to generate
new, more robust multi-wavelength catalogues in the LOFAR Deep Fields. The existing
catalogues in the literature either did not include the deepest available datasets in each
survey field, or were created using different methodologies for detecting sources and
measuring their fluxes; all this meant the catalogues were not sufficiently robust for the
scientific aims of the thesis. To overcome these issues, I generated new catalogues in two
of the Deep Fields by combining information from the ultraviolet to the mid-infrared
wavelengths to detect sources and extract their properties in a clean and homogeneous
manner. These are some of the best-studied regions of the sky and therefore these
catalogues are also expected to provide a legacy value beyond the aims of the LOFAR
surveys.

Then, in the next chapter, using the multi-wavelength catalogues generated, I identify
the host-galaxy counterparts of the radio-detected sources in the LOFAR Deep Fields.
Host-galaxy identification and characterisation is crucial, in particular for radio surveys,
in determining the photometric redshifts and physical properties (e.g. stellar masses,
luminosities, star-formation rates) of the radio-source host galaxies, greatly expanding
the scientific scope of the survey. I identified the host-galaxy counterparts of the LOFAR
sources using a combination of the statistical Likelihood Ratio method and a visual
classification scheme, using a workflow to decide the most appropriate method of
identification for each source. This process results in a value-added catalogue of over
80 000 radio sources with multi-wavelength counterparts identified for > 97% of them.
In this chapter, I then also investigate the properties of host galaxies of the faint radio
population in the LOFAR Deep Fields.

In the fourth chapter I focus on studying the evolution of the radio-AGN population
and their properties in the LOFAR Deep Fields and how feedback from these AGN
evolves across cosmic time. Of particular interest, and the focus of this chapter are
the LERGs, which dominate at low radio luminosities and are thought to play a key
role in the formation of massive galaxies in the local Universe; however, the evolution
of this population beyond z ∼ 1 is not well known. In this chapter, I present the first
robust measurement of the LERG luminosity functions out to z ∼ 2.5 and characterise
the evolution of their host galaxy properties. This population shows relatively mild
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evolution across the redshifts examined; this is explained by the different evolution of
the LERGs hosted in star-forming galaxies and those hosted in quiescent galaxies. The
evolution of the quiescent LERGs show a strong decline in their space densities with
increasing redshift, in accordance with the available host galaxies, while there is also an
increase in the characteristic luminosity. I also find that unlike in the local Universe, the
bulk of the LERGs are hosted by star-forming galaxies at higher redshifts and that the
AGN in these galaxies appear to be fuelled by a different mechanism, likely associated
with the cold gas, as compared to the LERGs in quiescent galaxies.

In the final chapter I present the conclusions and look towards further exploration of
this dataset. In particular, I discuss the characterisation of 3% of the radio-sources
that were found to be completely invisible at optical and near-infrared wavelengths;
an investigation of the far-infrared and radio properties of this subset found that the
vast majority of these sources are likely high-redshift star-forming galaxies hosting a
radio-AGN. To understand the nature of these extreme sources at early epochs, I present
preliminary analysis from recent sub-millimetre follow-up via the sub-millimetre array
(SMA) and the James Clerk Maxwell Telescope (JCMT). In addition, I also discuss the
spectroscopic follow-up of the radio-AGN population found in the previous chapter with
the upcoming multi-object WEAVE spectrograph on the William Herschel Telescope to
study the prevalence of AGN activity as a function of different galaxy properties out to
high redshifts. Finally, I also describe plans to compare the observational results found
in the previous chapters with predictions from the latest cosmological simulations.
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Lay Summary

Black holes are some of the most exotic objects in the known Universe. These objects
are very compact and incredibly massive (weighing more than the mass of our Sun);
such a high density of mass results in black holes having a gravitational pull that is
so strong that not even light can escape from them, hence their name. An important
finding within the past two decades has been the discovery of supermassive black holes,
which are an even more extreme form of black holes that weigh up to a million to a
billion times the mass of our Sun, and reside in the centre of all galaxies, including our
own, the Milky Way. The pioneering work that lead to the most conclusive evidence
of the existence of a supermassive black hole at the centre of the Milky Way, was also
recently awarded the Nobel Prize in Physics in 2020.

Supermassive black holes go through phases in their lifetime where they consume
surrounding material and are referred to as active galactic nuclei (AGN). During this
phase, because the material being consumed is moving so fast and gets very hot as it
falls into the black hole, AGN can release a vast amount of energy and are known to
be some of the most luminous sources in the Universe. It is now widely believed that
powerful emission from the AGN during this phase, in the form of winds or very high
velocity jets, can have a significant effect on the galaxy in which they reside, such as
halting the subsequent formation of stars within the galaxy (this is known as ‘AGN
feedback’). This is supported by AGN feedback being a crucial ingredient in the current
state-of-the-art theoretical models, however, observational evidence about the nature of
these AGN, and exactly how they impact the formation and evolution of galaxies, in
particular in the early ages of the Universe, remains elusive.

Motivated by these shortcomings, in this thesis, I aim to obtain a better understanding
of the role that AGN feedback plays in galaxy evolution over the past 10 billion years of
the Universe. These results will also form critical refinements to our current theoretical
models of galaxy formation.
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Emission from AGN is seen across the electromagnetic spectrum, from X-rays to radio-
waves. Astronomers therefore use a wide range of telescopes located both on top of high
mountains (e.g. in Hawaii and Chile), and up in space (e.g. the Hubble Space Telescope),
to characterise these objects using information from the entire electromagnetic spectrum.
In this thesis, I make use of new, highly sensitive observations from the LOFAR
telescope, which is a radio telescope located in Europe. The radio wavelength regime
is particularly well suited to study AGN as radio waves can pierce through the vast
amounts of dust that typically surrounds these objects, and can also efficiently detect
the jets from the AGN which emit radiation at radio wavelengths.

In Chapter 2, I introduce the details of the radio and multi-wavelength observations,
used throughout the analysis in this thesis. Catalogues based on the existing multi-
wavelength data already exist in the literature, but were not sufficiently robust enough
for the planned analysis. Therefore, in this Chapter, I have constructed new, higher
quality multi-wavelength catalogues that contain information spanning the ultra-violet
to the infrared regime, with measurements for over 5 million galaxies, all generated
in a consistent manner. The LOFAR observations detect over 80 000 radio sources,
but to fully characterise the physical nature of these sources, such as their rate of star
formation, their brightness, the distance to them, and much more, it is vital to find their
counterparts detected in other wavelengths, such as the visible spectrum. For this reason,
the LOFAR observations were taken in the best-studied regions of the sky, where there
are previous sensitive observations from other telescopes across the electromagnetic
spectrum. In Chapter 3, I detail the process developed to identify the multi-wavelength
counterparts (also known as host galaxies) of the radio sources detected by LOFAR.
This was performed using the combination of an automated method based on using
the statistical properties of the sources, and by visual inspection of the more complex
structured sources. This process results in the identification of the host galaxies for over
97% of the LOFAR detected sources. This catalogue has since been used for a wide
range of other scientific analyses. Finally, in Chapter 4, I use the datasets generated
from the previous two Chapters to present the first study to date on the evolution of faint
radio-detected AGN from the present day back to when the Universe was only about
3 billion years old. In Chapter 5, I present the conclusions of the thesis and outline
some ongoing and future planned research projects to build upon the work present in
the thesis.
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Chapter 1

Introduction

1.1 Cosmological background

The current theory for structure formation in our Universe (the standard model) is the
Λ Cold Dark Matter (ΛCDM) model. The predictions of this cosmological model
are very tightly constrained by the observations of the temperature fluctuations in the
cosmic microwave background (CMB) made by Wilkinson Microwave Anisotropy
Probe (WMAP; Hinshaw et al. 2013) and Planck (Planck Collaboration et al., 2016,
2020) and complementary information from distant supernovae (Riess et al., 1998;
Perlmutter et al., 1999). These observations tell us that ∼69% of the energy content
(density) of the Universe is composed of a cosmological constant (Λ or vacuum energy
or dark energy) term that is responsible for the current accelerated expansion of the
Universe (Riess et al., 1998). The remaining energy density is made up of matter that
is usually split into baryonic matter (∼3%) and dark matter (∼28%). Baryonic matter
makes up all of the matter we can see such as gas, planets, and stars. The nature of
dark matter (DM) remains mysterious as it does not interact with the electromagnetic
force, remaining ‘invisible’ to the electromagnetic spectrum, but plays a major role in
the growth of structure as it does interact via the gravitational force.

In our ΛCDM universe, the growth of structure occurs via a hierarchical (bottom up)
merging process where smaller DM haloes merge due to gravitational attraction to form
larger, more massive DM haloes (Peebles & Yu, 1970; White & Frenk, 1991). The
baryons follow the potential well of the DM haloes resulting in large scale filament-void
structures, known as the ‘cosmic web’. In addition to the CMB observations, the ΛCDM
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model for structure formation has enjoyed other considerable observational success.
For example, observations from galaxy surveys (eg. SDSS: York et al. 2000a; 2dFGRS:
Colless et al. 2001) match well with numerical simulations of structure formation
(Springel et al., 2005, 2006), along with the detection of the predicted gravitational
lensing of the CMB (Smith et al., 2007; Das et al., 2011). In addition, simulations of
the intergalactic medium (IGM) have also reproduced observations of the Ly-α forest
formed from the absorption of quasar light along the line of sight (Cen et al., 1994).

Cosmological simulations studying structure formation are often run on scales of 10’s
- 100’s of mega-parsec (Mpc). However, poorly understood processes such as star
formation and feedback act on sub-parsec scales, below the resolution limit of most
simulations, and are parametrised in hydrodynamical simulations as ‘subgrid’ physics
(Schaye et al., 2015). Therefore, although recent simulations have benefited from
the increase in computational power and higher resolution, the implementation of the
subgrid physics remains uncertain. For example, Scannapieco et al. (2012) found that
13 different hydrodynamical codes that simulated the formation of a galaxy with the
same initial conditions but a different prescription of treating subgrid physics produced
a large variation in galaxy size, stellar mass, morphology, and gas content.

One such poorly understood feedback process that forms the focus of this research
is the effect that accreting central super-massive black holes (SMBHs; also known
as active galactic nuclei; AGN hereafter) have on their host galaxies. An important
discovery over the past two decades has been the correlation between the mass of the
central SMBH and the velocity dispersion of the stars in the central bulge of the galaxy
(known as the MBH-σ relation; Ferrarese & Merritt 2000; Gebhardt et al. 2000; see also
Sect. 1.2.1), suggesting that the growth of the SMBH and the growth of the surrounding
galaxy are fundamentally connected (see reviews by Fabian, 2012; Kormendy & Ho,
2013; Heckman & Best, 2014; Tadhunter, 2016; Hardcastle & Croston, 2020). One
might naively not expect the SMBH that typically occupies < 1 parsec at the centre
of the galaxy to affect the galaxy on scales of tens of kilo-parsecs; however, the effect
that SMBHs could have on their host galaxy can be understood by considering the
energetics of black hole accretion. Under theoretical arguments, assuming that the black
hole is accreting matter with an accretion efficiency of 10%, the energy released as
the black hole grows is given by EBH ≈ 0.1MBHc2. The binding energy of the bulge
component of a galaxy with velocity dispersion σ of stars and mass MBulge is given as
EBulge ≈ MBulgeσ

2, where massive galaxies typically have σ ∼ 350 km s−1. The black
hole mass correlates with the mass of the bulge as MBH ≈ 1.4 × 10−3MBulge (Merritt &
Ferrarese, 2001). Hence, the ratio of the energy released by the black hole as it grows,
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to the binding energy of the bulge is of the order ∼ 100. Therefore, if only a small
fraction of the energy from the AGN is able to couple with the surrounding gas, this
can have a significant impact on the evolution of the host galaxy; this has been a key
driver for the increased momentum in AGN research in recent years.

Over the past two decades, it has been shown that AGN do indeed have a significant
effect on their host galaxies (known as ‘AGN feedback’) by, for example, suppressing
star formation due to their energy input, and by regulating galaxy growth. Perhaps
the most striking example of the impact of the AGN on its environment comes from
observations of bubbles or cavities in massive clusters, created as gas is swept away by
the powerful radio jets from the AGN (see Sect. 1.4.2). The energy input from these
jets can prevent gas from cooling and keep the galaxy from growing much further.

The growth of the central SMBH and the star-formation in the galaxy were both much
more enhanced at early times than today. It is therefore useful to study how the
properties of the AGN and its host galaxies evolve through cosmic time and the role
of the AGN on the evolution of galaxies from near this peak of SMBH growth and
star-formation activity; this can provide crucial tests of galaxy formation and evolution
models.

1.2 Motivation and evidence for AGN feedback

The idea that the formation and evolution of the central SMBH and the host galaxy in
which they reside are connected is relatively new. The existence of quasars or AGN
(Schmidt, 1963) has been known for quite some time, and theories were developed to
explain the powering mechanism behind these sources as accretion onto a SMBH (Hoyle
& Fowler, 1963; Lynden-Bell, 1969; Lynden-Bell & Rees, 1971). However, until a few
decades ago, even dynamical evidence that SMBHs with masses MBH ∼ 106 − 109M�
exist was lacking, much less the link between the SMBH and the host galaxy. In the
next four subsections, I will describe some of the main motivations for the connected
evolution of AGN and their host galaxies.

1.2.1 The MBH − σ Relationship

It is now a widely accepted notion that SMBHs affect the growth of their host galaxy.
This notion came from the spatially resolved dynamical detections of BHs in galactic

3



Figure 1.1 The MBH-σ relationship for galaxies in the local Universe with direct
BH mass estimates. The red dashed line shows the relationship for
the inactive (quiescent) galaxies (red stars) and the blue dashed line
shows the same relationship for AGN (blue dots). When selection
effects and the difference in MBH measurements are accounted for,
both the AGN and the quiescent galaxies are consistent with following
the same relation (black line). Plot taken from Woo et al. (2013).

centres, thanks to observations by the Hubble Space Telescope (HST). A tight correlation
between the mass of the black hole and the velocity dispersion of the bulge σ was found
by Ferrarese & Merritt (2000) and Gebhardt et al. (2000). A plot of this relationship
from Woo et al. (2013) is shown in Figure 1.1 with updated measurements. The
red stars and red dashed line show the observations and the best fit line for inactive
(quiescent) galaxies. The same relationship is also shown in blue dots and dashed
line, but for galaxies with an AGN. The relationship appears slightly steeper for the
quiescent galaxies than for the AGN. However, when Woo et al. (2013) account for the
uncertainties in the different methods of estimating MBH and sample selection effects
for the two classes of sources, they find that both AGN and quiescent galaxies follow
the same relationship (black line). The existence of this correlation implies that the
growth of the black hole and the build-up of mass in the bulge must be connected.
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Figure 1.2 Evolution of the volume-density of star-formation rate over cosmic
time (based on data complied by Hopkins, 2004; Bouwens et al.,
2012). Also shown as a black line is the volume density of the black
hole (BH) accretion rate (based on data from Aird et al., 2010),
scaled up by a factor of 5000, to aid the eye, over cosmic time which
closely follows the SFR history. This figure was taken from Kormendy
& Ho (2013), who adapted and updated the plot from Aird et al.
(2010, their fig. 13).

1.2.2 Cosmic star-formation rate and black hole growth

Another realisation of the co-evolution of SMBHs and their galaxies came from studies
of how the black hole and the stars in the galaxy grow over cosmic time. Shown in
Figure 1.2 is the volume-averaged star formation rate (yellow and blue points; Hopkins
2004; Bouwens et al. 2012) as a function of redshift. Also shown is the volume-density
of the black hole accretion rate, scaled up by a factor of 5000 (black line; Aird et al.,
2010). As evident from the plot, the star-formation rate (SFR) history closely tracks
the black hole growth, increasing from today and peaking at z ∼ 2 and then declining
steadily at higher redshifts. This suggests that the growth of the black hole and the SFR
have been connected across cosmic time.
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Figure 1.3 Local galaxy luminosity function in the K-band (left) and J-band
(right). The data points in each panel show observational estimates
of the luminosity function, whereas the solid and dashed lines show
the galaxy luminosity functions with and without heating from radio-
mode AGN, respectively, as predicted by the semi-analytical model
of Croton et al. (2006). This shows that feedback from radio-mode
AGN is particularly important in reproducing the sharp decline at
the high-luminosity end of the luminosity function. Figure taken from
Croton et al. (2006, from their fig. 8).

1.2.3 Galaxy Luminosity Function

A galaxy luminosity function describes the number of galaxies per unit comoving
volume as a function of luminosity. Comparing the observed galaxy luminosity
function with that from predictions based on ΛCDM can provide valuable tests of
galaxy formation models.

Semi-analytical models have often been used to make detailed predictions of observed
galaxy properties. Such models transform the dark matter halo mass function into galaxy
luminosity functions based on an underlying cosmology (i.e. the ΛCDM paradigm),
where the growth of dark matter halo structures (from initial instabilities hierarchically)
and their abundances are combined with a prescription of the cooling of gas in the
haloes, the formation of stars, and any feedback processes that affect the cooling of
gas, and hence the star-formation efficiency (e.g. see reviews by Baugh, 2006; Benson,
2010). It is found that under a model where no feedback processes are employed, there
is a mis-match between the observed and predicted number density of high luminosity
(mass) galaxies: the observed galaxy luminosity function shows an exponential cut-off
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at high luminosities, which is far steeper than that predicted based on a model with
no heating from AGN. This can be visualised in Fig. 1.3, taken from Croton et al.
(2006), with the various blue points showing observations of the local galaxy luminosity
function in the K-band (left panel) and J-band (right panel). The dashed line shows the
results predicted by a model in which there is no feedback from the AGN, whereas the
solid line shows the expected luminosity function under a model where there is heating
from the energetic output of AGN, and in particular from the so-called ‘radio-mode
AGN’ (see Sect. 1.3). This extra source of heating prevents the galaxies from growing
further in the most massive haloes, and is thus required to match the sharp drop seen in
the luminosity function at high luminosities (or equivalently, high masses).

1.2.4 The cooling-flow problem

Galaxy clusters are one of the largest gravitationally bound structures in the Universe
and as such form an important testbed for galaxy formation and evolution models.

There are large reservoirs of hot gas (T ∼ 107 – 108 K) present within the intra-cluster
medium of clusters, in particular surrounding the centres of galaxy clusters. This
hot gas emits in the X-rays via Bremsstrahlung radiation, thereby resulting in gas
cooling. Under the assumptions of an isothermal gas in hydrostatic equilibrium, we
can determine the ‘cooling time’ of the gas tcool, which is an estimate of the time that
the gas would take to radiate all of its thermal energy away, at its current radiation rate.
This scales as

tcool ∝
T 1/2

n
, (1.1)

where T is the temperature of the gas and n is the gas density. In the core of clusters
where the gas density is the highest, the gas cooling time is expected to be relatively
short compared to the Hubble time. As the gas in the centre of a cluster cools, the loss
of thermal pressure in the centre causes matter to flow inwards to maintain hydrostatic
equilibrium. This raises the central density, decreasing the cooling time further, and
resulting in a so-called ‘cooling flow’ with a centrally peaked gas profile; simple
calculations predict that, in the absence of other processes, this would result in star-
formation rates of > 1000 M� yr−1 (see review by Fabian, 1994). However, X-ray
observations of galaxy clusters show a lack of such strongly peaked central surface
brightness profiles, and that the amount of gas that cools is around an order of magnitude
lower than predictions (e.g. Peterson et al., 2001; Peterson & Fabian, 2006; McNamara
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Figure 1.4 Multi-wavelength cutouts of the Perseus cluster. The main panel
shows the X-ray image of the Perseus cluster, with the radio emission
overlaid as red contours. The radio emission traces the jets
launched by the central AGN, and as these jets propagate through
the surrounding gas, they evacuate ‘cavities’ that can be seen in the
X-ray emission (as ‘holes’ or dimmer regions in the X-ray image).
Figure taken from Cattaneo et al. (2009) and based on images and
data from Boehringer et al. (1993); Jones et al. (2004); Fabian et al.
(2006).
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& Nulsen, 2007). This discrepancy between the observations and predictions was
termed the ‘cooling flow problem’.

It is well known that the galaxies at the centres of ‘cool-core’ clusters very frequently
host powerful AGN (e.g. Best et al., 2007) that are detected in the radio and display
powerful collimated jets. The most striking examples of the feedback from these AGN,
also known as ‘radio-mode’ AGN feedback (see Sect. 1.4.2 for more details) on the
cluster gas medium comes from multi-wavelength observations of clusters, for example,
Perseus, as shown in Fig. 1.4, where it can be seen that the radio jets have inflated large
cavities in the hot X-ray gas. Sect. 1.4.2 discusses how these cavities can be used to
estimate the heating rate of the AGN into the surrounding gas; this has been shown
to be sufficient to balance the radiative cooling losses in the X-rays (see reviews by
McNamara & Nulsen, 2007; Cattaneo et al., 2009; Heckman & Best, 2014), thereby
resolving the cooling flow problem.

Another closely related issue pertains to the observation that the most massive galaxies
in recent epochs tend to be passive with red colours, indicative of having finished their
bulk of star-formation at early times compared to lower mass galaxies that are still
currently forming stars. This is known as ‘downsizing’ (e.g. Cowie et al., 1996) and at
first seemed to be in apparent contradiction to the hierarchical growth of structure.

One proposed solution to reconcile observations and models is that in the most massive
galaxies, which are preferentially located in galaxy groups and clusters, ‘radio-mode’
AGN feedback keeps the gas in the halo hot, preventing the cooling of gas and the
onset of star formation at late times. Moreover, the semi-analytical model of Croton
et al. (2006), which was tuned such that the feedback from the ‘radio-mode’ AGN was
scaled to balance the radiative cooling losses of the hot gas, also results in an agreement
in the galaxy colour distributions, with the most massive galaxies being red and dead.
A more realistic model of the heating and cooling cycle from the ‘radio-mode’ AGN
was implemented for the more recent semi-analytical galaxy evolution (SAGE) model
(Croton et al., 2016), which also reproduces many observed properties of the local
galaxy population.

1.3 The two classes of AGN

Historically, AGN have been classified into many types based on the different observed
properties, for example, blazars (AGN where jets are oriented close to our line-of-
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sight), quasi-stellar objects (QSOs; luminous objects that appeared as point sources),
Seyferts, etc. More recently, it has been noted that there are fundamentally two different
types of AGN (Hardcastle et al., 2007; Best & Heckman, 2012; Heckman & Best,
2014; Hardcastle, 2018) defined based on the accretion efficiency of the black hole:
radiative-mode AGN (radiatively efficient, also known as quasar-mode or cold-mode)
and jet-mode AGN (radiatively inefficient, also known as radio-mode). The properties of
these two classes of AGN are discussed in the sections below and a schematic drawing
of these AGN is shown in Figure 1.5 taken from Heckman & Best (2014). The different
modes of AGN are thought to be associated with the nature of accretion flow, fuelling
mechanism and also the likely fuel sources; these are discussed in detail in Sect. 1.3.4.

Radiative−mode AGN

Type 2

Type 1

Accretion

Broad line

Narrow line
Weak narrow 

line region

thin disk

Dominant

Radio Jet

Dusty obscuring
structure

region

disk

region

Radio
jet

Truncated

Radio−quiet

Radio−loud

Advection−dominated
inner accretion flow

Jet−mode AGN

Black hole

Dust?

Black hole

Figure 1.5 Schematic diagrams of ∼ parsecs around the central SMBH for
typical radiative-mode (left) and jet-mode (right) AGN. Figure from
Heckman & Best (2014).

1.3.1 Radiative-Mode AGN

Radiative-mode AGN release most of their energy output in the form of radiation,
resulting from the efficient accretion of matter onto the SMBH. As shown in Figure 1.5,
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the central SMBH is surrounded by a geometrically thin, optically thick accretion disc
from which matter accretes onto the SMBH. The formation of this accretion disc can
be understood by considering the nature of the accretion flow. If the thermal energy,
resulting from the conversion of potential energy from accretion of matter, can be
radiated away efficiently, the orbiting gas becomes much cooler than the local virial
temperature, and forms a thin-disc structure (Shakura & Sunyaev, 1973). The accretion
disc radiates thermally, over a range of temperatures, with the inner regions of the disc
being hotter than the outer regions and emitting predominantly in the ultraviolet (known
as the ‘Big Blue Bump’ in the SED of quasars). Some photons are inverse-Compton
scattered by the surrounding hot corona to high X-ray frequencies. This UV and X-ray
radiation from the accretion disc ionises high density gas close to the black hole (see
Figure 1.5, left) resulting in broad emission lines due to high velocity motions of the gas
clouds (known as the broad-line region, hereafter BLR). At larger scales (few hundred
to thousand parsecs), there exists a population of lower density gas clouds which can
be ionised by radiation travelling along the polar axis of the SMBH; this also produces
emission lines but with smaller widths (due to relatively lower velocity gas clouds);
therefore, this is referred to as the narrow line region (NLR).

Surrounding the accretion disc is a dusty obscuring structure (assumed to take the shape
of a torus) which absorbs the radiation from the accretion disc and hot corona and
re-radiates them in the infrared part of the spectrum. This model has been used to
explain that some of the ‘different’ types of AGN observed are simply due to orientation
effects about the line of sight. For example, an observer viewing the AGN close along
the polar axis of the AGN would probe the accretion disc, NLR, and the BLR; these
sources are hence classed as Type 1 AGN. If, however, an observer viewed from a
line of sight near the plane of the accretion disc, their observations would not directly
observe the accretion disc, nor contain broad emission lines from the BLR as they are
blocked by the dusty torus; these sources are hence classed as Type 2 AGN. This was
proposed as the unified model of (radiative-mode) AGN (Antonucci, 1993).

As shown in Figure 1.5, there exist populations of both radio-loud and radio-quiet
radiative-mode AGN; in the former, this traces the radio emission coming from jets
(quasars that show radio jets). These are a small subset of the radiative-mode population,
and can play an important role when considering the evolution of the radio-loud AGN
population (see Sect. 1.5). The photoionisation of gas resulting from photons from the
accretion disc that is present in these AGN results in high-excitation emission lines in
their spectra. As such, historically, the subset of the radio-loud radiative-mode AGN
have also been referred to as high-excitation radio galaxies (HERGs). The presence of
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such emission lines in the spectra of these objects also allows for efficient identification
of these sources using emission line diagnostics (e.g. Best & Heckman, 2012; Heckman
& Best, 2014; Best et al., 2014; Pracy et al., 2016).

1.3.2 Jet-Mode AGN

The second category of AGN (Figure 1.5, right), undergoing radiatively inefficient
accretion, do not show evidence of a geometrically-thin accretion disc or a dusty torus
(Chiaberge et al., 2002) expected from a typical AGN, but do display powerful bi-
polar jets that emit synchrotron radiation from the acceleration of charged particles
to relativistic velocities than can be traced in the radio. Therefore, these sources are
only identified as AGN in the radio regime. The lack of an optically-thick accretion
disc means that these sources do not display high-excitation lines in their spectra, and
as such, are commonly referred to as low-excitation radio galaxies (LERGs). These
observational features can be explained by considering the nature of the accretion flow.
In these AGN, most of the thermal energy liberated by the accretion process is carried
in by the accreting gas (i.e. energy is advected), instead of being radiated away. This
is known as an advection-dominated flow (Narayan & Yi, 1994, 1995) and leads to
heating of the accreting gas, causing it to expand vertically about the plane of accretion
and form a geometrically thick disc. Most of the energetic output of these AGN is in the
form of kinetic (mechanical) energy from the two-sided jets, with the radio emission
produced by the synchrotron radiation from charged particles accelerated to relativistic
velocities. As such, these AGN are also sometimes referred to as ‘radio-mode’ AGN.

1.3.3 Host galaxies of AGN

It is now useful to consider how the SMBHs at the centres of galaxies hosting these two
modes of AGN are fuelled, since the fundamental difference between the two modes
appears to be the nature of the accretion flow (and therefore the accretion efficiency). It
is also important to consider the properties of the host galaxies and how these influence
the incidence of the different modes of AGN activity across the galaxy population.

Detailed characterisation of the host galaxy properties of these two AGN classes have
revealed that the jet-mode AGN and radiative-mode AGN show a dichotomy in their
host galaxy properties, that is thought to be driven by how the two classes of AGN are
triggered (e.g. see reviews by Heckman & Best, 2014; Hardcastle & Croston, 2020).
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One of the properties of the host galaxies of radiative-mode AGN, the AGN accreting
matter efficiently, is the supply of dense cold gas. Heckman et al. (2004) studied host
galaxy properties of 23,000 AGN selected using narrow emission lines. They found that
the typical host galaxy stellar masses lie in the range of M∗ ∼ 1010 - 1011 M�, and that
these AGN are typically hosted by moderate mass black holes (MBH ∼ 106.5 - 108 M�).
The concentration index C, which determines the fraction of light that originates from
the central region of a galaxy, is low (peaking around C ∼ 2.2) for these hosts, which is
typical of disk galaxies (Conselice, 2014).

Best & Heckman (2012) studied the properties for a sample of 18 286 local radio-loud
AGN by combining Sloan Digital Sky Survey (SDSS) data with radio observations
over large areas from the NRAO VLA Sky Survey (NVSS) and the Faint Images of
the Radio Sky at Twenty centimetres (FIRST) survey. They classified their sample into
HERGs (i.e. the radio-loud subset of the radiative-mode AGN) and LERGs (i.e. the
jet-mode AGN) using emission line diagnostics and find a dichotomy in the host galaxy
properties; they found that LERGs tend to be typically hosted in massive red galaxies,
with an old stellar population (as indicated by a higher 4000 Å break), and massive
black holes whereas the HERGs tend to be hosted in less massive, bluer galaxies with
more recent star-formation activity; these findings are largely consistent with other
studies in the literature (e.g. Tasse et al., 2008; Smolčić, 2009; Janssen et al., 2012;
Mingo et al., 2014; Ching et al., 2017; Whittam et al., 2018; Williams et al., 2018).
Moreover, the LERGs are also more often found in rich group or cluster environments
(e.g. Best, 2004; Tasse et al., 2008; Gendre et al., 2013; Sabater et al., 2013; Croston
et al., 2019).

1.3.4 Fuelling mechanisms of AGN

The above results and the properties of the host galaxies discussed in Sect. 1.3.3 are
consistent with the idea that the AGN activity in the two classes of AGN are triggered
by different mechanisms related to the available fuel source; jet-mode AGN are thought
to be primarily fuelled by the cooling hot gas from haloes present in their massive host
galaxies, whereas the radiative-mode AGN tend to accrete efficiently, typically from
cold gas, from either external (e.g. mergers or interactions) or internal (e.g. bars or
instabilities) processes (see Sect. 1.3.4.1), with the more plentiful gas supply leading
to the formation of an accretion disc (e.g. Allen et al., 2006; Hardcastle et al., 2007;
Heckman & Best, 2014; Hardcastle, 2018; Hardcastle & Croston, 2020). In addition,
it is also possible that the strength of the jet outflows emitted can be enhanced by the
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spin of the black hole (McNamara et al., 2011) although debate on this still remains in
literature.

1.3.4.1 Fuelling of radiative-mode AGN

One of the key ingredients in achieving the high accretion rates observed for radiative-
mode AGN is the availability of a plentiful amount of cold gas, that can be brought
into the galaxy via external or secular processes. However, there is still a lot of
debate in the literature about the relative importance of these two processes; I discuss
the evidence, both in support and against, of the importance of mergers and secular
processes triggering radiative-mode AGN acticity.

Mergers of galaxies are commonly used in simulations to trigger powerful AGN activity
that have significant implications for feedback (e.g., Croton et al. 2006; Hopkins et al.
2008). The tidal forces involved during a merging event can lead to cold gas inflows
towards the centres of the galaxies (Barnes & Hernquist, 1996). The gas infall can lead
to high densities of gas which can trigger black hole growth and activity and a burst of
star formation (e.g. Di Matteo et al., 2005; Aird et al., 2019). Observationally, galaxies
that have undergone a recent merger event show asymmetric (lopsided) structure and
a burst of a recent star-formation episode. If mergers were solely responsible for the
fuelling or the growth of the black hole, we may also expect a correlation between AGN
luminosity and galaxy asymmetry. Reichard et al. (2009) found that while galaxies that
host an AGN are usually more asymmetric than quiescent galaxies, only a small number
of high luminosity AGN (accreting efficiently) have such asymmetric host galaxy
structure. In addition, they also find that while the AGN luminosity correlates well with
the age of the stellar population (older stars indicating a lack of recent star formation),
with higher AGN activity occurring for younger stellar ages, the asymmetries can span
a wide range of values.

However, recently, Sharma et al. (2021) studied how AGN activity correlates with
mergers using a sample from the CANDELS survey across 0.5 < z < 3. They found
that AGN hosts do not show higher close-pair fractions than a mass-matched control
sample of inactive galaxies. Furthermore, even the most luminous AGN were found to
be no more likely than their inactive counterparts to be found in merging systems. They
also generated synthetic Hubble Space Telescope (HST) observations similar to their
CANDELS data, finding reasonable agreement with their observational results. These
findings suggest that while mergers, in particular those that are gas-rich, may trigger
AGN activity, other mechanisms likely play a significant role in fuelling these AGN.
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These are similar to findings by other studies (Silva et al., 2021; Lambrides et al., 2021),
indicating that all that is required for black hole growth is a supply of cold dense gas
(traced by ongoing star formation) to the centre of the galaxy. The picture is less clear at
higher luminosities; studies focusing on high-luminosity AGN at high redshift, selected
based on IR diagnostics only, find that these AGN are more likely to be hosted in
galaxies showing asymmetric or disturbed morphologies (by around 50–70%) and also
to be hosted by galaxies that are more likely to be classified as interacting or merging
systems compared to their lower-luminosity X-ray selected AGN (Donley et al., 2018).

Secular processes, for example, galaxies with bars, distortions or spiral arms, that form
as a result of non axis-symmetric rotation, can drive gas inflow to the central regions of
the galaxy and create a ‘pseudo-bulge’. If secular processes are solely responsible for
fuelling these AGN, then we would expect these AGN to be preferentially located in
galaxies with bars or bulges. However, debate on this still remains in literature, where
while some studies find no such link between the prevalence or power of AGN and the
existence of bars or bulges (e.g., Lee et al. 2012; Cisternas et al. 2013; Goulding et al.
2017), others find that the presence of bars does induce AGN activity (e.g. Galloway
et al., 2015; Kim & Choi, 2020).

1.3.4.2 Fuelling of jet-mode AGN

Best et al. (2005a) found that the prevalence of jet-mode AGN activity depends strongly
on stellar mass (∝ M2.5

? ), increasing from almost zero to more than 30% between stellar
masses of 1010 M� to 5 × 1011 M�, and also on black hole mass (∝ M1.6

• ) in the local
Universe (Best et al., 2005a; Janssen et al., 2012)). Recently, Sabater et al. (2019), using
deeper, more sensitive radio data at 150 MHz, studied the dependence of radio-AGN
activity on stellar mass and luminosity, and found that the most massive galaxies (i.e.
M? > 1011 M�; dominated by the jet-mode AGN population) are always ‘switched on’,
with radio luminosities of L150 MHz ≥ 1021 W Hz−1. These massive systems have large
reservoirs of hot gas, and Best et al. (2005a) find that the black hole mass dependence
on the rate at which gas cools in these haloes is very similar to the black hole mass
dependence on the AGN activity; this suggests that the jet-mode AGN activity is related
to accretion at low rates from the cooling of hot gas within haloes. This provides
further evidence of the model discussed above, and suggests that the accretion mode
(i.e.radiatively inefficient) and the fuel source (i.e. hot gas in haloes) may be closely
linked. This also has interesting implications for feedback from these AGN (see
Sect. 1.4.2).
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Often, and in simulations in particular, the accretion of hot gas onto the SMBH is treated
as being governed by Bondi accretion, with the accretion rate given as

ṀBondi = εm
4πG2M2

BHρ

c3
s

, (1.2)

where MBH is the mass of the black hole, ρ is the density of the gas cloud, and cs is
the sound speed (Bondi, 1952). This relation is based on the assumption of spherically
symmetry, lack of magnetic fields, and a uniform gas density, which are not necessarily
held in reality. In recent years, improved models for the nature of the accretion flow
from the hot phase suggest that under certain conditions, thermal instabilities in the hot
gas medium can result in the formation of cold filaments of gas that condense out of
the plasma and then ‘rain’ down onto the black hole (e.g. Sharma et al., 2012; Gaspari
et al., 2013, 2015, 2017). This means that accretion onto the SMBHs in jet-mode
AGN may also be from gas in a ‘cold’ state, and can lead to stochastic accretion rates
that are around two orders of magnitude larger than the Bondi rate. Indeed there is
now growing observational support for this scenario, with observations of a handful
of jet-mode AGN being fuelled by cold gas (e.g. Tremblay et al., 2016; Maccagni
et al., 2018; Ruffa et al., 2019b). This is supported by observations of large reservoirs
of cold molecular gas (∼ 108 − 1010 M�) that have been found in the host galaxies
of jet-mode AGN (e.g. Okuda et al., 2005; Ocaña Flaquer et al., 2010; Ruffa et al.,
2019a,b). Interestingly, although interactions and merger events are expected to play a
role in driving radiative-mode AGN activity by bringing cold gas into the galaxy (see
discussion in Sect. 1.3.4.1), there is also evidence for enhanced jet-mode AGN activity
in interacting galaxies, with higher merger fractions observed in the host galaxies of
jet-mode AGN than in control samples (e.g. Sabater et al., 2013, 2015; Gordon et al.,
2019; Gao et al., 2020).

1.3.4.3 Eddington-scaled accretion

Rather than solely the gas origin, it has been suggested that the accretion rate (in
particular the Eddington-scaled accretion rate) onto the black hole may determine the
formation of a radiatively efficient/inefficient AGN (e.g. Best & Heckman, 2012; Best
et al., 2014; Hardcastle, 2018; Hardcastle & Croston, 2020). The Eddington limit
defines the maximum luminosity that a black hole can attain while growing by accretion
before the radiation pressure overcomes the gravitational force. This depends only on
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the black hole mass MBH and is given by

LEdd =
4πGmpc
σT

MBH (1.3)

where mp is the mass of a proton, σT is the Thomson scattering cross-section and LEdd

is the maximum luminosity that a black hole of mass MBH can achieve. The luminosity
radiated by a black hole simply depends on the accretion efficiency ε and the accretion
rate Ṁ, such that L = εṀc2.

In this picture, the different modes of AGN activity are governed by a switch in the
Eddington-scaled accretion rates such that AGN that are accreting matter at high
fractions of the Eddington rate L/LEdd & 0.01 are able to efficiently convert the potential
energy to energy that can be radiated, and are classed as radiative-mode AGN. In
contrast, the jet-mode AGN are accreting matter at low fractions of the Eddington rate
L/LEdd . 0.01, where the bulk of the energetic output is in the form of mechanical
energy from collimated jets. Evidence in support of this comes from the analysis by
Best & Heckman (2012) who find that in addition to a dichotomy in the host galaxy
properties, there is also a dichotomy in the Eddington scaled accretion rates, with
HERGs typically having accretion rates above ∼ 1% of the Eddington rate, whereas
LERGs have accretion rates below 1% of the Eddington rate. Further evidence comes
from observations that (radio-quiet) quasars (which are radiative-mode AGN) are seen to
show a range of Eddington-scaled accretion rates of 0.01 . L/LEdd & 1 (e.g. Kollmeier
et al., 2006; Trump et al., 2009), but are not found below the ∼1% limit.

This model where a switch in the Eddington-scaled accretion rate determines the
formation of a radiatively efficient and radiatively inefficient AGN can also explain
the observed properties of these two modes. Fuelling by cooling of hot gas generally
tends to occur at low accretion rates in massive galaxies which host massive black holes,
leading to a jet-mode AGN, whereas low-mass galaxies with abundant cold gas supply
(and hence ongoing star-formation) are likely to result in higher accretion rates, and
hence in the formation of a radiative-mode AGN. However, due to the stochastic nature
of accretion processes, accretion from cold gas can occur at low Eddington rates leading
to a jet-mode AGN.

Whittam et al. (2018) found a dichotomy in the Eddington-scaled accretion rate
distribution out to z ∼ 0.7, but with considerable overlap in these distributions compared
to that found by Best & Heckman (2012) in the local Universe. Therefore, the origin
of the differences in these two populations and the precise physical mechanisms that
trigger the different modes of AGN in different galaxies are not well understood.
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1.3.4.4 Comparison with X-ray black hole binaries

There exists a population of stars, with masses of a few tens of solar masses, that have
been found to show X-ray emission. It was found that these sources are in a binary
system consisting of a black hole and a companion star, and are hence referred to as
‘X-ray black hole binaries’ (or X-ray binaries in short). In these systems, the stellar mass
black hole appears to be accreting matter, efficiently, from the companion star, which
results in the formation of an accretion disc. However, due to the smaller-scale of the
accretion disc compared to an AGN, the accretion disc emission peaks at much higher
temperatures such that they emit in the X-ray regime. As black holes are believed to be
characterised solely based on their mass and spin, it is worth considering the properties
of stellar-mass X-ray black hole binaries and the nature of accretion flow around these
objects to understand the accretion of matter onto SMBHs.

Observations have shown that there are two different spectral states of X-ray binaries
that show distinct properties and appear to be governed by the accretion rate onto the
black hole (see reviews by Remillard & McClintock, 2006; Yuan & Narayan, 2014, and
reerences therein). The first state is the ‘hard’ state, where the sources show high-energy
(> 10 keV) X-ray emission and low-power radio jets. In the second, ‘soft’ state, the
X-ray binaries show soft X-ray emission and display signs of a geometrically thin,
optically thick accretion disc. The differences between these two spectral states is
driven by a switch in the accretion rate onto the black hole, where for the ‘hard’ state,
accretion occurs below a few per cent of the Eddington rate, whereas for the ‘soft’ state,
accretion onto the black hole occurs at above this limit. Moreover, it is found that the
SMBH population (i.e. the radiative-mode and jet-mode AGN), and the two states of
the X-ray binaries lie on the same relation between radio-luminosity, X-ray luminosity,
and black hole mass, the so-called ‘fundamental place of BH accretion’ (Merloni et al.,
2003; Yuan et al., 2009; Gültekin et al., 2019).

Therefore, we can draw a clear analogy between the different modes of the X-ray stellar
mass black hole binaries and the two modes of the SMBHs. The jet-mode AGN, found
to undergo radiatively inefficient accretion at low Eddington rates (e.g. Best & Heckman,
2012), are analogues of the ‘hard’ state of the X-ray binaries where the accretion flow
in both is described by an ADAF (Narayan & Yi, 1994; Yuan & Narayan, 2014). In
contrast, the radiative-mode AGN undergo radiatively efficient accretion at above a few
per cent of the Eddington rate, and are analogues of the ‘soft’ X-ray binary state, where
the higher accretion rate results in the formation of a standard accretion disc.
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1.4 Feedback from AGN

Having established the properties of AGN and their hosts, we can now consider how
the AGN can affect their host galaxies and how this may have set up some of the
relationships observed at low redshift. As outlined previously, feedback from AGN is
often required by semi-analytical and cosmological numerical simulations (e.g. Bower
et al., 2006; Croton et al., 2006; Vogelsberger et al., 2014; Schaye et al., 2015; Volonteri
et al., 2016; Davé et al., 2019). In general, feedback from AGN is commonly invoked in
two modes. The first, closely associated with the radiative-mode AGN, is thought to be
responsible for halting the star-formation and for setting up the observed relationships
in the local Universe, for example, the MBH − σ relation (Kormendy & Ho, 2013); this
is often dubbed as ‘quasar-mode’ feedback in simulations. The second mode, associated
with jet-mode AGN, is in the form of kinetic or mechanical mode of feedback from the
powerful radio jets, which are thought to be responsible for maintaining a galaxy as
‘red and dead’ once it has been quenched, via episodes of recurrent AGN activity; this
is often referred to as ‘radio-mode’ feedback. The feedback from these two modes of
AGN is discussed in more detail below.

1.4.1 Feedback from radiative-mode AGN

The radiation output from the AGN resulting from efficient accretion can input
significant energy into the surroundings and drive outflows of gas (see review by
Fabian 2012). As mentioned previously, the host galaxies also contain significant
ongoing star formation, especially near the central regions, for the most luminous
AGN. Stellar processes such as starbursts and supernovae have been shown to drive
outflows from the nuclear region of the galaxy. Although these gas outflows have typical
velocities of a few hundred km s−1 and mass outflow rates of tens to a few hundred
M� yr−1 (see review by Veilleux et al., 2005), only a small fraction of gas completely
escapes the potential well of the galaxy. Therefore, the majority of the outflow gas can
eventually cool and form stars again and so may not be responsible for quenching star
formation (e.g., in ULIRGs: Pereira-Santaella et al. 2018). In the presence of such
high star-formation rates, it can be difficult to distinguish between stellar and AGN
driven outflows. However, very high velocity outflows (> 500 km s−1) are unlikely to
be caused by energy output from stellar processes.

To probe the outflows and their role in affecting the star-formation, typically molecular
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outflows are used, as a tracer for neutral atomic gas (which is difficult to detect). Blue-
shifted absorption features from the OH molecule in the far-IR spectrum of AGN
dominated galaxies have outflows with velocities of 1000 km s−1 and mass outflow rates
of 1200 M� yr−1 (e.g. Feruglio et al., 2010; Fischer et al., 2010; Sturm et al., 2011;
Veilleux et al., 2013; Runco et al., 2020; Herrera-Camus et al., 2020). Molecular gas
outflows have also been mapped using other tracers such as CO line emission at mm/sub-
mm wavelengths and other dense gas tracers (e.g. Audibert et al., 2019; Fluetsch et al.,
2019; Lutz et al., 2020; Gao et al., 2021). Outflows that act on galactic scales and over
a long enough time are required for suppressing galactic scale star formation. Although
outflows can contain substantial masses of molecular gas, in some systems, it is found
that these are not enough to remove vast amounts of gas from the galaxy with the effects
of such outflows being limited to the central ∼ parsec regions (e.g. Morganti et al. 2015;
Fluetsch et al. 2019, see also reviews by Veilleux et al. 2020; Pérez-Torres et al. 2021).

At higher redshift, radiative-mode AGN are commonly invoked for setting up the MBH-
σ relationship seen in the nearby Universe (King, 2003; Fabian, 2012). In addition
to molecular outflows, ionised outflows around quasars (radiative-mode AGN) have
been found to extend up to few tens of kpc (Harrison et al., 2012; Cresci et al., 2015)
at high redshift. However, most of the outflowing gas does not escape the halo of
the galaxy. Instead, AGN driven outflows eject gas from central regions but primarily
escape from least resistance, low density regions, leaving behind the most dense gas
still in the galaxy (e.g., Cano-Díaz et al. 2012; Carniani et al. 2016). Furthermore, as at
low redshifts, these high velocity outflows are typically limited to the most luminous
and extreme quasars, with little evidence in typical, lower mass, star-forming galaxies.
Therefore, the role and importance of radiative-mode AGN in feedback is still debated
in the literature.

Recently, other modes of quenching star-formation have been suggested. One such
mechanism is ‘halo quenching’ whereby the main driver for quenching is proposed to
be the galaxy halo rather than the stellar component. In such a scenario, as gas falls into
the halo and towards the central massive galaxy, gravitational potential energy of the
gas is converted to heat. In the most massive galaxies (with halo masses & 1012 M�), the
cooling time of the gas is larger than the dynamical timescale and, therefore, gas stays in
a hot state within the halo. This can prevent gas from cooling and leads to suppression
of star formation (Birnboim & Dekel, 2003; Dekel & Birnboim, 2006). However, it is
found that this ‘halo quenching’ process only prevents the gas from cooling and forming
stars for a few Gyrs, after which, a cooling flow may develop. Therefore, additional
sources of heating such as AGN and environment may play a role in quenching (Gabor
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& Davé, 2015).

1.4.2 Feedback from jet-mode AGN

The simplest mode of feedback from the jet-mode AGN comes from the kinetic energy
of the jets; the energy output from the jets in these sources can exceed the bolometric
radiative luminosity of the AGN by several orders of magnitude. This may also be
important in the radio-loud subset of the radiative-mode AGN population. The kinetic
(mechanical) energy stored in the jets can provide a significant energetic output in the
form of work done on the surrounding environment to inflate the lobes; this so-called
mechanical (kinetic) luminosity from the jets can be orders of magnitude larger than
the monochromatic radio luminosities for the jet-mode AGN population.

The kinetic energy output from the radio jets can be estimated from the radio luminosity
of the source using the minimum energy argument. This argument is based on assuming
that the magnetic field strength has a value that minimises the combined energy in the
magnetic field and the population of relativistic particles. There are, however, significant
uncertainties on this estimate. One of the main sources of uncertainties is the lack of
physical understanding of the radio lobes and its composition. Willott et al. (1999a)
expressed the combination of all of the uncertainties as a single parameter fW such that
the jet mechanical power is given by

Pmech,sync = 4 × 1035( fW)3/2
( L1.4 GHz

1025 WHz−1

)0.86

W (1.4)

where, L1.4GHz is the radio luminosity measured at 1.4GHz and the values of fW are
typically in the range of 1 - 20 (Heckman & Best, 2014). The relation between the
mechanical luminosities (Pmech,sync) and 1.4 GHz radio luminosities estimated in this
way is shown in Fig. 1.6.

An alternative method of estimating the jet kinetic luminosities from radio luminosities
has also been developed based on the pV energy needed to inflate the X-ray cavities.
As the expanding jets plough through the surrounding material, they create cavities
in the hot gas, which can be observed in the X-rays (Boehringer et al., 1993). The
jet kinetic luminosity can be estimated from the radio luminosity by considering the
energy required to expand the lobes and inflate the X-ray cavities of pressure p with a
volume V , Ecav = fcav pV (e.g. Cavagnolo et al., 2010; Best et al., 2014). It is commonly
assumed that this is the sum of the pV of work done in inflating the cavities, and 3pV

of energy stored in the relativistic plasma of the jets, hence resulting in the commonly

21



assumed value of fcav = 4 (e.g. Cavagnolo et al., 2010; Best et al., 2014; Butler et al.,
2019); however, there is a large uncertainty in these assumptions, for example, shock
heating of the intergalactic medium from the jets may result in higher values. There
is nonetheless a good correlation between the cavity powers and the 1.4 GHz radio
luminosities, albeit with a scatter of ∼ 0.7 dex. The jet mechanical luminosity, based on
the analysis from Cavagnolo et al. (2010) and Heckman & Best (2014) is given as

Lmech,cav = 7 × 1036 fcav

(
L1.4 GHz/1025 W Hz−1

)0.68
W (1.5)

where, L1.4 GHz is the 1.4 GHz radio luminosity. This relation is also illustrated for
fcav = 4 in Fig. 1.6, and is found to be in good agreement with the mean Lradio - Lmech,sync

relation of Willott et al. (1999b), calculated from the synchrotron properties.

As mentioned in Sect. 1.3.4.2, jet-mode AGN activity is typically triggered by the hot
gas halo cooling and accreting as ‘cool clouds’ onto the black hole. The resulting jets
deposit their kinetic energy into the surrounding inter-stellar medium (ISM) which heats
up the gas in the halo, preventing further gas cooling and accretion. As the fuel supply
to the AGN ‘runs out’, the radio jets are ‘switched off’. After some time, this allows
the gas in the hot halo to cool down enough such that accretion and therefore radio jets
can resume again. Therefore, feedback from the jet-mode AGN plays an important
role in the evolution of massive galaxies as the medium into which the jet energy is
deposited also forms the likely fuel source for the AGN, thus providing the conditions
for a self-regulating AGN feedback cycle.

The strongest evidence of this feedback mechanism is seen within massive ellipticals in
clusters with a cooling flow, where gas inflow and cooling to the central region occurs,
resulting in cold gas densities and predicted SFRs of the order of 100 - 1000 M� year−1.
However, as discussed in Sect. 1.2.4, observationally, the SFRs observed are at least
an order of magnitude lower than expected (e.g., Böhringer et al. 2002; Peterson et al.
2003). To match the observations, the cooling losses from the gas must be balanced
by a heating source, provided by the mechanical energy output from the AGN jets (as
discussed earlier in this section; see also Fig. 1.6). Direct observational evidence of this
mode of feedback comes from X-ray cavities/bubbles inflated by the jets transferring
energy into the inter-galactic medium (IGM), which are observed in most ‘cool-core’
clusters (Fabian, 2012). It is found that the time-averaged energy output from these
radio jets, in the form of mechanical energy, does indeed balance the radiative cooling
losses from the hot gas (e.g. Best et al. 2006; McNamara & Nulsen 2007; Heckman &
Best 2014; Hardcastle et al. 2019; see also Fig. 1.4). In the most massive cooling flow
clusters, the AGN are observed to be switched on almost all of the time to maintain the
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Figure 1.6 The relation between jet mechanical luminosity and 1.4 GHz radio
luminosities. The dashed lines shows the estimate of mechanical
luminosities estimated based on the synchrotron properties using
the Willott et al. (1999b) relation for fw = 10 and 20. The solid line
shows the same but estimated using the cavity method based on fcav =

4. The mean of both of these estimates shows reasonable agreement.
The cavity data were taken from Rafferty et al. (2006); Bîrzan et al.
(2008); Cavagnolo et al. (2010). Plot taken from Heckman & Best
(2014).

heating-cooling balance.

On galaxy-scales however, it is found that the instantaneous energy input from radio-
AGN is more than an order of magnitude larger than that required to balance the cooling
losses (Best et al., 2006, 2007). The prevalence of radio-AGN in lower mass systems
is lower, however when the AGN is triggered, it overheats the gas in the galaxy. This
additional heating prevents the gas from cooling into ‘cool clouds’ and effectively shuts
off the fuel supply to the AGN and therefore the AGN activity itself. The AGN is
‘switched off’ for a long time due to this additional heating, such that the time-averaged
energy input from the AGN roughly balances the cooling losses. These observations in
lower mass systems support the simple model of radio-AGN feedback outlined above.
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1.5 Evolution of Radio-Loud AGN

Sects. 1.2- 1.4 present evidence for the different properties of AGN and how they can
have an effect on their host galaxies, mainly at low redshift. However, the SMBHs
are growing at a much slower rate today than they were in the past and the cosmic
SFR is also much lower today (see Sect. 1.2.2). It is therefore useful to study how the
properties of the AGN and the hosts in which they reside evolve through cosmic time
and how the galaxies are quenched from the peak of star-formation at early times. In
this thesis, I am particularly interested in studying the properties of radio-loud AGN
(also known as radio-AGN) and the cosmic evolution of their AGN feedback using deep
and wide radio continuum surveys. Therefore, in the rest of this chapter, I particularly
focus on the properties and evolution of the radio-loud AGN population in the current
state of the literature.

Firstly, it is important to note that the radio-selected AGN population contains both
the jet-mode AGN and the radio-loud subset of the radiative-mode AGN. In addition,
the population of (radio-quiet) radiative-mode AGN may also be detected by radio
surveys probing at sufficiently faint luminosities, and in fact form a significant part
of the radio-selected samples below ∼ 1 mJy at 150 MHz (Wilman et al., 2008), like
the dataset being used in this thesis (see Chapter 2). Hereafter, as we are focused on
studying the evolution of the radio-loud AGN population in this thesis, the jet-mode
AGN are referred to as LERGs, and the radio-loud radiative-mode AGN are referred to
as HERGs.

One of the ways to study how the population of radio-loud AGN evolves is by
constructing the radio luminosity function (RLF), which represents the space density
(i.e. the number of sources per unit comoving volume and per unit log luminosity) as a
function of radio luminosity. The evolution of the overall radio-AGN population has
been studied in detail (e.g. Dunlop & Peacock, 1990; Rigby et al., 2011, 2015). It is
found that the space density of the highest radio luminosity sources increases by a factor
of ≈ 100 from z = 0 to z ∼ 3, but at lower luminosities, the population both evolves less
strongly, and reaches its peak at lower redshifts (z ∼ 1; e.g. Rigby et al. 2011, 2015).

This evolution seen in the RLF is likely due to the different evolution of the LERG and
HERG populations encompassed by the overall radio-loud AGN populations. Best &
Heckman (2012), using a sample of over 18 000 radio-loud AGN, first constructed the
RLF of the LERG and HERG populations, separately, in the local Universe. These local
RLFs are also shown in Fig. 1.7, taken from Best & Heckman (2012). They found that
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although both of these populations are found across all radio luminosities, the LERGs
dominate the space densities at low radio luminosities (L1.4 GHz . 1025 W Hz−1), while
the HERGs dominate at high luminosities (see Fig. 1.7). They also find that these two
populations evolve differently, with the LERGs showing little evolution and the HERGs
showing strong evolution at all luminosities; as these dominate the population at high
luminosities, this can thus explain the strong evolution seen in the RLF of the overall
radio-loud AGN. These results also highlight the importance of studying the cosmic
evolution of these two populations separately.
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Figure 1.7 The local radio luminosity function of LERGs and HERGs. The
two populations show different shapes, with the LERGs dominating
the space densities at low luminosities (LNVSS; from 1.4 GHz
observations), while the HERGs dominate at high luminosities. Plot
taken from Best & Heckman (2012).

Best et al. (2014) extended their previous analysis to higher redshifts to provide the first
measurement of the evolution of the LERG and HERG populations, separately, out to
z ∼ 1. They compiled a sample of 211 radio-loud AGN from various radio continuum
surveys over a wide area, and used emission line diagnostics to separate LERGs and
HERGs. They found that at all luminosities, the comoving space density of the HERG
population increases by a factor of ∼ 7 between z = 0 and z ∼ 0.75. In contrast, the
evolution of the LERGs showed a dependence on radio luminosity, with the space
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density decreasing mildly with redshift at low-luminosities (L1.4 GHz . 1024 W Hz−1)
but increasing slightly with redshift at higher radio luminosities. Similarly, Pracy et al.
(2016) constructed the evolving HERG and LERG luminosity functions (at z < 0.75)
using a sample of around 5000 radio-AGN derived from cross-matching the FIRST
(Becker et al., 1995) survey at 1.4 GHz and the SDSS (York et al., 2000b). They also
found that the LERG population shows little-to-no evolution over this redshift, whereas
the HERGs showed strong evolution with an increase in the characteristic density by a
factor of ≈ (1 + z)3.

More recently, Butler et al. (2019) extended these analyses to higher redshfits, using a
sample of 1729 LERGs from 2.1 GHz observations of the XMM extragalactic survey
field (XXL-S) using the Australia Telescope Compact Array (ATCA). They found
that the space densities of the LERGs showed weak evolution out to z ∼ 1.3, largely
consistent with previous studies. At low radio frequencies, Williams et al. (2018)
studied the evolution of HERGs and LERGs, classified using photometry alone, between
0.5 < z ≤ 2 using 150 MHz LOw Frequency ARray (LOFAR; van Haarlem et al., 2013)
observations of the Boötes field. They studied the properties of 243 LERGs and 398
HERGs. They found that HERGs are generally found in star-forming galaxies and that
the prevalence of these AGN increases with redshift, consistent with previous results.
Similarly, even at high redshift, the prevalence of LERGs with stellar mass obeys the
same steep relationship found in the local Universe (see Sect. 1.3.4.2) with a strong
preference to be hosted by galaxies with high mass and red colours. Over this redshift
range, they find that the LERG population shows a strong decline in space densities with
increasing redshift that is found to be consistent with the decline in the space densities
of the expected hosts, as in the massive quiescent galaxies.

These results provide further evidence that the two classes of AGN are fuelled by
different processes. The HERG population is typically fuelled by cold gas accretion in
star-forming galaxies and therefore, the space density of this class of AGN increases
with redshift, in line with the increasing cosmic star-formation rate, where the higher gas
fractions mean that more ‘fuel’ was available to induce both the AGN and star-formation
activity. Similarly, the LERGs are typically found in massive galaxies with hot gas
haloes, and the prevalence of such hosts decreases with increasing redshift.
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1.6 The structure of this thesis

Although recent studies of the two modes of radio-loud AGN population have extended
analysis out to z & 1, physical processes underpinning AGN triggering and activity
remain poorly understood. Detailed characterisation of how the radio-loud AGN activity
depends on various properties (e.g. stellar mass, star-formation rate, radio luminosity,
environment, etc.) at earlier times can provide crucial tests for our current models of
galaxy formation and evolution. Such analysis is currently lacking, largely as a result of
radio surveys that are not deep enough over wide areas to detect large statistical samples
of low-luminosity sources out to higher redshifts. The advent of the new generation
of radio telescopes such as the Square Kilometre Array (SKA) and its pathfinders will
make such detailed statistical studies possible.

In this thesis, I use the deep observations from the LOFAR Two-Metre Sky Survey
(LoTSS) Deep Fields (Tasse et al., 2021; Sabater et al., 2021) to study the cosmic
evolution of the radio-loud AGN population and feedback from these AGN. The
current LoTSS Deep Fields dataset, covering ∼ 26 deg2 (including multi-wavelength
coverage) and reaching an unprecedented rms depth of ∼20 µJy beam−1 (at 150 MHz),
is comparable in depth to the deepest existing radio continuum surveys (e.g. VLA-
COSMOS 3 GHz project; Smolčić et al., 2017a) but with more than an order of
magnitude larger sky-area coverage. With this combination of deep, high-quality radio
and multi-wavelength data over tens of square degrees, and along multiple sight-lines,
the LoTSS Deep Fields are now able to probe a cosmological volume large enough
to sample all galaxy environments to beyond z ∼ 1, minimise the effects of cosmic
variance (to an estimated level of ∼ 4%) for 0.5 < z < 1.0; Driver & Robotham 2010),
and build statistical radio-selected samples of AGN and star-forming galaxies, even
when simultaneously split by various physical parameters.

In the following Chapter, I present new forced, matched-aperture multi-wavelength
photometry catalogues generated in the LoTSS Deep Fields to provide sufficiently robust
catalogues suited to the scientific aims of the LOFAR surveys. Then, in Chapter 3,
using these new multi-wavelength catalogues, I detail the identification of the host
galaxies of the radio-detected sources in the LoTSS Deep Fields. The identification of
the counterparts of radio sources is crucial in order to determine physical properties of
the radio-detected sources (e.g. photometric redshifts, stellar masses, star-formation
rates, luminosities, etc.). This process is performed using a combination of statistical
and visual classification process, resulting in a sample of over 80 000 radio-sources with
a host galaxy identification rate of > 97%, owing to the depth of the available ancillary
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datasets. The work based on these two Chapters has been published as Kondapally et al.
(2021). Then, in Chapter 4, using the datasets generated in Chapters 2 and 3, I study
the cosmic evolution of the radio-loud AGN population and their host galaxy properties
out to z ∼ 2.5 using a sample of 11 466 radio-loud AGN and characterise the evolution
of the AGN feedback from these sources in the past ∼ 10 Gyrs. This work will appear
as Kondapally et al. (in prep.). Finally, in Chapter 5, I present the conclusions from this
thesis and outline some avenues of future work to extend the analysis presented in the
previous Chapters.

Throughout this work, we use a flat ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7 and
H0 = 70 km s−1 Mpc−1, and a radio spectral index α = −0.7 (where S ν ∝ ν

α). Where
quoted, magnitudes are in the AB system (Oke & Gunn, 1983), unless otherwise stated.
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Chapter 2

Creation of multi-wavelength

catalogues in LoTSS Deep Fields

2.1 Introduction

This thesis aims to study the cosmic evolution of the properties of radio-AGN and how
energetic feedback from these AGN affects galaxy formation and evolution at early
cosmic epochs. As discussed in Chapter 1, there has been a considerable amount of work
over the past two decades in characterising the nature of the radio-AGN population in
the local Universe and on how feedback from these AGN shapes the observed physical
galaxy properties.

The cosmic evolution of the radio-AGN at early times, which is not well known, can
provide important tests to our current understanding of galaxy formation and evolution
models. It is clear that observational studies aiming to characterise the high-redshift
radio-AGN population not only require deep radio-continuum observations to extend
measurements to fainter radio-luminosities and higher redshifts, but also surveys across
large-areas of the sky for deriving robust number statistics, tracing a wide range of
galaxy environments to detect the rarer sources, and also in reducing the effects of
cosmic variance. The ancillary multi-wavelength information is particularly important
for maximising the scientific output of radio-continuum surveys; the identification of the
multi-wavelength counterparts of the radio-detected sources is crucial (see Chapter 3)
in studying the physical host galaxy properties of the radio sources e.g., via the spectral
energy distribution (SED) fitting of their photometry.
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As detailed in Chapter 1, in this thesis, we use observations from the LOFAR telescope,
which is undertaking deep observations of best studied multi-wavelength, degree scale
fields in the northern sky, forming the LOFAR Two-Metre Sky Survey (LoTSS) Deep
Fields (Tasse et al. 2021 and Sabater et al. 2021). The first three LoTSS Deep Fields
are the European Large-Area ISO Survey-North 1 (ELAIS-N1; Oliver et al. 2000),
Lockman Hole, and Boötes (Jannuzi & Dey, 1999); these were chosen to have extensive
multi-wavelength coverage from past and ongoing deep, wide-area surveys sampling
the X-ray (e.g. Brandt et al. 2001; Hasinger et al. 2001; Manners et al. 2003; Murray
et al. 2005), ultra-violet (UV; e.g. Martin et al. 2005; Morrissey et al. 2007) to optical
(e.g. Jannuzi & Dey 1999; Cool 2007; Muzzin et al. 2009; Wilson et al. 2009; Chambers
et al. 2016; Huber et al. 2017; Aihara et al. 2018) and to infrared (IR; e.g. Lonsdale et al.
2003; Lawrence et al. 2007; Ashby et al. 2009; Whitaker et al. 2011; Mauduit et al. 2012;
Oliver et al. 2012) wavelengths; this is ideal for a wide range of our scientific objectives.
These fields also benefit from additional radio observations at higher frequencies from
the Giant Metrewave Radio Telescope (GMRT; e.g. Garn et al. 2008b,a; Sirothia et al.
2009; Intema et al. 2011; Ocran et al. 2019; Ishwara-Chandra et al. 2020) and the VLA
(e.g. Ciliegi et al. 1999; Ibar et al. 2009).

In two of the deep fields, ELAIS-N1 and Lockman Hole, individual catalogues from the
various surveys (see Sect. 2.2) detected based on different filters already exist. However,
catalogue combination issues, such as when sources are blended in lower resolution
catalogues, or only detected in a subset of filters, present significant challenges.
Furthermore, the usefulness of existing catalogues for photometric redshifts is limited
due to the varying catalogue creation methods. For example, magnitudes in these
catalogues were typically measured within different apertures and with different methods
of correcting to total magnitudes, leading to colours that are not sufficiently robust.
In addition, for the sources that were detected in only a subset of filters, the lack of
information or application of a generic limiting magnitude in other filters, would lead to
a loss of information on galaxy colours compared to a forced photometry measurement.
This can have a significant impact on the accuracy of SED fitting and therefore the
photometric redshift estimates. To alleviate these issues in the existing catalogues, we
build pixel-matched images and create matched aperture, multi-wavelength catalogues
with forced photometry spanning the UV to mid-infrared wavelengths in the ELAIS-N1
and Lockman Hole fields. In ELAIS-N1, this new catalogue generated also includes
deeper optical imaging than those available in literature. This process provides high
quality catalogues for SED fitting and photometric redshift estimates, and also for
identifying the radio-source counterparts; these will be valuable not only for studying
the evolution of the radio-AGN in the LoTSS Deep Fields but also for a wide host of
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other scientific objectives.

2.2 Description of the data

2.2.1 Radio data

The details of the LOFAR observations used, along with the calibration and source
extraction methods employed, are described in detail in Tasse et al. (2021) and Sabater
et al. (2021). Here, we summarise these steps and list the key properties of the radio
data released (see Table 2.1).

The LOFAR observations for the LoTSS Deep Fields were taken with the High Band
Antenna (HBA) array, with frequencies between 114.9–177.4 MHz. The ELAIS-N1
data were obtained from LOFAR observation cycles 0, 2, and 4, consisting of 22 visits of
∼ 8 hour integrations (total ∼ 164 hours). The Lockman Hole data were obtained from
cycles 3 and 10, with 12 visits of ∼ 8 hour integrations (total ∼ 112 hours). The Boötes
dataset was obtained from cycles 3 and 8 with total integration time of ∼ 100 hours.
The total exposure times, pointing centres and root mean square (RMS) sensitivities of
calibrated data are listed in Table 2.1.

The calibration of interferometric data at these low frequencies is a challenging task, in
particular due to direction dependent effects caused by the ionosphere and the station
beam (Intema et al., 2009). These direction dependent effects (DDEs) are corrected
using a facet based calibration, where the entire field-of-view is divided into small facets
and the solutions computed for each facet individually (see Shimwell et al. 2019 and
Tasse et al. (2021) for details). The overall calibration pipeline involves solving first
for direction-independent (van Weeren et al., 2016; Williams et al., 2016; de Gasperin
et al., 2019) and then for direction-dependent effects, as described for the LoTSS Data
Release 1 (LoTSS DR1; Shimwell et al. 2017, 2019), but with an updated version of
the pipeline applied to the LoTSS Deep Fields (Tasse et al., 2021) that is more robust
against un-modelled flux absorption and artefacts around bright sources. Finally, the
imaging was carried out using DDFacet (Tasse et al., 2018) to generate a high resolution
(6′′) Stokes I image for all fields, reaching unprecedented RMS depths of S150MHz ∼ 20,
22, and 32 µJy beam−1 at the field centres in ELAIS-N1, Lockman Hole, and Boötes,
respectively (see Table 2.1). The current imaging data released includes data from the
Dutch baselines only; international station data are available and will be included in
future data releases.
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Source extraction is performed on the Stokes I radio image in each field using Python
Blob Detector and Source Finder (PyBDSF; Mohan & Rafferty 2015). We refer the
reader to Mohan & Rafferty (2015) for a detailed description of the software, and to
Tasse et al. (2021) and Sabater et al. (2021) for details of the detection parameters used
to generate the PyBDSF radio catalogues. In summary, sources are extracted by first
identifying islands of emission (using island and peak detection thresholds of 3 and
5σ, respectively). The islands are then decomposed into Gaussians, which are then
grouped together to form a source. An island of emission may contain single or multiple
Gaussians and sources may be formed of either only one Gaussian or by grouping
multiple Gaussians. For unintentional historic reasons, source extraction in Lockman
Hole and Boötes were performed with slightly different parameters than in ELAIS-N1,
leading to a higher fraction of PyBDSF sources being split into multiple Gaussians;
however, after these are correctly grouped using our visual classification schemes (see
Sect. 3.4); this should have little or no effect on the final cross-matched catalogue. We
summarise some key properties of the radio data and the PyBDSF catalogues for each
field in Table 2.1.

2.2.2 Multi-wavelength data in ELAIS-N1

The ELAIS-N1 field has deep multi-wavelength (0.15 µm - 500 µm) observations taken
as part of many different surveys, covering up to 10 deg2. The ELAIS-N1 footprint
illustrated in Fig. 2.1 shows the coverage of some of the key optical-IR surveys used,
as well as the region imaged by LOFAR (plot limited to the 30% power of the primary
beam). In total, we generate photometry from 20 UV to mid-IR filters, with additional
far-IR data from Spitzer and Herschel. The typical depths and areas covered by the
multi-wavelength imaging datasets are listed in Table 2.2.
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Table 2.1 Summary of the radio data properties in the current data release of the LoTSS Deep Fields. The radio data have an angular
resolution of 6′′ and cover around 68 deg2 out to the primary beam 30% power point.

ELAIS-N1 Lockman Hole Boötes

Centre RA, DEC [deg] 242.75, 55.00 161.75, 58.083 218.0, 34.50
Central frequency [MHz] 146 144 144
Central RMS [µJy/beam] 20 22 32
Integration Time [hrs] 164 112 80
No PyBDSF radio sources 84 862 50 112 36 767
Reference Sabater et al. (2021) Tasse et al. (2021) Tasse et al. (2021)
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2.2.2.1 UV to mid-infrared data in ELAIS-N1

Optical data for ELAIS-N1 comes from Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS-1; Kaiser et al. 2010). Pan-STARRS 1 (PS1) is
installed on the peak of Haleakala on the island of Maui in the Hawaiian island chain.
The PS1 system uses a 1.8m diameter telescope together with a 1.4 gigapixel CCD
camera with a 7 deg2 field-of-view. A full description of the PS1 system is provided
by Kaiser et al. (2010) and the PS1 optical design is described in Hodapp et al. (2004).
The PS1 photometry is in the AB system (Oke & Gunn, 1983) and the photometric
system is described in detail by Tonry et al. (2012). The PS1 data in ELAIS-N1 consists
of broadband optical (g, r, i, z and y) imaging from the Medium Deep Survey (MDS),
one of the PS1 surveys (Chambers et al., 2016). As part of the MDS, ELAIS-N1 (and the
other fields) was visited on an almost nightly basis to obtain deep, high cadence images,
with each epoch consisting of eight dithered exposures. This PS1 dataset provides the
deepest wide-area imaging at redder optical wavelengths across ELAIS-N1.

Additional optical data were taken from the Hyper-Suprime-Cam Subaru Strategic
Program (HSC-SSP) survey. ELAIS-N1 is one of the ‘deep’ fields of the HSC-SSP
survey, covering a total of ∼ 7.7 deg2 in optical filters g, r, i, z, y, and the narrow-band
NB921, taken over four HSC pointings. The images were acquired from the first HSC-
SSP data release (Aihara et al., 2018).1 The HSC data have higher angular resolution
than the PS1 data, and are of comparable depths at bluer wavelengths. The use of both
HSC and PS1 data allows the advantages of each survey to be present in the catalogues,
and in addition, provides complementary photometric data points for SED fitting.

The broadband u-band data were obtained from the Spitzer Adaptation of the Red-
sequence Cluster Survey (SpARCS; Wilson et al. 2009; Muzzin et al. 2009). SpARCS
is a follow-up of the Spitzer Wide-area Infra-Red Extragalactic (SWIRE) survey fields
taken using the MegaCAM instrument on the Canada-France-Hawaii Telescope (CFHT).
In ELAIS-N1, the data were taken over 12 CFHT pointings (1 deg2 each) covering ∼
12 deg2 in total.

The UV data were obtained from the Release 6 and 7 of the Deep Imaging Survey (DIS)
taken with the Galaxy Evolution Explorer (GALEX) space telescope (Martin et al.,
2005; Morrissey et al., 2007). GALEX observations were taken in the near-UV (NUV)

1We note that DR2 of HSC-SSP was released in May 2019 (Aihara et al., 2019). At this time,
our optical catalogues had been finalised and the visual cross-identification process was in progress.
Processing the new HSC-SSP DR2 data to modify the optical catalogues would have been unfeasible,
leading to delays in the visual identification process. However, we plan on including new HSC-SSP data
releases for future deep fields data releases.
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Figure 2.1 Footprint (north up, east left) for ELAIS-N1 field showing the
coverage of multi-wavelength data from various surveys in optical
and IR bands described in Sect. 2.2.2. The LOFAR radio coverage is
also shown in black. The shaded light blue region shows the selected
area of overlap that is used for the radio-optical cross-match in
Chapter 3 for ELAIS-N1 (∼7.15 deg2), as described in Sect. 2.2.2.3
with slightly reduced area after bright-star masking.
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and far-UV (FUV) spanning 1350Å - 2800Å and have a field-of-view ≈ 1.5 deg2 per
pointing, covering around 13.5 deg2 in total.

The near-infrared (NIR) J and K band data come from the UK Infrared Deep Sky
Survey (UKIDSS) Deep Extragalactic Survey (DXS) DR10 (Lawrence et al., 2007).
Observations were taken using the WFCAM instrument (Casali et al., 2007) on the UK
Infrared Telescope (UKIRT) in Hawaii as part of the 7 year DXS survey plan and cover
∼ 8.9 deg2 of the ELAIS-N1 field. The photometric system is described in Hewett et al.
(2006).

The mid-infrared (MIR) 3.6 µm, 4.5 µm, 5.8 µm and 8.0 µm data were acquired from
the IRAC instrument (Fazio et al., 2004) on board the Spitzer Space Telescope (Werner
et al., 2004). We use two Spitzer surveys that cover the ELAIS-N1 field: the SWIRE
(Lonsdale et al., 2003) survey and the Spitzer Extragalactic Representative Volume
Survey (SERVS; Mauduit et al. 2012). The SWIRE data were taken in January 2004
and cover an area of ∼ 10 deg2 in all four IRAC channels. The SERVS project imaged
a small part of the ELAIS-N1 field, covering around 2.4 deg2 in only two channels
(3.6 µm and 4.5 µm) during Spitzer’s warm mission but reaching ∼ 1 mag deeper than
SWIRE.

2.2.2.2 Additional far-infrared data in ELAIS-N1

Longer wavelength data at 24 µm comes from the Multiband Imaging Photometer for
Spitzer (MIPS; Rieke et al. 2004) instrument on-board Spitzer. Data were also taken
from Herschel Multi-tiered Extragalactic Survey (HerMES; Oliver et al. 2012) by the
Herschel Space Observatory (Pilbratt et al., 2010), using the Spectral and Photometric
Imaging Receiver (SPIRE; Griffin et al. 2010) instrument at 250 µm, 360 µm and 520 µm,
and Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010) at
100 µm and 160 µm. The three fields are all part of Level 5 or 6 deep tiers of HerMES,
comprising one of the deepest, large-area Herschel surveys available. The 70 µm data
from MIPS or PACS are not included in our catalogues (and nor within HELP) due to
their poorer sensitivity.

In part due to their low angular resolution, these FIR data are not used to generate
the forced, matched aperture catalogues. Instead, FIR fluxes are added from existing
catalogues from the SPIRE and PACS maps, generated by the Herschel Extragalactic
Legacy Project (HELP; Shirley et al. 2021). FIR fluxes from HELP were incorporated
by performing a cross-match between our multi-wavelength catalogue and HELP
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catalogues using a 1.5′′ cross-match. If no match was found within the HELP catalogues,
FIR fluxes were extracted using the XID+ software (Hurley et al., 2017), incorporating
the radio (or optical) positions into the list of priors. The details of the process of
generating and adding FIR fluxes is described by McCheyne et al. (subm).

2.2.2.3 Selected survey area in ELAIS-N1

The radio data cover a significantly larger area than the accompanying multi-wavelength
data. We therefore define the area used for cross-matching in Chapter 3 for the ELAIS-
N1 field as the overlapping area between PanSTARRS, UKIDSS, and SWIRE, covering
∼ 7.15 deg2. This overlap area is indicated by the blue shaded region in the ELAIS-N1
footprint shown in Fig. 2.1. At the largest extent of this selected area from the radio
field centre, the radio primary beam correction factor is ∼0.65, resulting in a noise level
approximately 50% higher than in the centre. There is thus a moderate variation in the
depth of the radio data across the survey region.

2.2.3 Multi-wavelength data in Lockman Hole

Lockman Hole also possesses deep multi-wavelength (0.15 µm–500 µm) data and is
the field with the largest area of multi-wavelength coverage, as shown by the footprint
in Fig. 2.2 . The typical depths and areas covered by the multi-wavelength and radio
imaging datasets are listed in Table 2.2.

2.2.3.1 UV to mid-infrared data in Lockman Hole

The optical data in Lockman Hole come from two surveys taken by the CFHT-MegaCam
instrument: SpARCS and the Red Cluster Sequence Lensing Survey (RCSLenS;
Hildebrandt et al. 2016). The SpARCS data in Lockman Hole consist of broadband u, g,

r, z filter images taken using 14 pointings of the CFHT, covering around 13.3 deg2 of
the field. The RCSLenS data consist of g, r, i, z observations covering around 16 deg2.
The coverage from RCSLenS however, is not contiguous, with gaps between different
pointings.

Similar to ELAIS-N1, the NUV and FUV imaging data come from the GALEX DIS
Release 6 and 7, and, the NIR data is obtained from the J and K bands of the UKIDSS-
DXS DR10, covering a maximum area of around 8 deg2. Observations of the Lockman
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Figure 2.2 Footprint (north up, east left) for the Lockman Hole field showing the
coverage of multi-wavelength data from various surveys in optical
and IR bands described in Sect. 2.2.3. The LOFAR radio coverage
is also shown in black. The shaded light blue region shows the
selected area of overlap that is used for the radio-optical cross-
match in Chapter 3 for Lockman Hole (∼10.73 deg2), as described
in Sect. 2.2.3.3, with slightly reduced area after bright-star masking.

Hole field were also taken in IRAC channels as part of SWIRE and SERVS, reaching
similar depths as in ELAIS-N1 but over much larger areas. The SWIRE data in all four
IRAC channels cover around 11 deg2 whereas the deeper SERVS data in the two IRAC
channels (3.6 µm and 4.5 µm) cover around 5.6 deg2.

2.2.3.2 Additional far-infrared data in Lockman Hole

Lockman Hole is also covered by both Spitzer MIPS and HerMES observations. These
FIR fluxes were added using catalogues generated by HELP and by running XID+,
following the same method as for ELAIS-N1 (see McCheyne et al. subm).
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Table 2.2 Key properties of the multi-wavelength data in ELAIS-N1 and Lockman Hole. For each filter, we include the Vega-AB
conversion factor (if any) used for generating pixel-matched mosaics (see Sect. 2.3.1), the average PSF FWHM, and the
approximate area covered by each survey. The 3σ depths (in AB system) in each filter estimated from the variance of empty,
source free 3′′ apertures, and the filter dependent Galactic extinction values, Aband/E(B − V) are listed.

Field/Survey Band Vega-AB PSF 3σ depth Aband/E(B − V) Area
[mag] [arcsec] [mag] [deg2]

ELAIS-N1
GALEX-DIS 13.53

FUV - 4.2 24.94 28.637
NUV - 5.3 25.26 8.675

SpARCS 11.81
u - 0.9 25.4 4.595

PanSTARRS 8.05
g - 1.2 25.5 3.612
r - 1.1 25.2 2.569
i - 1.0 25.0 1.897
z - 0.9 24.6 1.495
y - 1.0 23.4 1.248

HSC 7.70
G - 0.5 25.6 3.659
R - 0.7 25.0 2.574

continued . . .
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. . . continued

Field/Survey Band Vega-AB PSF 3σ depth Aband/E(B − V) Area
[mag] [arcsec] [mag] [deg2]

I - 0.5 24.6 1.840
Z - 0.7 24.2 1.428
Y - 0.6 23.4 1.213

NB921 - 0.6 24.3 1.345
UKIDSS-DXS 8.87

J 0.938 0.8 23.2 0.797
K 1.900 0.9 22.7 0.340

SWIRE 9.32
3.6 µm 2.788 1.66 23.4 0.184
4.5 µm 3.255 1.72 22.9 0.139
5.8 µm 3.743 1.88 21.2 0.106
8 µm 4.372 1.98 21.3 0.075

SERVS 2.39
3.6 µm 2.788 1.66 24.1 0.184
4.5 µm 3.255 1.72 24.1 0.139

Lockman Hole
GALEX-DIS 15.53

FUV - 4.2 25.43 28.637
NUV - 5.3 25.75 8.675

continued . . .
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. . . continued

Field/Survey Band Vega-AB PSF 3σ depth Aband/E(B − V) Area
[mag] [arcsec] [mag] [deg2]

SpARCS 13.32
u - 1.06 25.5 4.595
g - 1.13 25.8 3.619
r - 0.76 25.1 2.540
z - 0.69 23.5 1.444

RCSLenS 16.63
g - 0.78 25.1 3.619
r - 0.68 24.8 2.540
i - 0.60 23.8 1.898
z - 0.65 22.4 1.444

UKIDSS 8.16
J 0.938 0.76 23.4 0.797
K 1.900 0.88 22.8 0.340

SWIRE 10.95
3.6 µm 2.788 1.66 23.4 0.184
4.5 µm 3.255 1.72 22.9 0.139
5.8 µm 3.743 1.88 21.2 0.106
8 µm 4.372 1.98 21.2 0.075

SERVS 5.58

continued . . .
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. . . continued

Field/Survey Band Vega-AB PSF 3σ depth Aband/E(B − V) Area
[mag] [arcsec] [mag] [deg2]

3.6 µm 2.788 1.66 24.1 0.184
4.5 µm 3.255 1.72 24.0 0.139
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2.2.3.3 Selected survey area for Lockman Hole

In this thesis (see Chapter 3), for radio-optical cross-matching, we use the overlapping
area between the SpARCS r-band and the SWIRE survey which covers ≈ 10.73 deg2. As
such, Lockman Hole is the largest deep field released with respect to the accompanying
multi-wavelength data. This overlap area in Lockman Hole is also illustrated by the
blue shaded region in the footprint in Fig. 2.2. At the largest extent of this selected area
from the radio field centre, the radio primary beam correction factor is ∼0.42.

2.2.4 Multi-wavelength data in Boötes

In Boötes, we make use of existing PSF matched I-band and 4.5 µm band catalogues
(Brown et al., 2007, 2008) built using imaging data from the NOAO Deep Wide Field
Survey (NDWFS; Jannuzi & Dey 1999) and follow-up imaging campaigns in other
filters. This catalogue contains 15 multi-wavelength bands (0.14 µm–24 µm) from
different surveys. Fig. 2.3 shows the footprint of the key surveys covering the Boötes
field. Typical 3σ depths estimated using variance from random apertures for each filter
are listed in Table 2.3.

In summary, deep optical photometry in the BW, R, and I filters comes from NDWFS
(Jannuzi & Dey, 1999). Photometry in the NUV and FUV comes from GALEX surveys.
Additional z-band data covering the full NDWFS field comes from the zBoötes survey
(Cool, 2007) taken with the Bok 90Prime imager, and additional data from the Subaru
z-band (PI: Yen-Ting, Lin). Additional optical imaging in the Uspec and the Y bands
comes from the Large Binocular Telescope (Bian et al., 2013). NIR data in J, H, and
Ks comes from Gonzalez et al. (2010). In the MIR, Spitzer surveyed ∼10 deg2 of the
NDWFS field at 3.6, 4.5, 5.8 and 8.0 µm across 5 epochs. Primarily, the data consist
of 4 epochs from the Spitzer Deep Wide Field Survey (SDWFS; Ashby et al. 2009),
a subset of which is the IRAC Shallow Survey (Eisenhardt et al., 2004) and, the fifth
epoch from the Decadal IRAC Boötes Survey (M.L.N. Ashby PI, PID 10088).

The full details of the data used and the catalogue generation process are provided in
Brown et al. (2007, 2008). In summary, images in all filters were first moved on to a
common pixel scale and then sources detected using SExtractor (Bertin & Arnouts,
1996). Forced photometry was then performed on optical-NIR filters smoothed to a
common PSF. The common PSF was chosen to be a Moffat profile with β = 2.5 and a
FWHM of 1.35′′ (BW, R, I, Y, H and K), a FWHM of 1.6′′ (u, z, J), and a FWHM of
0.68′′ for the Subaru z-band. Aperture corrections based on the chosen Moffat profile
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Table 2.3 Filter dependent extinction correction factors per unit reddening,
Aband/E(B − V) and 3σ depths from 3′′ apertures for Boötes.

Band Aband/E(B − V) 3σ depth
[mag]

FUV 28.637 26.3
NUV 8.675 26.7

u 4.828 25.9
Bw 4.216 26.2
R 2.376 25.2
I 1.697 24.6
z 1.423 23.4

z_Subaru 1.379 24.3
y 1.185 23.4
J 0.811 23.1
H 0.515 22.5
K 0.338 20.2
Ks 0.348 21.8

3.6 µm 0.184 23.3
4.5 µm 0.139 23.1
5.8 µm 0.105 21.6
8 µm 0.074 21.6

were then applied to account for the different FWHM choices in PSF smoothing.

In Boötes, the FIR data from HerMES and MIPS were obtained by a similar method to
ELAIS-N1 and Lockman Hole (see McCheyne et al. subm), and form a new addition to
the existing catalogues of Brown et al. (2007, 2008).

In this chapter, subsequent analysis is performed for the overlap of the NDWFS and
SDWFS datasets, covering ∼ 9.5 deg2, as shown in Fig. 2.3. This area was chosen as the
largest area with coverage in most of the optical-IR bands. At the largest extent of the
selected area from the radio field centre, the primary beam correction factor is ∼0.39.

2.3 Creation of multi-wavelength catalogues

This section describes the creation of the pixel-matched images and the generation of the
new multi-wavelength catalogues in both ELAIS-N1 and Lockman Hole. The Boötes
field already possesses PSF-matched forced photometry catalogues created using an
I-band and a 4.5 µm band detected catalogue (Brown et al., 2007, 2008). To generate a
similar multi-wavelength catalogue in Boötes as the other two fields for radio-optical
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Figure 2.3 Footprint (north up, east left) for the Boötes field showing the
coverage of multi-wavelength data from various surveys in optical
and IR bands described in Sect. 2.2.4. The LOFAR radio coverage is
also shown in black. The shaded light blue region shows the selected
area of overlap that is used for the radio-optical cross-match in
Chapter 3 for Boötes (∼9.5deg2), as described in Sect. 2.2.4, with
slightly reduced area after bright-star masking.
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cross-matching, we apply only the final steps of our catalogue generation process,
namely, the masking around stars (see Sect. 2.3.4.3), the merging of the I-band and
4.5 µm detected catalogues (see Sect. 2.3.4.4), and the Galactic extinction corrections.

2.3.1 Creation of the pixel-matched images

The images from different instruments had different pixel scales and therefore all of
the images needed to be re-gridded (resampled) onto the same pixel scale to perform
matched aperture photometry across all filters. Observations in most filters consisted
of many overlapping exposures of the total area. We obtained reduced images from
survey archives for all filters and used SWarp (Bertin et al., 2002) to both resample
the individual images in each filter to a common pixel scale of 0.2′′ per pixel and then
to combine (co-add) these resampled images to make a single large mosaic in each
filter. We make no attempt to perform point-spread function (PSF) homogenisation of
these observations; instead, we account for the varying PSF in each filter by performing
aperture corrections (see Sect. 2.3.3.1).

Changes to the astrometric projection or the photometric calibration were performed
during the resampling process by SWarp. During this step, the contribution to the flux
from the background/sky is subtracted before the resampling and co-addition process
to avoid artefacts resulting from image combination. The flux scale of the images
was also adjusted using each input frame’s zero-point magnitude, exposure time and
any Vega-AB conversion factors (see Table 2.2) to shift the zero-point magnitude of
all the images to 30 mag (in the AB system). The resampled images in each filter
were then co-added in a ‘weighted’ manner to take into account the relative exposure
time/noise per pixel in multiple input frames and in overlapping frames. Table 2.2 also
lists the typical PSF full-width half-maximum (FWHM) for each filter in ELAIS-N1
and Lockman Hole. We compared photometry in fixed apertures for given sources
in both the resampled frames and the final mosaics to ensure that the photometry is
consistent with the original images.

2.3.2 Source detection

Source detection is performed using SExtractor (Bertin & Arnouts, 1996). We
ran SExtractor in ‘dual-mode’, using a deep image for detecting sources and then
performing photometry using these detections on all of the filters. To produce as
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complete a catalogue as possible, we built our deep detection image by using SWarp to
create deep χ2 images (Szalay et al., 1999) by combining observations from multiple
filters; this is done by computing the χ2 statistic (using the pixel values and pixel noise)
over multiple filters in a pixel matched manner. As stated by Szalay et al. (1999),
the χ2 image represents the probability that a pixel is drawn from the background sky
distribution; pixels above a sufficiently high threshold on the χ2 image are thus unlikely
to be drawn from the sky, and hence can be considered as a source.

In practice, due to the significantly worse angular resolution of the Spitzer data, we
built two χ2 images, one using optical and NIR filters and a separate χ2 image using
only the Spitzer-IRAC data. In ELAIS-N1, the optical χ2 image was created using
SpARCS-u, PS1-griz, and UKIDSS-DXS-JK filters (the PS1 y-band is not included due
to its shallower depth and lower sensitivity relative to the adjacent filters). In Lockman
Hole, we used SpARCS-ugrz, RCSLenS-i, and UKIDSS-DXS-JK filters. The Spitzer

χ2 images in both ELAIS-N1 and Lockman Hole are built from the IRAC 3.6 µm and
4.5 µm bands from both SWIRE and SERVS. The longer wavelength Spitzer data are
not included in the χ2 detection images due to a further decrease in angular resolution.

The key detection parameters in SExtractor are the ones concerning deblending, the
detection threshold, and minimum detection area. These key parameters are listed in
Table 2.4 for the optical-NIR and Spitzer χ2 images. We fine-tuned these parameters for
each χ2 image by adjusting their values and inspecting the resulting catalogue overlaid
on the χ2 images.

Although more sophisticated tools exist for performing multi-band photometry that
allow model-fitting of detections (e.g. The Tractor; Lang et al. 2016; Nyland et al. 2017
and T-PHOT; Merlin et al. 2015, 2016), SExtractor is a flexible and easily scalable
tool that allows both source detection and forced, matched aperture photometry to be
performed in a practical and robust manner over ∼30 bands across > 18 deg2 for the
two fields. Moreover, the use of SExtractor for ELAIS-N1 and Lockman Hole also
provides consistency with the method that was adopted to generate the existing Boötes
catalogues.

2.3.3 Photometric measurements

Running SExtractor in dual mode, we measure fluxes in all of the filters using both the
optical-NIR and Spitzer χ2 images; this includes Spitzer fluxes from sources detected
on the optical-NIR χ2 images and vice versa. We extract fluxes from a wide variety
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Table 2.4 Key SExtractor detection and deblending parameters used for
the optical-NIR and Spitzer χ2 detection images in ELAIS-N1 and
Lockman Hole.

Parameter Value
Optical-NIR χ2 Spitzer χ2

detect_minarea 8 10
detect_thresh 1 2.5
deblend_nthresh 64 64
deblend_mincont 0.0001 0.001

of aperture sizes, specifically 1′′ – 7′′ diameter (in 1′′ steps) and also 10′′ diameter
apertures in each filter.

2.3.3.1 Aperture and Galactic extinction corrections

Fluxes from fixed apertures were corrected to total fluxes using aperture corrections
based on the curve of growth estimated from our full range of aperture measurements
(assuming all of the flux from a source is contained within the 10′′ aperture). We
compute median correction factors for each aperture size using relatively isolated (>5′′

from nearest neighbour) sources of moderate magnitude (e.g. i-band 19 < i < 20.5),
chosen to have high sky density but also sufficient signal-to-noise ratio (S/N) even in
the larger apertures. These sources are typical of moderately distant galaxies, with this
selection driven by the primary scientific aims of the LOFAR surveys. It is important
to note that the resulting correction factors are found to be not sensitive to the exact
choice of the magnitude employed in selecting sources used for calibrating the aperture
corrections. The full list of aperture corrections are provided in Table 2.5. In addition,
we also provide in Table 2.5, a list of aperture corrections calibrated based on stars with
18 < Gmag < 20 in GAIA Data Release 2 (GAIA DR2; Gaia Collaboration et al., 2016,
2018; Riello et al., 2018; Evans et al., 2018). In deriving the aperture corrections, we
assume that the PSF variations between different images of a given filter are insignificant
compared to the PSF variation across different filters (see discussion in Sect. 2.3.5).

Galactic extinction corrections are computed at the position of each object using the
map of Schlegel et al. (1998) 2. We provide a column of E(B − V) reddening values
computed from Schlegel et al. (1998) for each source, which is then multiplied by
the filter dependent factor (listed in Table 2.2 for ELAIS-N1 and Lockman Hole; 2.3
provides the corresponding values for Boötes) derived from the filter transmission curve

2Performed using the dustmaps package (Green, 2018) for Python.
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and the Milky Way extinction curve (Fitzpatrick, 1999). For all fields, we recommend
using the ‘band_mag_corr’ columns which are corrected for aperture and extinction
using the 3′′ for optical-NIR bands and the 4′′ for the Spitzer IRAC bands (see discussion
in Sect. 2.4). The raw photometry in any aperture can be corrected for both aperture
and extinction as follows

band_mag_corr = MAG_APER_band_ap − 2.5 log Fband,ap

− EBV × Aband/E(B − V)
(2.1)

where band is the filter, ap is the aperture size, Fband,ap is the aperture correction factor
for a given band and aperture. We apply the values listed in Table 2.5 derived using
based on sources typical of moderately distant galaxies, as described above; the stellar
based aperture corrections, which are not applied to the catalogues, are nonetheless
provided in Table 2.5. EBV is the reddening value computed based on source position
and the Schlegel et al. (1998) dust map, and, Aband/E(B − V) are the filter dependent
extinction factors listed in Table 2.2 and Table 2.3. Equation 2.1 can also be used for any
other band or aperture size combination to derive an aperture and Galactic extinction
corrected magnitude.

2.3.3.2 Computation of photometric errors

We find that the flux uncertainties reported by SExtractor typically underestimate the
total uncertainties. This is a well-known issue and occurs as SExtractor only takes into
account photon and detector noise, and does not account for background subtraction
errors or correlated noise arising from image combination. We estimate the additional
flux error term using the same method as that used by Bielby et al. (2012) and Laigle
et al. (2016). Firstly, fluxes were measured in random isolated apertures (with the same
sized apertures as our flux measurements) on a background-subtracted image. Then, to
remove the contribution from sources to the flux in the random apertures, an iterative
sigma clipping of the measured flux distribution is performed. Finally, the standard
deviation of the clipped distribution is taken to be the additional contribution to the flux
uncertainties from correlated noise and background subtraction errors, and is then added
in quadrature with the uncertainties reported by SExtractor on a source-by-source
basis to compute the total photometric errors. The magnitude errors were then updated
accordingly. The 3σ magnitude depths estimated from the variance of empty, source
free 3′′ apertures in each filter are listed in Table 2.2.
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Table 2.5 List of aperture corrections derived for each filter in ELAIS-N1 and Lockman Hole, using the method described in Sect. 2.3.3.1.
The raw aperture fluxes released in the catalogues should be divided by the values listed to correct the fluxes for aperture
effects. The galaxies-based aperture corrections are appropriate for moderately distant galaxies and are applied to both the
value-added catalogues and multi-wavelength catalogues in our recommended aperture sizes. Stellar-based corrections (not
applied to catalogues) are derived using stars in GAIA-DR2 with 18 < Gmag < 20.

Survey-Filter Galaxies-based corrections Stellar-based corrections
Fraction of flux in aperture (arcsec) Fraction of flux in aperture (arcsec)

1 2 3 4 5 6 7 1 2 3 4 5 6 7

ELAIS-N1
SpARCS-u 0.39 0.76 0.9 0.95 0.97 0.98 0.99 0.41 0.79 0.91 0.96 0.98 0.99 1.0

PS1-g 0.25 0.6 0.78 0.87 0.92 0.95 0.97 0.27 0.62 0.79 0.88 0.93 0.96 0.98
PS1-r 0.25 0.6 0.77 0.85 0.91 0.94 0.97 0.3 0.64 0.8 0.88 0.92 0.95 0.97
PS1-i 0.23 0.55 0.74 0.83 0.89 0.93 0.96 0.31 0.65 0.8 0.87 0.92 0.95 0.97
PS1-z 0.23 0.54 0.73 0.84 0.9 0.94 0.96 0.33 0.66 0.81 0.88 0.92 0.95 0.97
PS1-y 0.2 0.49 0.68 0.79 0.86 0.91 0.95 0.29 0.59 0.75 0.84 0.89 0.93 0.95
HSC-g 0.55 0.83 0.91 0.95 0.97 0.98 0.99 0.56 0.84 0.92 0.95 0.97 0.98 0.99
HSC-r 0.46 0.8 0.9 0.94 0.96 0.97 0.98 0.49 0.82 0.91 0.95 0.97 0.98 0.99
HSC-i 0.61 0.87 0.92 0.95 0.97 0.98 0.99 0.64 0.9 0.94 0.96 0.97 0.98 0.99
HSC-z 0.37 0.71 0.85 0.91 0.95 0.97 0.98 0.47 0.8 0.91 0.95 0.97 0.98 0.99
HSC-y 0.49 0.78 0.87 0.92 0.95 0.97 0.98 0.63 0.86 0.92 0.94 0.96 0.97 0.98

HSC-NB921 0.35 0.69 0.84 0.91 0.94 0.97 0.98 0.63 0.88 0.94 0.97 0.98 0.99 0.99
J 0.39 0.78 0.92 0.96 0.98 0.99 1.0 0.45 0.82 0.93 0.97 0.99 0.99 1.0

continued . . .
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continued . . .

K 0.32 0.7 0.88 0.95 0.98 0.99 1.0 0.42 0.79 0.92 0.96 0.98 1.0 1.0
IRAC-3.6 µm 0.1 0.34 0.56 0.73 0.83 0.89 0.93 0.13 0.4 0.64 0.79 0.88 0.93 0.95
IRAC-4.5 µm 0.11 0.34 0.56 0.72 0.84 0.9 0.94 0.13 0.4 0.63 0.78 0.88 0.94 0.96
IRAC-5.8 µm 0.08 0.26 0.45 0.62 0.74 0.84 0.91 0.11 0.33 0.53 0.68 0.8 0.89 0.95
IRAC-8.0 µm 0.07 0.25 0.43 0.58 0.68 0.77 0.85 0.09 0.3 0.5 0.64 0.73 0.82 0.9

Lockman Hole
SpARCS-u 0.31 0.69 0.87 0.94 0.97 0.98 0.99 0.35 0.73 0.88 0.95 0.97 0.99 0.99
SpARCS-g 0.21 0.54 0.76 0.87 0.93 0.96 0.98 0.33 0.72 0.88 0.94 0.97 0.98 0.99
SpARCS-r 0.24 0.57 0.78 0.89 0.94 0.97 0.98 0.49 0.82 0.92 0.96 0.97 0.98 0.99
SpARCS-z 0.29 0.64 0.83 0.91 0.96 0.98 0.99 0.52 0.82 0.91 0.95 0.97 0.98 0.99
RCSLenS-g 0.23 0.57 0.78 0.88 0.93 0.96 0.98 0.48 0.83 0.93 0.96 0.98 0.99 0.99
RCSLenS-r 0.25 0.58 0.78 0.89 0.94 0.97 0.98 0.55 0.86 0.94 0.97 0.98 0.99 0.99
RCSLenS-i 0.33 0.68 0.85 0.93 0.97 0.99 0.99 0.61 0.89 0.95 0.97 0.99 0.99 1.0
RCSLenS-z 0.28 0.62 0.8 0.89 0.94 0.97 0.99 0.56 0.84 0.92 0.96 0.97 0.98 0.99

J 0.29 0.67 0.86 0.95 0.98 1.0 1.0 0.46 0.82 0.93 0.97 0.98 0.99 1.0
K 0.32 0.7 0.88 0.96 0.99 1.01 1.01 0.47 0.82 0.92 0.96 0.98 0.99 1.0

IRAC-3.6 µm 0.1 0.33 0.56 0.73 0.83 0.89 0.93 0.13 0.4 0.63 0.79 0.88 0.92 0.95
IRAC-4.5 µm 0.11 0.34 0.56 0.72 0.83 0.9 0.94 0.13 0.4 0.63 0.77 0.87 0.93 0.96
IRAC-5.8 µm 0.08 0.27 0.46 0.61 0.74 0.84 0.91 0.1 0.32 0.52 0.67 0.78 0.88 0.94
IRAC-8.0 µm 0.07 0.25 0.44 0.58 0.68 0.77 0.85 0.09 0.29 0.49 0.62 0.7 0.79 0.8851



2.3.4 Catalogue cleaning and merging

In this section, we describe the key steps used to clean the ELAIS-N1 and Lockman
Hole catalogues of spurious sources and low-significance detections. We then discuss
masking around bright stars and merging of the optical-NIR and Spitzer detected
catalogues in all three fields.

2.3.4.1 Cross-talk removal

Cross-talks are non-astronomical artefacts that appear on the UKIDSS (J or K) images
at fixed offsets from bright stars due to readout patterns; these may appear in the χ2

detection image. The cross-talks appear at 128, 256, and 384 pixels in both the RA and
Dec directions and in the native pixel scale of UKIDSS images, this corresponds to
51′′, 102′′, and 153′′, respectively. Cross-talks may have extreme colours due to their
non-astrophysical nature and, therefore, we use the flux measurements (or lack thereof)
in the optical and NIR filters to identify and remove cross-talks from the catalogue.
Specifically, we searched for catalogued detections within 2′′ of the expected cross-talk
positions to identify (and remove) detections that have either extreme optical-NIR
colours (i.e. (i - K) > 4) or, have low significance (S/N < 3) measurements in multiple
optical bands and a NIR magnitude that is more than 6 mag fainter than the ‘host’ star.
These criteria were confirmed by visual inspection of detections that were removed and
retained (i.e. sources present at the expected cross-talk positions but not satisfying other
criteria above).

Confidence in the selection method applied comes from investigating the distribution of
sources removed and retained around bright stars. Fig. 2.4 shows the radial distribution
of sources detected around bright stars (mK < 17 mag) out to ≈ 120′′ in the un-cleaned
catalogue (blue) along with the distribution of sources after the above cross-talk removal
criteria is applied to the catalogue (red). As evident from this plot, the narrow peaks
observed at the radii expected of the cross-talk artefacts (i.e. 51′′ and 102′′) were
eliminated, without the removal of genuine astrophysical sources.

2.3.4.2 Cleaning low significance detections

In the final cleaning step, we removed any sources which have a S/N less than 3 in
all apertures of all filters. Such low significance detections may have a S/N < 3 in
each of the single band images but could end up in the catalogue due to the use of χ2
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Figure 2.4 Radial plot showing the number of sources detected around bright
stars (mK < 17 mag) as a function of separation, out to ≈ 120′′. The
blue bars show the distribution of sources before we cleaned for cross-
talks. The presence of these spurious cross-talks is evident in the
spikes in the distribution at ∼ 51′′ and ∼ 102′′. The red dashed line
corresponds to the distribution of sources after we applied our cross-
talk removal criteria, which results in the removal of the artefacts at
the expected positions, without the removal of genuine sources.

detection images which combines the signal from multiple bands. Although probably
genuine, such sources are of limited scientific value as none of their flux measurements
are sufficiently reliable. This step removes ∼15% and 27% of the sources from the
ELAIS-N1 and Lockman Hole catalogues, respectively. The higher fraction of low-
significance sources removed in Lockman Hole are largely located near the edge of the
field where the χ2 image contains few filters with variable relative depth: ELAIS-N1
possesses both deeper optical data, and also coverage from most filters across a higher
fraction of the total area of the field.
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Table 2.6 Radii masked around bright stars (in arcsec) as a function of their GAIA DR2 G-band magnitude using both the optical-NIR
and Spitzer detected catalogues.

G-magnitude ELAIS-N1 Lockman Hole Boötes
[mag] [arcsec] [arcsec] [arcsec]

Optical-NIR Spitzer Optical-NIR Spitzer Optical-NIR Spitzer

16.0 < Gmag ≤ 16.5 15 12 13 10 25 21
15.0 < Gmag ≤ 16.0 18 14 20 15 31 26
14.0 < Gmag ≤ 15.0 23 16 23 18 39 33
13.0 < Gmag ≤ 14.0 27 22 35 20 52 44
12.0 < Gmag ≤ 13.0 33 27 40 25 62 52
11.0 < Gmag ≤ 12.0 40 31 55 40 83 70
10.0 < Gmag ≤ 11.0 55 50 80 45 95 80
Gmag ≤ 10.0 65 60 130 55 101 85

Table 2.7 Area flagged by the star masks. Two star mask images are generated using the Spitzer- and optical-detected catalogues (see
Sect 2.3.4.3).

Field Spitzer-mask area Optical-mask area
[deg2] [deg2]

ELAIS-N1 0.40 0.61
Lockman Hole 0.31 0.85
Boötes 0.87 1.18
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2.3.4.3 Masking sources near bright stars

Next, we created a mask image by masking regions around bright stars and flagging
sources within these regions in our catalogue, in each of the ELAIS-N1, Lockman Hole,
and Boötes fields. The rationale behind this is twofold. Firstly, in regions around stars,
SExtractor may detect additional spurious sources or miss other sources nearby or
behind the star in sky projection. Secondly, the photometry of objects near bright stars
will not be reliable. Masking such regions therefore allows scientific analysis to be
restricted to areas where there is reliable coverage. This is crucial for some science
cases, for example, clustering analysis.

To select the stars around which regions must be masked, we cross-matched our
catalogue to stars with Gmag < 16.5 mag in GAIA DR2. Then, we split the stars
into narrow magnitude bins and select the radius to mask around stars in each bin by
using a plot of the sky density of the sources as a function of the radius from the star.
An appropriate radius was chosen where neither the ‘holes’ in the detections nor a ‘ring’
of additional spurious sources near the star were affecting the detections (e.g. Coupon
et al. 2018). We validated the choice of the magnitude dependent radii using careful
visual inspection, with the values chosen listed in Table 2.6.

Detections around stars are affected less by this issue in the Spitzer χ2 image (and
catalogue), allowing us to mask a smaller area. Therefore, in practice, we create two
such masks, one for the optical-NIR χ2 image (a conservative mask) and, one for the
Spitzer χ2 image (an optimistic mask), with both masks being applied to both the
optical-NIR and the Spitzer detected catalogues. Using detections from the Spitzer-
detected catalogue masks a smaller area around stars, recovering some genuine sources
detected in the Spitzer image that are not affected by source extraction biases. However,
photometry of these sources in the optical-NIR images may be less reliable due to
stellar emission, and moreover, any optical-only detected sources may be missing from
this extra recovered area. The area masked in each field using both the optical-NIR
(conservative) and the Spitzer (optimistic) mask is given in Table 2.7. For convenience,
we include a flag (flag_clean) column in both the multi-wavelength catalogues and the
radio cross-match catalogues which indicates if a source is within the two masked areas.
For readers requiring a clean homogeneous catalogue, we recommend using flag_clean
= 1 to select sources that are not in either the optical or Spitzer star mask region. Instead,
if the largest sample of sources is required, with photometry not critical, we recommend
using flag_clean , 3 to exclude only sources in the smaller Spitzer star mask. We note
that this should be used in conjunction with flag_overlap to select sources with reliable
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photometry in the majority of the bands (see Sect. 2.4 and Table 2.8).
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Figure 2.5 Selection of the cross-match radius to merge the optical-NIR and
Spitzer-detected χ2 catalogues in ELAIS-N1 and Lockman Hole. The
plot shows the number of cross-matches between r and r + ∆r as the
search radius is increased. The chosen cross-match radius of 1.5′′

is based on the point where the number of genuine cross-matches
decreases from its peak and the number of random matches starts to
increase; this was further validated by visual inspection.

2.3.4.4 Merging optical and Spitzer catalogues

After applying our cleaning steps, the optical-NIR detected catalogue was merged with
the Spitzer detected catalogue in each of the three fields. Many of the Spitzer-detected
sources, especially those with blue colours, will already be present in the optical-
NIR catalogue. We therefore merge the two catalogues by appending ‘Spitzer-only’
sources to the optical-NIR catalogue. We define a source as ‘Spitzer-only’ if its nearest
neighbour in the optical-NIR catalogue is more than 1.5′′ away. Fig. 2.5 shows the
number of cross-matches within r and r + ∆r between the optical-NIR and Spitzer

based χ2 catalogues for increasing search radii. As evident from the plot, the adopted
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cross-match radius was chosen to be the point where the number of genuine matches
decreases rapidly after its peak at low separations, and the number of random matches
starts to increase. The choice of this cross-match radius was also validated via visual
inspection of the resulting ‘Spitzer-only’ sources. In ELAIS-N1, we find that ∼ 15% of
Spitzer detected sources are ‘Spitzer-only’ sources, which make up 4.6% of the total
number of sources in the final multi-wavelength merged catalogue.

2.3.5 Catalogue validation

To validate the catalogues generated, we compare our astrometry and photometry to
publicly available catalogues in ELAIS-N1 and Lockman Hole.

To estimate the astrometric accuracy of our mosaics, we compared the median scatter in
the RA and Declination between catalogues derived from individual mosaics. We find
median astrometric offsets between 0.07′′ – 0.13′′, all of which occur at scales smaller
than the pixel size of 0.2′′.

In Fig. 2.6, we plot the K-band selected source counts (per square arcsecond per 0.5
magnitude) from the ELAIS-N1 and Lockman Hole χ2 catalogues, along with the
Ks-band selected source counts from the merged catalogue in Boötes. Number counts
from the COSMOS deep area of Laigle et al. (2016) in the Ks-band are also shown. The
number counts from the UKIDSS DR10 catalogues in both ELAIS-N1 and Lockman
Hole are also shown for comparison with each field. Vertical dashed lines indicate the 3-
and 5-σ limiting magnitudes in ELAIS-N1. In all cases, contribution from foreground
stars are removed by performing a cross-match to GAIA DR2 stars with Gmag < 19
mag. This plot shows that there is excellent agreement between our χ2 and the UKIDSS
catalogue within each field. We also note that the difference between the ELAIS-N1
and the Lockman Hole number counts seen in our χ2 catalogues, especially at bright
magnitudes, is also seen in the UKIDSS DR10 catalogues, suggesting that this is likely
due to large scale structure between the two fields. This difference is also seen with
the Laigle et al. (2016) data, which agrees well with the ELAIS-N1 data (both our χ2

and UKIDSS DR10 catalogues) but not with the other fields at K < 20 mag, which is
likely due to large scale structure. The plot also shows that our catalogues, especially in
ELAIS-N1, reach a slightly higher completeness than the UKIDSS DR10 catalogue at
S/N of 3 – 5 due to the use of χ2 detection images.

For the optical filters, we have compared our aperture corrected magnitudes with model
magnitudes from SDSS DR13 (Albareti et al., 2017) where the coverage overlaps and
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Figure 2.6 K-band (3σ) selected source counts (per square arcsecond per
0.5 magnitude) in ELAIS-N1 (red crosses) and Lockman Hole (red
triangles) from the χ2 catalogue. In Boötes, we show source counts
from the merged catalogue (blue circles). We also show the galaxy
counts from the COSMOS deep area taken from Laigle et al. (2016)
for comparison (black squares). Additionally, the galaxy counts from
the UKIDSS-DXS DR10 catalogues (Lawrence et al., 2007) in both
ELAIS-N1 (black crosses) and Lockman Hole (black triangles) are
shown. In all cases, we have attempted to remove the contribution
from foreground stars via a cross-match to GAIA DR2 catalogues
in each field. Vertical lines show the 3- and 5-σ magnitude depths
in ELAIS-N1 (dashed lines) estimated from random, source free 3′′

diameter apertures. Poissonian error bars are shown only where
they are larger than the symbol size, but there may be other cosmic-
variance related errors that dominate the uncertainties.

find very good agreement to a few percent level, well below the typical photometric
uncertainties. We show a typical example for the PS1 r-band in ELAIS-N1 in Fig. 2.7
(top left) which illustrates the median magnitude difference in cells of 0.06 deg2. This
is calculated by comparing our photometry for relatively bright (r < 21 mag) sources
with SDSS model magnitudes, accounting for the small differences in the PS1 and
SDSS filters using colour terms estimated from Finkbeiner et al. (2016). There is
good agreement with SDSS for most of the PS1 footprint, however, the PS1 r-band
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Figure 2.7 Comparison of photometry in the r, i, J and 4.5 µm bands in
ELAIS-N1. The colour-map shows the median magnitude difference
computed over cells of 0.06 deg2 between our χ2 and publicly
available catalogues from SDSS DR12, DXS DR10, and the SWIRE
survey for the r, J and 4.5 µm bands, respectively. For the i-band,
we compare the photometry between PS1 and HSC within our χ2

catalogue. We use aperture corrected magnitudes based on the 3
arcsec aperture for optical-NIR bands and 4 arcsec for the 4.5 µm
band. There is excellent agreement between our χ2 and publicly
released catalogues, with differences in optical bands likely driven
by zero-point calibration of individual PS1 chips.
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magnitudes are too faint by 5-10% near the edge of the PS1 footprint. We find that this
trend, which is observed across all PS1 filters (albeit sometimes with a smaller offset,
or larger scatter), is likely driven by the zero-point calibration of the individual chips
in the PS1, which gets fainter by up to . 10% by ∼ 1.5 deg from the field centre. In
Fig. 2.7 (top right) we also show a comparison in the i-band between HSC-i and PS1-i
(HSCi - PSi), both taken from our χ2 catalogue, which shows good agreement across
the field. The median magnitude difference gets more negative (i.e. PS1 is too faint
compared to HSC) near the edges of the field by ∼ 8%, which is also consistent with
the trend in zero-point variation discussed above. This suggests that the PanSTARRS
photometry near the edge of the field can typically become more uncertain by . 10%.
However, it is important to note that this effect is comparable to the additional 10% flux
error typically added to the photometric uncertainties before SED fitting and moreover,
as this effect occurs near the edges of the PanSTARRS footprint, some of these regions
will be outside our recommended multi-wavelength area, where photometry is the most
reliable.

For the NIR J and K bands, we compare our aperture corrected fluxes to the UKIDSS-
DXS DR10 catalogues in both of these fields and to that of 2MASS, finding excellent
agreement to within 2-3%. As a typical example, the comparison between the ELAIS-
N1 J-band and UKIDSS DR10 across the full field is shown in Fig. 2.7 (bottom left).
There are some small systematic offsets with position across the field, driven by the
varying PSF across the field between different exposures. Therefore, our assumption of
a constant PSF per filter is not entirely accurate for this band; the resulting photometry
is, however, affected at the . 5% level, which is much smaller than the typical additional
photometric uncertainties used for photometric redshifts and SED fitting.

In the Spitzer-IRAC bands, we compare photometry to the public SWIRE and SERVS
catalogues, finding a remarkably good agreement to within a ± 1% level (e.g. Fig. 2.7,
bottom right).

2.4 Final multi-wavelength catalogues

The resulting multi-wavelength catalogue in ELAIS-N1 contains more than 2.1 million
sources with over 1.5 million sources in the overlapping region of Pan-STARRS,
UKIDSS-DXS, and Spitzer-SWIRE surveys that are used for the cross-match with the
radio catalogue. Similarly, the multi-wavelength catalogue in Lockman Hole consists
of over 3 million sources with over 1.9 million sources in the overlapping region of
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SpARCS r-band and Spitzer-SWIRE coverage. Finally, the merged Boötes catalogue
consists of over 2.2 million sources, with around 1.9 million sources in the coverage
of the original NDWFS area. Some of the key properties of the multi-wavelength and
initial PyBDSF radio catalogues are listed in Table 2.8.

For each field, we release the multi-wavelength catalogue over the full field coverage.
For convenience, we include a flag_overlap bit value for each source in both the multi-
wavelength catalogues and the radio cross-matched catalogues released, which indicates
which survey footprint a source falls within. In Table 2.8, we list the recommended
flag_overlap value to use for each field, to select sources that are within our selected
multi-wavelength overlap area.

For ELAIS-N1 and Lockman Hole, we release the raw (uncorrected for any aperture
effects or Galactic extinction) aperture fluxes and magnitudes in each filter and in
addition, provide, for each filter, a flux and magnitude corrected for aperture (in our
recommended aperture) and Galactic extinction. We choose the 3′′ aperture fluxes for all
optical-NIR bands and the 4′′ aperture for all Spitzer IRAC bands as our recommended
apertures. While the 3′′ aperture may have a lower S/N than the 2′′ aperture for compact
objects, the fluxes will be less sensitive to PSF variations or astrometric uncertainties,
resulting in more robust colours. The 4′′ aperture corresponds to roughly twice the PSF
FWHM of the IRAC bands, and was found by Lonsdale et al. (2003) to reduce scatter
in colour magnitude diagrams for stars. These aperture sizes are therefore used in our
radio-optical cross-matching and for the photometric redshift estimates (described by
Duncan et al. 2021) and for the SED fitting process (described by Best et al. in prep.).

The existing Boötes catalogues have already been aperture corrected. We therefore
apply Galactic extinction corrections to the 3 (for optical-NIR bands) and 4 (for IRAC
bands) arcsec aperture fluxes and magnitudes, in the same way as for ELAIS-N1 and
Lockman Hole, and only provide these recommended fluxes and magnitudes in the
catalogues released for this field. The E(B − V) values used for each source are also
provided in an additional column; the filter dependent extinction factors are listed in
Table 2.3. We refer readers who require photometry in other apertures to Brown et al.
(2007, 2008).
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Table 2.8 Properties of the initial PyBDSF catalogues and the final multi-wavelength catalogues in ELAIS-N1, Lockman Hole, and
Boötes. We also list here the overlapping multi-wavelength coverage area, the number of radio and multi-wavelength
sources within this region, and the overlap bit flag, flag_overlap for each field, which can be used to select both radio and
multi-wavelength sources within our chosen area.

ELAIS-N1 Lockman Hole Boötes
No PyBDSF radio sources 84 862 50 112 36 767
No multi-wavelength sources 2 106 293 3 041 956 2 214 358
flag_overlapa 7 3 1
Overlap Area [deg2]b 6.74 10.28 8.63
No PyBDSF radio sources overlapc 31 059 29 784 18 766
No optical sources overlapc 1 470 968 1 906 317 1 911 929
Multi-wavelength catalogue sky density [arcsec−2] 0.0168 0.0143 0.0171
PyBDSF radio catalogue sky density [arcsec−2] 3.6 × 10−4 2.2 × 10−4 1.7 × 10−4

a Overlap bit flag (flag_overlap) provided in the full multi-wavelength catalogues and the radio cross-match catalogues indicating the coverage
of each source. The overlap flag value in this table should be used to select sources in the overlapping multi-wavelength area defined in
Sect. 2.2.
b The overlap area listed covers the overlapping multi-wavelength coverage (based on flag_overlap) and excludes the region masked based on
the Spitzer star mask. Radio-optical cross-matching is only performed for sources in this overlap area.
c Number of radio (in initial PyBDSF list) and optical sources in the overlap area above can be selected using the flag combination of
flag_clean , 3 and the respective flag_overlap listed above.
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It is worth re-iterating the key differences between the construction of the existing Boötes
catalogues and the new catalogues generated for ELAIS-N1 and Lockman Hole. First,
unlike in Boötes, where sources are detected in the I- and 4.5 µm bands, source detection
in the other two fields is performed using χ2 images which incorporates information
from a wider range of wavelengths; as such, the resultant multi-wavelength catalogue
would be expected to be more complete. Second, in generating the matched-aperture
photometry in ELAIS-N1 and Lockman Hole, we do not smooth the PSFs unlike
in Boötes; the variation of the PSFs is instead accounted for by computing different
aperture corrections for each filter. In Boötes, aperture corrections are computed
based on the Moffat profile PSF smoothing. Nevertheless, despite these differences,
in both cases, the catalogues are built using both optical and IR data, extracted using
SExtractor in dual-mode, and magnitudes are aperture corrected; thus, the catalogues
are expected to be broadly comparable.

We provide here an itemised description of the key properties of the multi-wavelength
catalogues released. Some of the properties (e.g. raw aperture fluxes) are only released
for ELAIS-N1 and Lockman Hole.

• Unique source identifier for the catalogue (“ID”)

• Multi-wavelength source position (“ALPHA_J2000”, “DELTA_J2000”)

• Aperture and extinction corrected flux (and flux errors) from our recommended
aperture size (<band>_flux_corr and <band>_fluxerr_corr) in µJy

• Aperture and extinction corrected magnitude (and magnitude errors) from
our recommended aperture size in the AB system (<band>_mag_corr and
<band>_magerr_corr)

• Raw aperture flux (and flux errors) in 8 aperture sizes in µJy
(FLUX_APER_<band>_ap and FLUXERR_APER_<band>_ap;
excluding Boötes)

• Raw aperture magnitude (and magnitude errors) in 8 aperture sizes in the AB
system (MAG_APER_<band>_ap and MAGERR_APER_<band>_ap; excluding
Boötes)

• Overlap bit flag indicating the coverage of source across overlapping multi-
wavelength surveys (“flag_overlap”). See Table 2.8 for the recommended flag
values.
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• Bright star masking flag indicating masked and un-masked regions in the Spitzer-
and optical-based bright star mask (“flag_clean”)

• Position based E(B − V) reddening values from Schlegel et al. (1998) dust map
(“EBV”).

• Manual masking and duplicate source flag from Brown et al. (2007, 2008) I-band
catalog (“flag_deep”; for Boötes only).

We also refer the reader to the accompanying documentation for full description of all
of the columns provided in the multi-wavelength catalogues3. Additional value-added
columns regarding photometric redshifts, rest-frame colours, absolute magnitudes and
stellar masses are described by Duncan et al. (2021), while the far-infrared fluxes are
described by McCheyne et al. (subm). A full description of all columns provided in
the multi-wavelength catalogues (both those described here, and in the value-added
catalogue) can be found in the documentation accompanying the data release.

Now that the multi-wavelength catalogues have been constructed, we proceed to use
these to identify and characterise the properties of the radio sources for the LoTSS Deep
Fields in Chapter 3.

3See https://lofar-surveys.org/deepfields.html
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Chapter 3

Host-galaxy identification in LoTSS

Deep Fields

3.1 Introduction

The identification of the multi-wavelength counterparts to the radio-detected sources is
crucial in maximising the scientific output from radio continuum surveys. This allows
the characterisation of the host-galaxy properties, via SED fitting and photometric
redshift estimates, for example. In this Chapter, we use the new forced, matched
aperture multi-wavelength catalogues generated in Chapter 2 for cross-identification of
radio sources detected in the LoTSS Deep Fields.

The identification of genuine counterparts to radio sources as opposed to random
background objects is a challenging task. Emission from radio sources can be extended
and the typically lower resolution of the radio data can lead to poor positional accuracy
(and large, asymmetric positional uncertainties). This is compounded by the high source
density of deep optical and infrared (IR) surveys, meaning that the genuine counterpart
could lie anywhere within a large region around the radio source, with multiple potential
counterparts within this region. For this reason, a simple nearest neighbour (NN) search
is not always reliable, producing significant numbers of false identifications.

Moreover, radio surveys detect many classes of sources (e.g. star-forming galaxies,
radio quiet quasars, radio-loud AGN, etc.) with a wide variety of morphologies which
complicates this effort. For example, source extraction algorithms may split extended
radio sources into multiple components, and sources nearby in sky-projection may be
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blended together. Automatic association of the components and the identification of the
genuine counterpart for such complex sources is difficult. While PyBDSF, the source
extractor used for the LoTSS Deep Fields, is a very useful tool for source detection and
measurement, the association of islands of radio emission into distinct radio sources
is not expected to be perfect for all sources in all fields. Such incorrect associations
in the PyBDSF catalogue can occur in a few ways, as noted by Williams et al. (2019;
hereafter W19). Firstly, radio emission from physically distinct nearby sources could
be associated as one PyBDSF source (blended sources). Such blends are much more
common in these deep LOFAR data than the LoTSS-DR1. Secondly, sources with
multiple components could be incorrectly grouped into separate PyBDSF sources due
to a lack of contiguous emission between the components. For example, this can occur
for sources with double radio lobes, or with large extended or diffuse radio emission.

In this Chapter, we aim to form correct associations of the sources and components
generated by PyBDSF, and to cross-match (identify) the multi-wavelenth counterparts
of the radio sources. In Sect. 3.2, we describe how we utilised the properties of a
radio source and its neighbours to develop a decision tree to identify radio sources
that are correctly associated, with secure radio positions and are hence suitable for
an automated, statistical approach of cross-identification. For these sources, we use
the Likelihood Ratio (LR) method (de Ruiter et al., 1977; Sutherland & Saunders,
1992), which is a commonly used statistical technique to identify real counterparts
of sources detected at different wavelengths (e.g. Smith et al., 2011; McAlpine et al.,
2012; Fleuren et al., 2012). In particular, we use the colour-based adaptation of the
LR method, developed by Nisbet (2018) and used in the LoTSS-DR1 (Williams et al.,
2019). This method incorporates positional uncertainties of the radio sources along with
the magnitude and colour information of potential counterparts to generate a highly
reliable and complete sample of cross-identifications. This process is described in
Sect. 3.3. For sources where the decision tree indicates that the LR method is not
suitable, we make use of a visual classification scheme to identify counterparts and
perform accurate source association using a combination of the LOFAR Galaxy Zoo
(LGZ), where source association and counterpart identification is performed using a
group consensus, and, a separate workflow for specialised cases which are classified
by a single expert. This process is detailed in Sect. 3.4. Sect. 3.5 then describes the
properties of the final radio cross-matched and source associated catalogues released,
and Sect. 3.6 presents magnitude distributions of the host galaxies of the radio sources
in the LoTSS Deep Fields.

Both the radio-optical cross-match and the source associations for the LOFAR Deep
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Fields adapt the techniques developed and presented for LoTSS-DR1 by W19. We refer
the reader to that paper for details of the process; here, we summarise these methods
and in particular, describe our specific adaptation and implementation of these methods
to the LoTSS Deep Fields. We note that our radio cross-matching techniques and the
cross-matched catalogues released are performed for sources within the overlapping
multi-wavelength coverage defined in Sect. 2.2, less the region of the Spitzer-based
bright star mask for each field. These areas are quoted in Table 2.8.

3.2 Decision tree

The decisions for how a source would be identified and/or classified are shown pictorially
in Fig. 3.1, with numbers and fractions on the plot tracking the 31059 PyBDSF sources
in ELAIS-N1 (see also Table 2.8). The decisions used (many of which are the same as
those of W19) are listed in Table 3.1, and were based on both the radio source properties
(e.g. size, source density, etc.) and the LR cross-matches (if any) of both the PyBDSF
source and the Gaussian component catalogues in each field. Compared to the decision
tree in LoTSS-DR1 (W19), some of the decision blocks could be simplified by sending
sources directly for visual classification (without compromising feasibility) as the LR
cross-match rate in the deep fields is significantly higher than in LoTSS-DR1, and the
number of sources reaching these visual classification end-points is also much smaller
(with very few extremely large/extended sources in these smaller areas). Furthermore,
given the very high LR identification rates of up to 97% (see Sect. 3.3.5), it is feasible
to send any source for which a counterpart cannot be determined using the LR method
to visual inspection for confirmation that there is no possible counterpart.

We now describe in detail the key decision blocks and end-points of the decision tree. To
select ‘simple’ and ‘complex’ sources in the decision tree, we use the S_Code parameter
from the PyBDSF catalogues. We define a ‘simple’ source (‘S’ in Table 3.1) to only
include sources that were fitted by a single Gaussian and are also the only source in the
island (S_Code = S). Sources that were instead fitted with either multiple Gaussians
(S_Code = M) or were fitted with a single Gaussian but were in the same island as
other sources (S_Code = C) are defined as being ‘complex’. Throughout this Chapter,
we define a source as having a ‘LR identification’ (or LR-ID), if the LR value of the
cross-match is above the LR threshold chosen (see Sect. 3.3 and Sect. 3.3.4).

In the decision tree, we first consider the size of the radio source. Radio sources with
large sizes are typically complex or have poor positional accuracy; statistical methods
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Figure 3.1 Flowchart developed for the deep fields to select the most appropriate
method (end-point) for identification (LR or visual) based on
properties of the radio source and LR-identification (if any). The

‘LR-ID’ end-point indicates that the LR cross-match is accepted
(see Sect. 3.3). Sources with the end-point of ‘LGZ’, ‘pre-filter’, and
‘expert-user workflow’ are sent to their respective visual classification
and identification workflows (see Sect. 3.4). The numbers and
percentages of sources at each end-point relate to the total number
of sources in the PyBDSF catalogue within our defined multi-
wavelength area (flag_overlap = 7; see Table 2.8) and not in the
Spitzer-masked region (flag_clean , 3; see Table 2.7), corresponding
to 31059 PyBDSF sources. Table 3.1 lists the definitions used for
each decision block. The decision tree is described in detail in
Sect. 3.2. In ELAIS-N1, 27056 (87.1%) sources were selected as
suitable for analysis by the statistical LR method, with the rest
(4003 sources = 12.9%) selected as requiring some form of visual
classification.

of cross-identification for these sources are not accurate. Moreover, large PyBDSF
sources may be part of even larger physical sources that are not correctly associated;
these sources would need to be associated visually before the correct multi-wavelength
ID can be selected. We therefore directly sent all large (major axis size > 15′′) sources
(810 sources = 2.6% in ELAIS-N1) in the PyBDSF catalogue to LGZ (see Sect. 3.4.1
for details of LGZ).

Next, for sources that are not large, we then test if they are in a region of high source
density (referred to by W19 as ‘clustered’); sources in high source density regions are
more likely to be a part of some larger or complex source (although in some cases, could
be just a chance occurrence due to sky projection). We define a source as ‘clustered’ if
the separation to the fourth nearest neighbour (NN) is < 45′′, the same criteria as used
in LoTSS-DR1. All ‘clustered’ sources that are ‘complex’ were sent to LGZ since the
complex nature of the sources would probably make them unsuitable for LR. Where
instead these sources were ‘simple’, we checked if the source was compact and if the
LR identification found was highly secure (see Table 3.1); if so, we accepted the secure
LR identification found. Otherwise, the source was sent to the pre-filter workflow where
one expert would quickly inspect the source and decide whether the LR cross-match
found (or the lack of a LR-ID) is correct and should be accepted as the identification (or
lack of), or if the source is complex and requires additional association and identification
via visual methods (see Sect. 3.4). Section 3.4.3 provides a description of the pre-filter
workflow.
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Table 3.1 Key criteria and definitions used in the decision blocks of the decision tree in Fig. 3.1. LRth is the LR threshold corresponding
to the intersection of the completeness and reliability. This is a scalar value that varies for each field.

Parameter Definition
Large PyBDSF major axis > 15′′

Clustered Distance to fourth nearest neighbour < 45′′

S ‘Simple’ source: single Gaussian PyBDSF source (and only source in the island)
LR LR > LRth

High source LR LRsource > 10 × LRth

Compact & high LR PyBDSF source major axis < 10′′ and LRsource > 10 × LRth

Same as source The ID(s) for the Gaussian component(s) is identical to ID for the source
Any Gaussian LR At least one Gaussian component with LRgauss > LRth

> 1 Gaussian LR More than 1 Gaussian with LRgauss > LRth

> 1 Gaussian with high LR More than 1 Gaussian with LRgauss > 10 × LRth

Compact Gaussian with high LR Gaussian major axis < 10′′ and LRgauss > 10 × LRth
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The largest branch of the decision tree was formed of the remaining small, non-clustered
sources (23457, 75.5%). The LR analysis is most suitable for non-clustered, ‘simple’
sources with compact radio emission so, if sources at this stage had a LR value above
the LR threshold (LRth), we accept the multi-wavelength ID as found by the LR analysis
(i.e. LR-ID). In ELAIS-N1, 21440 (69.0%) sources were identified at this end-point. If
instead a match is not found by the LR analysis (i.e. the LR is lower than the threshold),
the source was sent to the pre-filter workflow to either confirm that there is no acceptable
LR match, or to send for visual classification in the case that the multi-wavelength ID
is missed by the LR analysis. In ELAIS-N1, 827 (2.66%) sources were sent to the
pre-filter workflow from this branch.

Next, the small, non-clustered sources that are ‘complex’ instead, were treated in two
separate branches based on whether the source LR value is above (‘M1’ branch) or below
(‘M2’ branch) the threshold. For these sources, we considered both the LR identification
of the source (LRsource) and the LR identification of the Gaussian components of the
source (LRgauss).

If the ‘complex’ source had a LR above the threshold, we decided the end-point of
the source by considering the LR value and LR-ID found by the source and by the
individual Gaussian components that form the source (see ‘M1’ branch of Fig. 3.1).
We do not simply accept the source LR identification for such sources as this branch
may include sources that have complex emission fitted by multiple Gaussians, or cases
where PyBDSF has incorrectly grouped Gaussians associated with multiple physical
sources into a single PyBDSF catalogue source (i.e. blends). If the source LR-ID and
all of its constituent Gaussian LR-IDs are the same, or if the PyBDSF source has a
highly secure LR-ID and with no individual Gaussians having a LR-ID, we accepted
the source LR-ID. If multiple Gaussians have secure LR-IDs, these are likely to be
blended sources. We therefore sent these to the ‘expert user workflow’ (see Sect. 3.4.2
for details) to perform de-blending. Sources at all other end-points were sent to LGZ in
the ‘M1’ branch, as detailed in Fig. 3.1.

The non-clustered, ‘complex’ sources that don’t have a source LR match above the
threshold were considered in the ‘M2’ branch (see Fig. 3.1). In this branch, sources
were sent to the pre-filter workflow if none of the Gaussians have a LR match, with the
main aim of confirming the lack of a multi-wavelength counterpart. If only one of the
constituent Gaussians had a LR match (which is also highly secure) and a compact size,
we sent the source to the ‘expert user workflow’ to confirm the LR match or to change
this (and the PyBDSF Gaussian grouping; if necessary). Sources at all other end-points
of the ‘M2’ branch (comprising < 0.5% of the total PyBDSF catalogued sources) were
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then sent for visual classification via LGZ.

Of the 31059 PyBDSF sources in ELAIS-N1, 27056 (87.11%) sources were selected as
suitable for the statistical LR analysis. 1352 (4.35%) sources were sent directly to LGZ
and 887 (2.86%) sources were sent to the ‘expert-user workflow’, with the majority of
these selected as being potential blends. Finally, 1764 (5.68%) sources were sent to the
pre-filter workflow; these were appropriately flagged and then sent to the expert-user,
LGZ, and LR workflows (if required). We note that the number of sources that actually
underwent de-blending was different to the number of potential blends listed above, as
some sources that were initially selected as blends turned out not to be genuine blends,
while additional sources were input from both LGZ and pre-filter that were flagged as
blends. In the rest of this section, we describe in detail how we classify and identify the
host galaxies of sources that are in each of the four distinct end-points of the decision
tree.

3.3 The Likelihood Ratio method

The statistical Likelihood Ratio (LR) method (de Ruiter et al., 1977; Sutherland &
Saunders, 1992) is commonly used to identify counterparts to radio and milli-metre
sources (e.g. Smith et al. 2011; Fleuren et al. 2012; McAlpine et al. 2012). Defined
simply, the LR is the ratio of the probability that a galaxy with a given set of properties
is a genuine counterpart as opposed to the probability that it is an unrelated background
object. In this Chapter, we use the magnitude m, and the colour c information to
compute the LR of a source. Nisbet (2018) and W19 show that incorporating colour
information greatly benefits the LR analysis, finding that redder galaxies are more likely
to host a radio source. The LR is given by

LR =
q(m, c) f (r)

n(m, c)
, (3.1)

where q(m, c) gives the a priori probability that a source with magnitude m and colour
c is a counterpart to the radio (LOFAR) source. n(m, c) represents the sky density of
all galaxies of magnitude m and colour c. f (r) is the probability distribution of the
offset between the radio source and the possible counterpart, while accounting for the
positional uncertainties of both of the sources. A full description of the theoretical
background and the method of the LR technique is given in W19 and is not reproduced
here. Instead, we focus mainly on the specific application of the LR technique to the
LOFAR Deep Fields dataset.
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Table 3.2 Q0 values in the optical (i-band for ELAIS-N1 and Boötes and r-band
for Lockman Hole; see text) and 4.5 µm bands for the magnitude only
LR run in each field.

Field Q0,opt Q0,4.5

ELAIS-N1 0.85 0.95
Boötes 0.75 0.84
Lockman Hole 0.78 0.95

3.3.1 Calculating n(m) and n(m, c)

The n(m) corresponds to the number of objects in the multi-wavelength catalogue at
a given magnitude per unit area of the sky. This is computed simply by counting the
number of sources within a large representative area (typically > 3.5 deg2 in our case)
in each of the three fields. We adopt a Gaussian kernel density estimator (KDE) of
width 0.5 mag to smooth the n(m) distribution and provide a more robust estimate when
interpolated at a given magnitude. The n(m, c) is then simply given by computing the
n(m) separately for different colour bins (see Sect. 3.3.3).

3.3.2 Calculating f (r)

The f (r) term accounts for the positional difference between the radio source and a
potential multi-wavelength counterpart. The form of the distribution is given as a 2D
Gaussian with

f (r) =
1

2πσma jσmin
exp

(
−r2

2σ2
dir

)
(3.2)

where, σma j and σmin are the combined positional uncertainties along the major and
minor axes, respectively, and σdir is the combined positional uncertainty, projected
along the direction between the radio source and the potential counterpart. The σma j

and σmin terms are a combination of the uncertainties in both the radio and the potential
multi-wavelength counterpart positions, and the uncertainties in the relative astrometry
of the two catalogues, calculated using the method of Condon (1997). For the potential
multi-wavelength counterparts, as the positional uncertainties from a χ2 detection image
are unreliable, we adopt a circular positional uncertainty of σopt = 0.35′′. Similar to
W19, an additional astrometric uncertainty between the radio and multi-wavelength
catalogues of σast = 0.6′′ was adopted. These terms were then added in quadrature for
radio source and potential counterparts to derive σmaj and σmin.
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3.3.3 Calculating q(m) and q(m, c)

q(m) (and q(m, c)) is the a priori probability distribution that a radio source has a
genuine counterpart with magnitude m (and colour c). The integral of q(m) to the survey
detection limit gives Q0, the fraction of radio sources that have a genuine counterpart
up to the magnitude limit of the survey.

The LR analysis is not suitable for large or complex radio sources, and to reduce the bias
introduced by such sources on the LR analysis, we initially performed the LR analysis
only for radio sources with a major axis size smaller than 10′′. In each field, this subset
of radio sources was used initially to calibrate the q(m, c) distributions (using the two
stage method, as described below in this section). These calibrated q(m, c) distributions
were then used to compute the LRs for all radio sources within the multi-wavelength
coverage area listed in Table 2.8. The decision tree described in Sect. 3.2 was then
used to re-select radio sources that were more suitable for the LR analysis. For this
purpose, we choose to calibrate on all ‘simple’ sources that reach the LR-ID or the
pre-filter end-points of the decision tree. The q(m, c) distributions were re-calibrated on
this sample and then used to re-compute the LRs for all the radio sources in the field to
derive the final counterparts. We found that further iterations of the decision tree made
insignificant changes (. 1%) to the number of sources selected for visual analysis or
LR, suggesting that the calibration was being performed on sources most suitable for
the LR analysis.

It is well known that radio-loud AGN preferentially lie in over-dense regions such
as galaxy groups or clusters (e.g. Prestage & Peacock, 1988; Best, 2004). Various
methods have been developed to estimate q(m) and Q0, using the data itself, in a manner
that is unbiased by galaxy clustering (e.g. Smith et al., 2011; McAlpine et al., 2012;
Fleuren et al., 2012); here, we follow the approach detailed by Fleuren et al. (2012). In
summary, q(m) is determined by first calculating the magnitude distribution of all multi-
wavelength sources within a search radius of rmax, total(m), that is then corrected for
the background galaxy counts using the n(m) distribution; this results in the magnitude
distribution of sources associated with the radio sources (i.e. a combination of the true
radio-source hosts and associated galaxies due to galaxy clustering; see below), given
as

real(m) = total(m) − n(m)Nradioπr2
max, (3.3)

where Nradio is the number of radio sources in the catalogue, and rmax = 10′′ (chosen
to be comparable to the resolution of the radio data). The q(m) distribution is then
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determined by normalising the real(m) distribution and scaling it by Q0, such that

q(m) =
real(m)∑
mi

real(m)
Q0. (3.4)

Here, the q(m) distribution is corrected for galaxy clustering by calculating the number
radio sources without a potential multi-wavelength counterpart out to a search radius,
(known as ‘blank fields’), and comparing this to the number of black fields around
random positions. This method takes into account any biases associated with galaxy
clustering as it is based on counting the number of blank fields, which are unaffected by
the presence of associated objects around radio sources.

However, as explained by W19, these methods cannot be used to estimate q(m, c) and
Q0,c in different colour bins. Instead, we use the iterative approach developed by Nisbet
(2018) and applied to the LoTSS DR1 by W19 for estimating q(m, c) in two stages.
Briefly, the first stage of this approach involves identifying an initial estimate of the host
galaxies using well established magnitude-only LR techniques (e.g. Fleuren et al. 2012).
In the second stage, this initial set of host galaxies is split into various colour bins, to
allow a starting estimate of q(m, c) to be obtained, which is then used to recompute the
LRs, incorporating colour information. This then provides a new set of host galaxy
matches, and hence an improved estimate of q(m, c), with this process iterated until the
q(m, c) distribution converges.

In practice, in the first stage, we generated a set of initial counterparts to the radio
sources using only the magnitude information by cross-matching the radio sources to
both the 4.5 µm detected and optical detected 1 sources (separately). For the optical
dataset, we use the PS1 i-band in ELAIS-N1, the NDWFS I-band in Boötes, and the
SpARCS r-band in Lockman Hole. While there exist i-band data from RCSLenS in
Lockman Hole, the survey coverage had gaps in the field between different pointings
due to the survey strategy employed. Therefore, we compromise slightly on the choice
of optical filter for LR analysis in favour of area coverage. The method of Fleuren
et al. (2012) was then used to compute Q0 in each filter. We list the Q0 values in the
optical and 4.5 µm bands for each field from this first stage in Table 3.2. The differences
in these Q0 values are largely driven by the relative depths of the optical and Spitzer

surveys between the three fields.

The Q0 values were then used to derive the corresponding q(m) distributions following
the method of Fleuren et al. (2012). The final part of the first stage then involves

1We define a source as being detected in a given filter if the S/N > 3 inside the 2′′ aperture in that
filter.

75



Table 3.3 Table of iterated Q0(c) values for ELAIS-N1, Lockman Hole, and
Boötes. The colour c is derived using optical - 4.5 µm magnitude
where we use the i- (or I-) band in ELAIS-N1 and Boötes, and the
r-band in Lockman Hole. The LR thresholds (LRth) derived from
the intersection of the completeness and reliability function (see
Sect. 3.3.4) and used for selecting genuine cross-matches are also
listed. Scaled (by excluding sources in region of around stars, i.e.
flag_clean, 3) total Q0(c) values are also listed.

Q0(c)
Colour Bin ELAIS-N1 Lockman Hole Boötes
c ≤ −0.5 0.0031 0.0013 0.0016
−0.5 < c ≤ −0.25 0.0034 0.0012 0.003
−0.25 < c ≤ 0.0 0.0081 0.0041 0.0103
0.0 < c ≤ 0.25 0.0177 0.0086 0.0204
0.25 < c ≤ 0.5 0.0301 0.0154 0.0316
0.5 < c ≤ 0.75 0.0468 0.022 0.0465
0.75 < c ≤ 1.0 0.0562 0.0302 0.059
1.0 < c ≤ 1.25 0.0606 0.0393 0.0608
1.25 < c ≤ 1.5 0.0566 0.044 0.0589
1.5 < c ≤ 1.75 0.0523 0.0457 0.0555
1.75 < c ≤ 2.0 0.0557 0.045 0.0519
2.0 < c ≤ 2.25 0.0486 0.0491 0.0504
2.25 < c ≤ 2.5 0.0489 0.0486 0.0477
2.5 < c ≤ 2.75 0.0467 0.0481 0.0448
2.75 < c ≤ 3.0 0.0478 0.0498 0.0472
3.0 < c ≤ 3.25 0.0481 0.0484 0.0473
3.25 < c ≤ 3.5 0.0456 0.0493 0.0433
3.5 < c ≤ 3.75 0.0422 0.0496 0.0357
3.75 < c ≤ 4.0 0.0388 0.0463 0.0325
c > 4.0 0.076 0.1359 0.0546
optical-only 0.0044 0.0068 0.001
4.5-only 0.1129 0.1771 0.1107
no-magnitude 0.0019 0.0061 0.001
Total Q0(c) 95.3% 97.2% 91.6%
Total Q0(c) with
flag_clean,3 96.2% 97.4% 94.2%

LR threshold 0.056 0.055 0.22

76



computing the LRs for all optical and 4.5 µm detected sources (separately) within 10′′

of a radio source. An optical or 4.5 µm detected source was accepted as a cross-match
if the LR was above the threshold in that particular filter; in this first stage, the LR
threshold is simply estimated as the value for which a fraction Q0 of cross-matches
were accepted in that band. If multiple sources within 10′′ were above the LR threshold,
the source with the highest LR (in either the optical or the 4.5 µm band) was retained as
the most-probable cross-match. The main output of the first stage generates a first-pass
set of multi-wavelength counterparts.

In the second stage, the counterparts generated from the first stage were divided into
colour categories to provide an initial estimate of Q0(c) (= Nc/NLOFAR) and q(m, c).
Colour bins were derived from the (optical - 4.5 µm) colour, provided the source is
detected with S/N > 3 in both bands. These sources were then split into 20 colour bins,
as listed in Table 3.3. In addition to these, some sources are only detected (S/N > 3) in
either the optical or the 4.5 µm band. For these sources, we define two additional colour
categories: optical-only and 4.5-only sources. Finally, as mentioned earlier, due to the
nature of the detection method using χ2 images, there are sources that have a low S/N
in both the i (or r) and 4.5 µm filters but appear in the catalogue due to detections in
other bands. These sources were placed in a final colour category, the ‘no-magnitude’
category, for which we manually set a first-pass value for the cross-match fraction of
Q0 = 0.001 and use the corresponding sky density of all sources in this bin to compute
the LRs.

After the division into the colour categories, n(m, c) and q(m, c) can be determined
trivially. We again smooth these distributions using a Gaussian KDE of width 0.5 mag.
The LR analysis was then repeated in the same manner as stage one where for each
source in the multi-wavelength catalogue that is within 10′′ of a radio source, the n(m)
and q(m) distribution corresponding to the colour bin of that source is used to compute
new LRs. A new LR threshold was determined using the completeness and reliability
of the cross-matches (see Sect. 3.3.4 for a detailed description), improving upon the
estimate from the first stage, with the highest LR match above the threshold retained in
each case to produce a new set of cross-matches. The process in the second stage was
iterated until the cross-matches converged (i.e. no changes in the sources cross-matched
between two consecutive iterations), which was typically within 5 iterations. The total
Q0 is then simply given by summing over the contributions from each colour category,
that is, Q0 =

∑
c Q0(c). Iteration of the LRs can progressively drive down the Q0(c)

values to zero in the rarest bins. To avoid this, we set a minimum Q0(c) = 0.001 for any
colour bin.
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3.3.4 Likelihood Ratio thresholds

The LR value for each potential counterpart to be the genuine counterpart of a radio
source is computed using equation 3.1 as described in Sect. 3.3. We determine the LR
threshold (LRth) above which to accept a match as being the genuine counterpart as
follows. For a given LR threshold LRth, one can compute the completeness C(LRth) and
reliability R(LRth) as

C(LRth) = 1 −
1

Q0Nradio

∑
LRi<LRth

Q0 LRi

Q0 LRi + (1 − Q0)
, (3.5)

R(LRth) = 1 −
1

Q0Nradio

∑
LRi≥LRth

1 − Q0

Q0 LRi + (1 − Q0)
, (3.6)

where Nradio is the number of radio sources in the catalogue and LRi is the LR of the
radio source i (de Ruiter et al., 1977; Best et al., 2003). The completeness sums over the
lower LR values and is defined as the fraction of real identifications that are accepted.
The reliability sums over the LR values above the threshold and is defined as the fraction
of accepted identifications that are correct.

We determine an appropriate threshold by using the cross-over point between the
completeness and reliability curves as shown in Fig. 3.2 (top) for ELAIS-N1 (see W19
for further discussion). In ELAIS-N1, the LRth = 0.056 chosen, returns a cross-matching
completeness and reliability in excess of 99.7%. The division of the radio sources into
colour bins drives down the LR values and hence the LR thresholds compared to the
magnitude-only run, resulting in LR thresholds below unity. We inspect the sources
with LR values near the LRth by visual examination and find that the LRth chosen
results in genuine counterparts. The choice of the LR threshold can also be validated
by considering the additional LR-matches, along with the change in completeness and
reliability as the LR threshold is lowered, following the method described in detail by
Nisbet (2018). In summary, using equations 3.5 and 3.6, the number of genuine matches
above a threshold T , is given by Nradio Q0 C(T ), and the total number of matches above
the threshold T is given by Nradio Q0 C(T )/R(T ). Then, if the threshold is lowered from
T to T − ∆T , this will result in a set of additional matches, some of which will be
genuine counterparts. The probability of the additional matches added being genuine
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Figure 3.2 Top: Completeness and Reliability curves as a function of the LR
threshold (LRth) in ELAIS-N1. The LRth (= 0.056; vertical line) is
chosen as the cross-over point of the two curves, achieving both
completeness and reliability > 99.7%. Bottom: The probability of
a LR-match being a genuine cross-match as a function of the LR
threshold, as it is lowered (see text and Nisbet 2018 for more detail).
At the adopted LRth, the LR matches have a probability of just over
50% of being genuine counterparts, confirming that this threshold
maximised completeness with limited loss of reliability.
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Figure 3.3 Histogram of the LR values in ELAIS-N1 with equal spaced bins
in log-space. The vertical red line shows the LR threshold chosen
(0.056). Some sources can have exceptionally low LR values, hence,
sources with LR . 10−4 are placed in the first bin to aid visual
inspection.

when the threshold is changed from T to T − ∆T is given as

Pgenuine(T → T − ∆T ) =
C(T ) −C(T − ∆T )
C(T )
R(T )

−
C(T − ∆T )
R(T − ∆T )

. (3.7)

This probability Pgenuine(T → T −∆T ), as a function of the LR threshold is also shown in
Fig. 3.2 (bottom) for ELAIS-N1. The plot shows that at the LR threshold value chosen,
the probability of the LR match being a genuine counterpart is > 52%, suggesting that
the counterparts with LR values below unity (but above the threshold) are more likely
to be genuine matches than false identifications. A similar analysis in Lockman Hole
and Boötes yields probabilities of ∼65% and ∼70%, respectively, at the respective LR
thresholds.

An appropriate choice for the LR threshold can also be visualised using a histogram of
the LR values, as shown in Fig. 3.3 for ELAIS-N1 considering the PyBDSF catalogue
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sources. There are ≈ 1700 sources with LRs < LRth, which were sent to visual inspection.
This corresponds to a fraction of ∼ 0.05, consistent with the final iterated Q0 ∼ 0.95
obtained using the cross-over point of the completeness and reliability curves (Fig. 3.2).
The plot also shows that most of the sources have LR values significantly higher than
LRth. Moreover, > 99% of the PyBDSF sources with a LR > LRth have LR values above
2 × LRth (= 0.11); the probability of the cross-match identified being genuine at this
point is ∼ 70% (using Fig. 3.2).

3.3.5 LR method results

The colour bins and the corresponding final iterated Q0(c) values are provided in
Table 3.3. The colour c is the same optical - mid-IR colour that was used for the
LR analysis. Table 3.3 also lists the iterated LR threshold values derived from the
intersection of the completeness and reliability plots (see Sect. 3.3.4). The full sample
in all fields achieves a completeness and reliability > 99.7% (see Fig. 3.2 for ELAIS-
N1). Visual inspection of low LR matches, and an analysis of the completeness and
reliability of sources with LRs close to the LR threshold, gives confidence that the LR
thresholds chosen result in genuine cross-matches (see Sect. 3.3.4 for full details).

The total Q0(c), given by summing the contribution from each colour category, gives
an identification fraction of ∼ 95%, 97% and 92% for ELAIS-N1, Lockman Hole,
and Boötes, respectively. Interestingly, Lockman Hole has a higher total Q0(c) than
ELAIS-N1, which contains IR data to a similar depth, but much deeper optical data.
This difference can be understood by considering the Q0 of the 4.5 µm band and its
coverage, in particular, that of the deeper SERVS data between the two fields. Although
the optical data in ELAIS-N1 is much deeper than in Lockman Hole, the 4.5 µm data
dominates the identification fraction (see Table 3.2). The SERVS 4.5 µm data in both
ELAIS-N1 and Lockman Hole reach a similar depth (as listed in Table 2.2) and achieve
the same Q0,4.5. However, Lockman Hole benefits from having SERVS coverage (and
therefore this high identification rate) over ∼5.6 deg2, compared to only ∼2.4 deg2 in
ELAIS-N1, resulting in the difference in the total Q0. The overall Q0 values shown
in Table 3.3 are significantly higher than the total cross-identification fraction of 71%
achieved in the shallower LoTSS DR1 (W19).

The iterated Q0(c) values show remarkable agreement across the three fields, especially
between ELAIS-N1 and Boötes which both use the similar optical filters. This
agreement can be visualised using the iterated (and KDE smoothed) log q(m, c)/n(m, c)
ratio distributions, which are shown in Fig. 3.4 as a function of magnitude. We show
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Figure 3.4 q(m, c)/n(m, c) ratio distributions versus magnitude, smoothed using
a KDE. The x-axis displays the optical magnitude in each colour
bin, except for the 4.5-only category where the 4.5 µm magnitude
is used. The width of the lines corresponds to the number of
radio sources within that magnitude bin (hence, the thicker lines
indicate well-constrained regions of parameter space). The optical
magnitudes plotted are the same as those chosen for the LR analysis
(i-band for ELAIS-N1, I-band for Boötes and r-band for Lockman
Hole). Although these filters are different, no attempt at filter or
colour transformation is made (see Sect. 3.3.5). Even without these
corrections, the distributions agree well between the three fields,
especially considering the log scaling of the y-axis.
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the distributions for ELAIS-N1 (red), Boötes (blue), and Lockman Hole (green) across
all the colour bins. The x-axis for all colour bins is the optical magnitude (i.e. i (and
I) band for ELAIS-N1 and Boötes, r-band for Lockman Hole), except for the 4.5-only
bin where the 4.5 µm magnitude is used. The bin edges for the (optical - 4.5) colour
bins (as in Table 3.3) are shown at the top right corner in each panel. The thickness
of the curves corresponds to the number of sources within that magnitude bin, such
that the distributions and statistics are reliable where lines are thick, and with thin lines
corresponding to poorly constrained regions of parameter space, often influenced by
the tails of the KDE smoothing. We note that for Lockman Hole, the comparison to the
other two fields is not exactly like-for-like due to the different filters. This relates not
only to an x-axis shift in colours, but also the selection of sources in each colour bin;
for example, sources in Lockman Hole with 3.5 < (i - 4.5) < 3.75 have a typical colour
of (r - i) ∼ 1, and hence (r - 4.5) > 4, so would appear in the c > 4.0 colour category
instead. The key note of importance here is that even without the filter transformation for
Lockman Hole, the distributions agree well between the three fields, across the colour
bins. This agreement is expected as the q(m, c) distribution represents the genuine host
galaxy population of radio sources in magnitude and colour space, which should be
consistent between the three fields with similar radio survey properties.

In Fig. 3.5, we again show the iterated (and KDE smoothed) q(m, c)/n(m, c) ratio
distribution for all colour bins in ELAIS-N1, all on one plot. The numbers in the legend
show bin edges in the (i - 4.5) colour space, same as in Fig. 3.4. The evolution of the
curves going from blue to redder bins indicates that redder galaxies are more likely to
host radio sources, especially at faint magnitudes.

This colour dependence on the identification rate can also be visualised by considering
the fraction (percentage) of all multi-wavelength sources that host a LOFAR source as
a function of the (i - 4.5) colour, as shown in Fig. 3.6 for ELAIS-N1. The size of the
markers indicates the number of LOFAR sources within that colour bin. The sharp rise
in the fraction of matches with colour again shows that redder galaxies are more likely
to host a LOFAR source as compared to the general galaxy population.

Compared to the shallower radio data available in LoTSS-DR1 (e.g. see Fig. 3 of W19),
we note a rise in the fraction of LOFAR sources at blue (1 < (i - 4.5) < 2) colours in
these deep fields (as seen in Fig. 3.6), and an increase in the q(m, c)/n(m, c) ratios for
blue bins (as shown in Fig. 3.5). These trends compared to W19 are probably due to the
significant increase in depth of the radio data, where the faint radio source population
(. 1 mJy at 150 MHz) starts to be dominated by radio quiet quasars and star-forming
galaxies (see fig. 4 of Wilman et al. 2008), which are typically found in bluer galaxies.
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Figure 3.5 Plot of the q(m, c)/n(m, c) ratio distributions versus magnitude
across the (i - 4.5) colour bins in ELAIS-N1. The inset shows the
same for the 4.5-only bin. The ratios are computed in bins of 0.5
mag (and smoothed using a KDE), with the thickness of the lines
corresponding to the number of sources within a given magnitude bin
(i.e. thicker lines represent better constrained regions of parameter
space). The numbers in the legend correspond to the bin edges in
(i - 4.5) colour space. The evolution of the peak and thickness of the
curve across the colour bins indicate that radio galaxies are more
likely to be hosted by redder galaxies, especially at faint magnitudes.
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Figure 3.6 Fraction of all multi-wavelength sources that host a LOFAR source
in ELAIS-N1 as a function of (i - 4.5) colour. The size of the data
points corresponds to number of LOFAR sources within that colour
bin (indicated by the adjacent number), and the colour of the points
is a proxy for counterpart colour. The reddest galaxies are more than
an order of magnitude more likely to host a radio source than the
bluest of galaxies.
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Figure 3.7 Comparison between the LR method and a simple NN cross-match
for radio sources selected by the decision tree to accept the LR-ID
in ELAIS-N1. The plot shows colour (i - 4.5µm) difference versus
i-band magnitude difference between a NN search and the LR method.
Negative y-axis values correspond to a redder LR match compared to
the NN match, and positive x-axis values correspond to a brighter LR
match, as indicated by the arrows. For the vast majority (≈98%) of
the radio sources used for this comparison (see Sect. 3.3.5), the LR
match and the NN match are the same (indicated by the large point
at (0,0)). The offset from the origin shows that, where these differ,
the LR method preferentially selects sources which are either redder
or brighter (or both) than the NN match. The colour of the points
corresponds to the difference in separation between the LR match and
the NN match (sepLR − sepNN). The size of the points corresponds
to the ratio of the separations between the LR method and the NN
match (i.e. larger points indicate larger ratios; see plot legend). For
radio sources where the LR match is different to the NN match, the
separation to the two sources are similar.
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In Fig. 3.7, we compare the counterparts identified by the LR method with those that
would be selected by a simple NN match for those radio sources that are selected by the
decision tree as being suitable for the LR method in ELAIS-N1 (27056 sources). The
plot shows the difference in the (i - 4.5µm) colour versus i-band magnitude difference
between the NN match and the LR match. For > 98% of the sources chosen for this
analysis, the LR match is also the NN match, as indicated by the cluster of points at
x,y = (0,0). For 500 sources, the selected LR-ID is not the same as the NN match: the
deviation of these sources from the origin illustrates the role of the LR method. In all of
these cases, the LR is either redder or brighter (or both) than the NN match. In some
cases where the LR match is bluer, it is always brighter with typically larger counterpart
separations than the NN matches (see Fig. 3.7).

3.4 Visual classification and source association

The LR technique is not suitable for cross-identification of sources with significantly
extended (large) or complex radio emission. For such sources, visual classification
must be used to identify the multi-wavelength counterparts. In addition, it is more
likely that for large and complex sources, the individual radio components of a given
physical source may not be grouped together correctly by PyBDSF - whether that
be extended emission (e.g. from radio lobes) not being grouped as a single source or
multiple physical sources being grouped (blended) into a single radio source. To perform
correct associations and then identifications for these sources, we use a combination of
LOFAR Galaxy Zoo (described in Sect. 3.4.1) and an expert-user workflow (described
in Sect. 3.4.2) based on a source’s end-point from the decision tree (Sect. 3.2).

3.4.1 LOFAR Galaxy Zoo

For this task of visual classification, we use the Zooniverse framework that was adapted
for the LoTSS DR1: LOFAR Galaxy Zoo (LGZ; W19). LGZ is a web based interface
for performing source association and host galaxy identification by visually inspecting
a given radio source using the radio data and corresponding multi-wavelength images.
The user can then perform identification and association by selecting appropriate radio or
optical sources on the images and answering questions about the source. The details of
the LGZ interface and the choice of images and options provided to the user are almost
identical to the LoTSS DR1, and are described by W19, and hence not reproduced here.
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Figure 3.8 Example set of images used for visual classification of two sources
(in rows) using LOFAR Galaxy Zoo (LGZ). The radio source to be
classified is in the red ellipse with its PyBDSF radio position marked
by a red cross. The first frame shows the optical image with radio
contours overlaid. The second frame shows the same optical image
now without the radio contours, but with white crosses to mark multi-
wavelength catalogue detections. The third frame shows the 4.5 µm
image with radio contours overlaid. The fourth frame shows the
same 4.5 µm image but without radio contours to aid in host galaxy
identification. Top: An example of a large radio source. Bottom: An
example of a blended radio source initially sent to LGZ, where the
radio emission (contours) arises from three distinct physical sources
that have been incorrectly grouped together into one PyBDSF source
(red ellipse). This source was flagged as a blend during the LGZ
process by the majority of volunteers and was appropriately sent to
the expert-user workflow for de-blending.

We briefly summarise the interface and the capabilities of LGZ, highlighting differences
from the LoTSS DR1 approach. As with LoTSS DR1, the LGZ sample was only made
available to members of the LOFAR consortium.

The user was presented with four sets of images when classifying a source. An example
of the images presented for two radio sources are shown in Fig. 3.8. The first frame
shows an optical image with contours of radio emission. The second frame shows
the same optical image without the radio contours but with white crosses to indicate a
detection in the multi-wavelength catalogue. The third frame shows the radio contours
overlaid on the Spitzer 4.5 µm image. For the deep fields, we introduce an additional
fourth frame, which is the same as the third frame but without the radio contours to
aid in visual inspection. On all four frames, the PyBDSF source in question is marked
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with a solid red ellipse and a red cross, while other PyBDSF sources are marked with a
dashed red ellipse. The instructions given to the user for the task remain the same as
LoTSS DR1. Using these four images, the user must first select any additional radio
source components (i.e. dashed red ellipses) that are associated with the radio source in
question. Then, the user must select all plausible multi-wavelength identifications (if
any). Finally, the user must answer the following questions: Is this an artefact? Is this a
radio source blend? Is the image too zoomed in? Are any of the images missing?

Each radio source sent to LGZ was classified by at least five astronomers and the output
from LGZ was converted into a set of quality flags for the association and identification
steps; the consensus from these classifications and flags was used to form the source
associations and identifications. The details of the flags used to decide the associations
are as described in W19. The questions in the final step of LGZ were asked to enable
the selection of sources for which source association and/or identification could not
be fully carried out and therefore may require further inspection. Sources flagged as
artefacts by a majority (more than 50%) of the users were removed from the PyBDSF
catalogue. Sources flagged as ‘image too zoomed in’ or, as ‘blends’ by more than 40%
of users were associated separately by a single expert in the expert-user workflow (see
Section 3.4.2).

If the LGZ consensus was for source association, a new source was generated by
combining its constituent PyBDSF sources and the constituent PyBDSF sources were
then removed from the final catalogue. We generate other radio source properties,
similar to the ones in the PyBDSF catalogue (e.g. total flux, size, position, etc.)
for this new source. We refer the reader to W19 for the details of this process of
source association. We also note here that the LGZ association and identification
takes precedence over LR identification. For example, consider a radio-AGN split by
PyBDSF into three sources, one PyBDSF source consisting of only the compact core
and a PyBDSF source for each of the two lobes. In such a case, it is likely that the
LR method would have identified the genuine host galaxy belonging to the compact
core, but the extended lobes would have been sent to LGZ, where the three components
would be associated together and the host galaxy identified for the new source; this
over-rides the LR identification.

3.4.2 Expert-user workflow

While testing sources that went to visual classification from initial versions of the
decision tree, it was immediately apparent that there was a significant increase in the
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occurrence of blends of radio sources compared to LoTSS DR1, due to the deeper radio
data. It would be very inefficient to simply send such sources to LGZ. We therefore
first attempt to select sources (see Fig. 3.1) that could potentially be ‘blends’ and
send them directly to the expert-user workflow, which has de-blending functionality.
Other potential blends were sent to this workflow as an output from either the pre-filter
workflow (see Sect. 3.4.3) or from LGZ.

In the expert-user workflow, non-static LGZ style images were provided to a single
expert, but also with information from the PyBDSF Gaussian component catalogue
displayed. The expert user has the ability to split each PyBDSF source into its
constituent Gaussians, which can then be associated (if needed) to generate multiple new
sources. Then, multi-wavelength identification (or lack thereof) can be performed for
the newly generated sources. For these de-blended sources, the final catalogue contains
other radio source properties as in the PyBDSF catalogue, in this case generated from
the PyBDSF Gaussian catalogue (see W19). We note that not all sources sent as
potential blends to the expert-user workflow were genuine blends; for such sources, no
de-blending was performed but the host galaxy identification was still carried out as part
of this workflow. For a small number of cases, there are more potential distinct physical
sources of emission than fitted PyBDSF Gaussians. In such cases, we only de-blend the
PyBDSF source to the number of Gaussians available, selecting the most appropriate
host galaxies that contributed the majority of the flux to the available Gaussians.

In addition, the expert-user workflow also has a zoom in or out functionality, and so
the sources flagged as ‘image too zoomed in’ in LGZ (160, 96, and 60 sources in
ELAIS-N1, Lockman Hole, and Boötes, respectively) were re-classified by a single
expert with re-generated images using the initial LGZ classification as a starting point.
The expert-user workflow was also used to identify radio source host galaxies that were
missing from the multi-wavelength catalogues, and in addition, used to perform a final
inspection of some large-offset LR-IDs, and all radio sources without an identification
(hereafter; no-IDs), as detailed in Sect. 3.4.4 – 3.4.6. The expert-user workflow is
adapted from the ‘too zoomed in’ and ‘deblend’ workflows developed for LoTSS DR1
and we refer the reader to W19 for a full description of this workflow.
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Table 3.4 Output of pre-filter workflow. Percentages are calculated based on the number of PyBDSF catalogue sources in the multi-
wavelength overlap area (listed in Table 2.8). Sources flagged as ‘Blend’, ‘Too zoomed in’ or ‘Uncatalogued host’ are sent to
the expert-user workflow for classification.

Outcomes ELAIS-N1 Lockman Hole Boötes
Number Fraction Number Fraction Number Fraction

LGZ 346 1.11% 121 0.41% 94 0.5%
Accept LR match 410 1.32% 110 0.37% 43 0.23%
No plausible match 739 2.38% 555 1.86% 320 1.71%
Too zoomed in 23 0.07% 6 0.02% 8 0.04%
Artefact 72 0.23% 15 0.05% 7 0.04%
Uncatalogued hosta 97 0.31% 77 0.26% 102 0.54%
Blendb 77 0.25% 18 0.06% 4 0.02%
Total 1764 5.68% 902 3.03% 578 3.08%

a Uncatalogued Host: sources where the host galaxy was not detected in the multi-wavelength catalogue. These were later manually added
using the expert-user workflow and forced photometry (see Sect. 3.4.4).
b Slightly different PyBDSF parameters adopted (accidentally) for ELAIS-N1 compared to Lockman Hole and Boötes, result in more sources
being initially separated into different PyBDSF components in Lockman Hole and Boötes, and hence fewer pre-filter ‘Blends’ (but a higher
proportion of sources needing the expert-user workflow; see Table 3.6).
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3.4.3 Pre-filter workflow

In some cases, the radio source or the LR identification properties alone were not
sufficient to decide if a source should be sent to LR, LGZ, or the expert user workflow
for identification. Rather than send all such sources to LGZ, which is by far the most
time consuming process as it requires classification of each source by five volunteers,
we instead perform quick visual sorting (pre-filtering) of some stages of the decision
tree prior to deciding the most appropriate workflow for counterpart identification. The
aim of this pre-filtering step was to quickly assess whether: (i) the best candidate ID
selected by LR is unambiguously correct (regardless of whether the LR is above or
below the LRth); (ii) the source needs to be sent to LGZ (this was the option used in
case of any doubt, to enable a consensus decision to then be taken); (iii) the source is
correctly associated but has no plausible multi-wavelength counterpart; (iv) the source
is a blend, to be sent to the expert-user workflow; (v) the source is an artefact; (vi) the
host galaxy detection is missing in the multi-wavelength catalogue (these sources are
also sent to the expert-user workflow); or (vii) the image is too zoomed in (also sent to
the expert-user workflow). In practice, for sources sent to the pre-filter workflow, static
optical and 4.5 µm images showing the radio contours and the current best LR match
and LR value (if any) were generated and categorised by a single expert for all three
fields using a Python based interface. The categorised sources were then sent to the
appropriate workflows, as shown in Table 3.4. In cases where the host galaxy is missing
from the multi-wavelength catalogue, we manually added these to the multi-wavelength
catalogue using the process described in Sect. 3.4.4.

3.4.4 Missing host galaxies in multi-wavelength catalogues

During the visual classification steps, we noticed that the host galaxies of a small but
non-negligible fraction of radio sources were present in our optical or IR mosaics but
missing from our multi-wavelength catalogues (hereafter, ‘uncatalogued hosts’; see
Table 3.4). There were a few key reasons for this lack of detections; for example, the
host galaxy being too close to bright stars where detections were typically missing
(especially sources within the optical mask region), and missed ‘Spitzer-only’ sources
that were blended in the lower resolution Spitzer data. We therefore attempt to select
the missing host galaxies (uncatalogued hosts) and manually add them to our multi-
wavelength catalogues in each field as follows.

These sources with uncatalogued hosts were selected from each of the pre-filter, expert-
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user, and LGZ workflows. In the pre-filter workflow, this was one of the options
available (see Sect. 3.4.3). For LGZ, one of the outputs is the Badclick flag which
indicates the number of volunteers who have clicked on an host galaxy position that is
not in the multi-wavelength catalogue. Through visual inspection, we found that radio
sources with Badclick > 2 typically correspond to a host galaxy which was missing in
the multi-wavelength catalogue but which was sufficiently visible in the LGZ images to
be identified by the volunteers. These radio sources with uncatalogued hosts were then
sent to the expert-user workflow, where a single expert performed the identification and
generated the coordinates of the uncatalogued hosts. Similarly, for sources that were
directly sent to the expert-user workflow (e.g. as potential blends), the clicked position
of the host galaxy (if uncatalogued) was also generated at the same time.

In processing host galaxy click positions from the expert-user workflow, we define
uncatalogued hosts as those where the separation between the host galaxy click position
and the multi-wavelength catalogue is more than 1′′. These uncatalogued hosts are
then added by either searching in the full Spitzer-detected catalogue (which picks up
Spitzer-only sources that were not added to the merged catalogue) or, if they are not
found there, by performing forced photometry (in all filters) at the positions of the
uncatalogued hosts.

3.4.5 Cleaning and inspection of large-offset LR matches

A small number of sources (140, 101, and 27 in ELAIS-N1, Lockman Hole, and Boötes,
respectively) had a counterpart identified by the LR method that was significantly offset
(> 3′′) from its radio source. Such a large offset is surprising, casting doubt on whether
the LR-ID is accurate; we therefore visually inspected all of these sources via the expert-
user workflow to either confirm that the multi-wavelength ID found by LR method is
the genuine host, or to assign the correct host galaxy (where possible). Roughly half of
these sources were confirmed to be reliable; the other half were typically associated with
extended sources which should not have been selected for statistical cross-matching.
For these, the correct counterpart (or lack thereof) was assigned by the expert user.

3.4.6 Investigation of sources without an identification

The outputs from all of the various identification methods were joined to generate a
cross-matched radio catalogue, with the correct source associations. Sources without an
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identification were then visually inspected in an expert-user workflow to confirm that
the lack of an ID was correct and to indicate the reason for the lack of identification.
For a small fraction of sources, this was found to be in error, typically due to the source
being either an artefact, a blend, or a potential host galaxy missing from the catalogue,
but which had not satisfied the criteria in LGZ output for selection. Such sources were
then sent to the expert-user workflow (except artefacts, which were removed) to resolve
the association and identification.

For sources genuinely without an ID, a flag (“NoID”) was assigned to indicate the
reason for the lack of an identification. The flag values and their definitions are listed in
Table 3.5 along with the numbers in each category per field. In addition to studying the
nature of these sources, an advantage of assigning the NoID flag is that with upcoming
spectroscopic surveys (e.g. WEAVE-LOFAR; Smith et al. 2016), a fibre could well be
positioned at the position of those radio sources with secure positions to obtain spectra
of (and of any emission lines from) the host galaxies where existing optical to MIR
imaging data is too faint.

A large fraction (typically > 70%) of the radio sources without an identification were
un-resolved (or barely resolved) sources with a secure radio source position. The host
galaxy, however, was below the survey depths of our multi-wavelength dataset (albeit
in some cases, low significance emission may be present). The second biggest fraction
consisted of extended radio sources, with large positional uncertainties and poorly
defined positions; some of these had no plausible ID whereas others had one or more
plausible IDs, but none reliable enough to be chosen.
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Table 3.5 Description of the “NoID” flag values. Flag = 0 indicates that an identification is present, and the higher flag values indicate
the reason for the lack of an identification.

Flag Description Field
ELAIS-N1 Lockman Hole Boötes

0 Source has an ID 30839 30402 18579
1 Radio source position accurate 407 392 217
2 Radio position accurate; possible faint ID but below catalogue limit 164 158 213
3 Extended (radio position may be inaccurate); no plausible ID 100 103 54
4 Radio position lies under another un-associated object 34 12 33
5 Extended source, one or more potential IDs, but none unambiguous 66 95 83
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Table 3.6 The number of radio sources in the source-associated radio-optical
cross-matched catalogue and the number and fraction of sources
that have an identification (or lack thereof), split by the identification
method. ID fractions are calculated based on the total number of radio
sources (listed at the bottom of the table) in the source-associated and
cross-matched radio catalogue.

ELAIS-N1 Lockman Hole Boötes
Number Fraction Number Fraction Number Fraction

LR 26701 84.5% 24851 79.7% 16151 84.2%
LGZ 1966 6.2% 2395 7.7% 1058 5.5%
Expert-user 2172 6.9% 3156 10.1% 1370 7.1%
Total-ID 30839 97.6% 30402 97.6% 18579 96.9%
No-ID 771 2.4% 760 2.4% 600 3.1%
Total 31610 31162 19179

3.5 Final cross-matched catalogues

The final cross-matched and associated catalogue in ELAIS-N1 contains 31610 radio
sources, with host galaxies identified for 97.6% of these. Similarly, there are 31162
sources in Lockman Hole with host galaxies found for 97.6%, and 19179 sources in
Boötes with host galaxies identified for 96.9%. These properties, along with the number
of sources (and the fraction) identified by each method, are listed in Table 3.6.

Compared to similar cross-matching efforts in the literature, for example in the ELAIS-
N1 field by Ocran et al. (2019) using 610 MHz GMRT observations, we find a higher
cross-identification rate by > 5%. We also note the larger (by ∼3%) fraction of sources
requiring visual classification (expert-user and LGZ) in Lockman Hole, and a similar
decrease in the fraction of sources where the LR identification was accepted compared
to the other two fields. This is likely due to the slight difference in the PyBDSF source
extraction parameters used for Lockman Hole (and for Boötes), where a significantly
larger fraction of the sources were fitted with multiple Gaussian components, resulting
in ambiguity in the decision tree and requiring source association or de-blending. The
effect of the difference in the PyBDSF source extraction parameters is less prominent in
Boötes, likely due to the shallower radio data depth. It is important to note that these
differences should not affect the final source-associated, cross-matched catalogues, but
simply result in a difference in the method of the identification: visual classifications
were more often used to form the correct source associations for sources split into
multiple Gaussians.
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The LOFAR Deep Fields value-added catalogue released contains properties of the
correctly associated radio sources, and the multi-wavelength counterpart identifications
and properties (where available).

The radio source properties are as follows:

• The IAU source identification (“Source_Name”) based on source position.

• Radio source position and uncertainties (“RA”, “E_RA”, “Dec”, and “E_Dec”).

• Radio source peak and total flux densities and corresponding uncertainties
(“Peak_flux”, “E_Peak_flux”, “Total_flux”, “E_Total_flux”).

• Ellipse shape parameters and corresponding uncertainties (“Maj”, “Min”, “PA”,
“E_Maj”, “E_Min”, “E_PA”). These are blank for associated sources; see below
for properties of associated sources. For de-blended sources, these are taken from
the PyBDSF Gaussian catalogue.

• A code to define the source structure (“S_Code”; ‘S’ = single-Gaussian, ‘M’ =

multi-Gaussian, ‘Z’ = associated/compound source)

• Overlap bit flag indicating the coverage of the multi-wavelength surveys at
the radio source position (“flag_overlap_radio”). See Table 2.8 for the
recommended flag values.

• Bright star masking flag indicating masked and un-masked regions in the Spitzer-
and optical-based bright star mask (“flag_clean_radio”), based on radio position.

Associated sources have additional radio source properties given by:

• Ellipse shape parameters for associated sources (“LGZ_Size”, “LGZ_Width”,
“LGZ_PA”)

• Gaussian de-convolved shape parameters (“DC_Maj”, “DC_Min”, “DC_PA”)

• Number of PyBDSF source components associated (“Assoc”)

• Quality flag of the association (“Assoc_Qual”)

The multi-wavelength identification (if any) and host galaxy properties are as follows:

• Unique identifier of the ID to the multi-wavelength catalogue (“ID”)
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• multi-wavelength ID source position (“ALPHA_J2000”, “DELTA_J2000”)

• Aperture and extinction corrected fluxes (and flux errors) from our recommended
aperture size (<band>_flux_corr and <band>_fluxerr_corr) in µJy.

• Aperture and extinction corrected magnitude (and magnitude errors) from our
recommended aperture size (<band>_mag_corr and <band>_magerr_corr) in the
AB system.

• Overlap bit flag indicating the coverage of the multi-wavelength surveys at the
counterpart source position (“flag_overlap”). See Table 2.8 for the recommended
flag values.

• Bright star masking flag indicating masked and un-masked regions in the Spitzer-
(= 3) and optical- (= 1) based bright star mask (“flag_clean”)

• The maximum LR match (if an ID is present, and if the ID is obtained from the
LR method; “lr_fin”)

• multi-wavelength ID position based E(B − V) reddening values from Schlegel
et al. (1998) dust map (“EBV”).

• Flag indicating reason for lack of identification (“NoID”; ‘0’ = an identification
exists). Flag definitions are listed in Table 3.5.

Additional columns pertaining to the photometric redshifts, rest-frame colours, absolute
magnitudes, and stellar masses are described in Duncan et al. (2021), and columns
relating to the far-infrared data are described in McCheyne et al. (subm). For full details
of all columns presented, please see the accompanying data release documentation.

Fig. 3.9 shows the number of sources (top panel) and the identification fraction (bottom
panel) as a function of the radio flux density and the identification method. The fraction
of sources requiring LGZ for identification decreases from 100% at the brightest fluxes
down to well below 5% at the faintest fluxes. There is a transition of the dominant
method of identification at ∼10 mJy from LGZ to the LR method, which accounts
for &90% of the sources at the faintest fluxes. This higher identification rate by the
statistical method showcases the power of the ancillary data available in these deep fields
compared to the shallower LoTSS DR1. The expert-user method plays a sub-dominant
role across most of the flux density range but, as a result of the depth of the radio data
and consequently increasing number of blends, begins to dominate the identification
rates achieved from the visual methods at the faintest fluxes, and therefore corresponds
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Figure 3.9 Top: The number of radio sources with identifications as a function
of radio flux density and the identification method used (LR, LGZ or

‘expert user workflow’). The flux density distribution of all sources
with identification is shown by the dot-dashed black line. Bottom:
The identification fraction as a function of the flux density, also split
by the identification method. The identification fraction is computed
based on the total number of radio sources (with or without an
identification). The LGZ method dominates the identification rate
above ∼10mJy, with the LR method dominating below this. The filled
regions show Poisson error estimates.
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to a significant number of sources within our sample (as shown in Table 3.6). The
trend of decreasing overall identification rate (see Fig. 3.9) with decreasing radio flux
densities noted by W19 (down to ∼ 1 mJy in W19) in LoTSS-DR1 (see fig. 8 of W19) is
not observed in these deep fields. This is expected as this decrease in identification rate
was attributed to the shallow PanSTARSS and WISE data available for cross-matching
by W19. In the LoTSS Deep Fields, although the typical redshift of sources probed
increases with decreasing radio flux density, the significantly deeper multi-wavelength
data available allows us to effectively identify counterparts down to lower radio flux
densities than LoTSS-DR1, where the LR method starts to dominate the identification
rates.

3.6 Properties of host galaxies

In Fig. 3.10, we show the magnitude distribution of all counterparts identified in ELAIS-
N1 for a range of optical (SpARCS and PS1) to IR bands (UKIDSS and SWIRE).
Also shown in shaded regions are the distributions for the subset of radio sources
with 150 MHz radio flux densities > 1mJy (pink) and > 10 mJy (blue). The top value
listed in each panel is the percentage of all radio sources in ELAIS-N1 that have a
counterpart detected within that given band. The second and third values provide the
corresponding percentages for the number of radio sources with radio flux densities
> 1mJy and > 10mJy, respectively, that have a counterpart detected in that band.

For the 3.6 and 4.5 µm channels, the magnitude distribution of the counterparts is clearly
peaked at a magnitude of 19–20, and declines towards fainter magnitudes. This is well
within the detection limit of the Spitzer survey, illustrating that the vast majority of
radio counterparts are detected by SWIRE and SERVS, as indicated by the high (96%)
identification rates in these two channels. In the NIR filters, the distributions show
a broad peak around 20th–21st magnitude, turning over close to the magnitude limit
of the UKIDSS survey. In contrast the distributions in the bluer (optical) filters show
no signs of turning down at the faintest magnitudes probed, consistent with the lower
identification rates achieved in these filters being limited by the depth probed by the
available optical surveys. This trend in the shape of the magnitude distributions can also
be seen by the increase in identification rate achieved with wavelength, increasing from
∼ 56% to 96% from the u-band to the 4.5 µm band. Even in the bluer filters, however,
the faint end of the distributions flatten, as compared to the well-known monotonic
increase of the number counts of all galaxies towards fainter magnitudes, indicating that
radio galaxies are preferentially hosted in brighter galaxies (a result which motivates
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the LR approach).

Interestingly, the distributions for the >1 mJy sources peak at brighter magnitudes
than those of ‘All’ sources, suggesting that higher flux density radio sources even
more strongly favour brighter host galaxies. Comparing the difference between the
distributions of ‘All’ sources and > 1mJy sources, it is clear that at faint optical and IR
magnitudes, the radio sources with flux densities below 1 mJy dominate the population.
In contrast, at bright optical and IR magnitudes, the majority of the radio population has
flux densities above 1 mJy. This trend may be driven by a shift in the dominant radio
source population below ∼1 mJy, where we expect a significant fraction of both nearby
star-forming galaxies and high redshift (obscured) radio quiet quasars (Wilman et al.,
2008), which are likely hosted by fainter optical galaxies.

In conclusion, in this Chapter, I have used the new multi-wavelength catalogues
generated in Chapter 2 to identify the counterparts and form correct source associations
of the radio-detected sources in the three LoTSS Deep Fields. This was performed using
a combination of the statistical colour-based Likelihood Ratio method and an extensive
visual classification scheme, with a decision tree developed to identify the most suitable
method of identification for each source. This process results in a catalogue of 81 951
radio-sources with counterparts identified for over 97% of these. These catalogues are
then used for the analysis of radio-AGN in the following Chapter.
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Chapter 4

Evolution of Radio-Loud AGN in

LOFAR Deep Fields

4.1 Introduction

In this Chapter, we present the first robust measurement of the LERG luminosity
functions out to z ∼ 2.5 and study the cosmic evolution of their host galaxy properties
using a sample of over 10 000 LERGs constructed by using the value-added catalogues
from the LoTSS Deep Fields generated in the previous two chapters of this thesis.
Photometric redshifts from Duncan et al. (2021) and SED fitting from Best et al. (in
prep) were used for this analysis. Our combination of deep and wide radio and multi-
wavelength datasets is ideal for probing much fainter luminosities out to higher redshifts
than previous studies (e.g. Best et al., 2014; Pracy et al., 2016; Williams et al., 2018;
Butler et al., 2019) and also allows a better sampling of the bright end of the luminosity
function compared to previous deep observations over small areas (e.g. Smolčić et al.,
2017a,b), while limiting the effects of cosmic variance. In this study, we focus on the
evolution of the LERG population as our deep radio dataset is particularly well-suited
to sample the low-luminosity AGN population, which are dominated by LERGs; this
allows us to characterise the evolution of this population in unprecedented detail.
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4.2 Description of data

In this Chapter, I use the radio data from the LoTSS Deep Fields, covering the ELAIS-
N1, Lockman Hole, and Boötes fields, as presented by Tasse et al. (2021) and Sabater
et al. (2021), and described in Chapter 2. These data, together with the new multi-
wavelength catalogues generated in Chapter 2 and the radio cross-matched value added
catalogues generated in Chapter 3 form the basis of the dataset used for analysis in this
Chapter.

4.2.1 Photometric redshifts and spectral energy distribution

fitting

Building on the robust multi-wavelength photometric catalogues in each field,
photometric redshifts for the full multi-wavelength catalogues are presented by Duncan
et al. (2021). These are generated using a hybrid approach, combining template fitting
and machine learning methods, developed for the next generation of radio surveys
(see Duncan et al., 2018a,b). In this chapter, we use spectroscopic redshifts where
available and reliable for a small fraction of the radio-sources (5%, 5%, and 22% of all
radio-sources in ELAIS-N1, Lockman Hole, and Boötes, respectively), otherwise the
photometric redshifts are used.

Spectral energy distribution (SED) fitting was performed using four different SED fitting
codes for all LoTSS Deep Fields sources with a counterpart that satisfy the quality cuts
defined in Chapters 2 and 3 and Duncan et al. (2021); this process is described in detail
by Best et al. (in prep.).

The SED fitting was performed using this same input catalogue using each of
AGNFitter (Calistro Rivera et al., 2016), Bayesian Analysis of Galaxies for Physical
Inference and Parameter Estimation (bagpipes; Carnall et al., 2018), Code Investigating
Galaxy Evolution (cigale; Burgarella et al., 2005; Noll et al., 2009; Boquien et al.,
2019), and Multi-wavelength Analysis of Galaxy Physical Properties (magphys; da
Cunha et al., 2008). One of the key differences between the SED fitting codes employed
here is that AGNFitter and cigale, unlike the other two routines, are also able to model
emission from AGN which imprint features in the mid-infrared regime in particular.
This is done by incorporating models for the accretion disc and dusty torus surrounding
the AGN in both SED fitting codes; for cigale, this includes a run based on the Fritz
et al. (2006) AGN models, and a separate run based on the skirtor (Stalevski et al.,
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2012, 2016) prescription which assumes a clumpy two-medium torus model (rather than
a smooth torus structure; see Boquien et al., 2019; Yang et al., 2020). The other key
difference between the different codes is that bagpipes, magphys, and cigale all enforce
an energy balance between the UV-optical emission from starlight absorbed by dust and
the re-radiated emission in the infrared; this ensures that the spectral distributions of
galaxies are physically consistent. AGNFitter does not enforce this, for example to
account for cases where the UV emission is spatially offset from the dust emission (e.g.
Calistro Rivera et al., 2018). The implications of this when comparing our results with
previous AGNFitter-based work from Williams et al. (2018) are discussed in Sect. 4.4.

The output from the four different SED fitting routines were combined to generate
consensus estimates of physical galaxy properties; the key parameters relevant for
analysis in this study are the stellar masses and star-formation rates (SFRs). This
process is described in detail by Best et al. (in prep.) but in summary, for sources
that showed no signatures of a radiative-mode AGN, the stellar masses and SFRs were
estimated by taking the average of the magphys and bagpipes results (accounting for
their goodness of fits); both stellar masses and SFRs agree very well with each other
other, with a small scatter (see Best et al. in prep.). For sources that showed signs of
a radiative-mode AGN (also referred to as ‘optical-AGN’ hereafter; see below), the
stellar masses and SFRs were taken by averaging the two cigale runs with the Fritz
et al. (2006) and skirtor AGN models, provided a good fit was found; AGNFitter was
found to result in less reliable fits and was hence excluded from this step. We use these
consensus values determined by Best et al. (in prep.) throughout this chapter unless
otherwise stated.

The ‘optical-AGN’ (i.e. AGN showing emission from the accretion disc or torus), were
identified using the outputs of the four SED fitting routines. Firstly, Best et al. (in
prep.) defined a diagnostic based on the fAGN parameter, which corresponds to the
ratio of MIR luminosity that arises from AGN components compared to that from
the stellar galaxy component, as fitted by both AGNFitter and cigale. In particular,
Best et al. used the 16th percentile of this value, to avoid bias from objects with large
uncertainties on fAGN. Secondly, Best et al. also considered the goodness of fit estimates
from bagpipes and magphys (which do not include AGN components) compared to that
from cigale and AGNFitter; the latter two codes should find a better goodness of
fit for sources with significant AGN contribution. Based on the combination of the
fAGN,16th parameters and the relative goodness of fit values, Best et al. identified the
likely ‘optical’ (radiative-mode) AGN. Finally, a small subset of the LOFAR-detected
sources have either optical spectroscopy indicating the presence of a typical AGN or
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X-ray observations (see Duncan et al., 2021); most of these were already identified as
‘optical-AGN’ by the method above, but any additional sources were also added to this
sample.

4.2.2 Selection of LERGs and HERGs

Radio continuum surveys detect both synchrotron emission associated with jets from
AGN, and also emission from supernovae indicative of star-formation activity. The faint
radio source population, especially at S 150 MHz . 1 mJy, is expected to be dominated by
star-forming galaxies (Wilman et al., 2008). Source classification of the LOFAR-
detected sources was therefore performed to separate star-forming galaxies from
different classes of AGN using the outputs from the SED fitting process. This process is
described in detail by Best et al. (in prep.) and summarised below.

As low-frequency radio observations trace cosmic ray electrons from supernovae from
massive (recently formed) stars, there is a well-known relation between the radio
luminosity and SFR for star-forming galaxies (e.g. Calistro Rivera et al., 2016; Gürkan
et al., 2018; Smith et al., 2021), with a correlation also seen between the far-infrared
and radio luminosities (far-infrared radio correlation; FIRC). We selected radio-AGN
(also known as ‘radio-excess AGN’) as sources that show excess radio emission (
> 0.7 dex, ≈ 3σ) compared with that expected from star-formation processes alone
using a ridgeline analysis by Best et al. (in prep.). To this sample, we added the small
fraction of sources that are resolved and show extended radio emission that is associated
with jets from the AGN even if they show a radio-excess < 0.7 dex. The other sources
without such radio-excess are largely star-forming galaxies (SFGs) but can also include
‘radio-quiet AGN’ which are known to broadly follow the same FIRC (e.g. Bonzini
et al., 2015). Both of these groups are excluded from this analysis as we are focused on
the radio-loud AGN population in this study.

As discussed in the introduction, the total radio-AGN population consists of two classes
of AGN: high-excitation radio galaxies (HERGs) and low-excitation radio galaxies
(LERGs). HERGs display strong emission lines indicating the presence of an accretion
disc and dusty obscuring structure; these sources are consistent with being the radio-
loud subset of the radiative-mode AGN population. The LERGs show powerful radio
emission from the AGN but little-to-no evidence of having an accretion disc or obscuring
structure, and as such not identified as AGN at other wavelengths. Using the above
definitions of the two classes of AGN, in this study, we define LERGs as sources
that host a ‘radio-excess AGN’ but not an ‘optical-AGN’ (based on the SED fitting;
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see Sect. 4.2.1). Likewise, HERGs are defined as sources that are classed as both
‘radio-excess AGN’ and ‘optical-AGN’.

The final sample of LERGs and HERGs used in this chapter and for the construction
of the luminosity functions is limited to sources that have a radio detection with peak
flux density at > 5σ level based on the local RMS, and excludes sources that might be
masked in optical bright-star masks (i.e. flag_clean = 1; see Chapter 2 for details) to
ensure a clean and robust sample. In addition, we limit our analysis of the luminosity
functions to 0.03 < z ≤ 2.5; at lower redshifts the volume sampled by LoTSS-Deep
is small and there may be incompleteness due to the larger angular size of the nearby
sources, and at higher redshifts, this reaches the limits of the multi-wavelength datasets
available in these fields, beyond which the source classifications of Best et al. from
the SED fitting process become less secure. The above criteria result in a sample of
10 429 LERGs (of which 4979 are hosted by quiescent galaxies and 5450 are hosted by
star-forming galaxies; see Sect. 4.6), and 1037 HERGs, across the deep fields.

Fig. 4.1 (top) shows the 150 MHz radio luminosity as a function of redshift for the
sample of LERGs from the LoTSS Deep Fields. The red line corresponds to the
5σ detection limit calculated based on the noise in the central region of ELAIS-N1,
σ = 20 µJy, and a radio spectral index α = −0.7. Fig. 4.1 (bottom) shows the redshift
distribution for the sample of LERGs (split in to those hosted by quiescent and star-
forming galaxies; see Sect. 4.5.1) and HERGs.

4.3 Total Radio-AGN luminosity functions

4.3.1 Building the luminosity functions

We calculate the radio luminosity of our sources by assuming that the radio spectrum is
described by a simple power law in frequency, ν, with S ν ∝ ν

α, where S ν is the radio
flux density at frequency ν and α = −0.7 is the assumed spectral index throughout this
study. The radio luminosity Lν can be computed using the radio flux density S ν as

Lν =
4πD2

L(z)

(1 + z)1+α
S ν (4.1)

where DL is the luminosity distance to the source and the (1 + z)−(1+α) term accounts for
the radio spectrum k-correction.
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Figure 4.1 Top: Radio luminosity as a function of redshift for the LERGs
detected in the LoTSS Deep Fields. The colourbar with a logarithmic
scale shows the number of sources across the parameter space. The
red line shows the 5σ detection limit using the σ = 20µ Jy (achieved
in the central region of ELAIS-N1) and assuming a spectral index
α = −0.7. Bottom: Histogram of redshifts for the sample of LERGs
split into those hosted by quiescent (red dashed line) and star-forming
(blue dotted line) galaxies (see Sect. 4.5.1), along with the HERGs
(orange line), selected in the LoTSS Deep fields.

108



The luminosity functions (LFs) were built using the standard 1/Vmax technique (Schmidt,
1968; Condon, 1989), which weights each source in the sample by the maximum volume
that the source could be observed in, given the potential redshift range, and still satisfy
all selection effects to be included in the sample. This is particularly important for
surveys like the LoTSS Deep Fields where the RMS in the radio images (and hence the
5σ flux density limit) varies as a function of the position in the field due to primary beam
effects, increased RMS around bright sources, and facet-to-facet variations in calibration.
The luminosity function ρ(L, z) gives the number of sources per unit comoving volume
observed per unit of log luminosity, and is given by

ρ(L, z) =
1

∆ log L

N∑
i=1

1
Vmax,i

(4.2)

where Vmax,i is the maximum volume that the source i could be observed in, within the
limits of the multi-wavelength surveys, and ∆ log L = 0.3 is the luminosity bin width in
log-space and the sum is calculated over all sources in a given luminosity and redshift
bin.

The Vmax,i for a given source is then computed as

Vmax,i =

∫ zmax

zmin

V(z) θ(S , z) dz, (4.3)

where V(z)dz is the comoving volume across the whole sky between redshift z and
z + dz, θ(S , z) is the fractional sky coverage that accounts for the non-uniform radio-map
noise and radio flux density incompleteness, and S is the radio flux density that a source
i with a given intrinsic luminosity would have at redshift z. In practice, we evaluate
this integral numerically, with a step size of ∆z = 0.0001 between zmin and zmax, the
minimum and maximum range of the redshift bin. At each redshift, θ(S , z) for each
source i is given as

θ(S , z) =
Ω[S (z)]

4π
× Cradio[S (z)] (4.4)

where Ω[S (z)] is the solid angle (in units of sr) of the survey area in which a source i

with a flux density S can be detected at 5σ given the non-uniform radio image noise,
and Cradio[S (z)] is the radio flux density completeness correction at flux density S . The
Ω[S (z)] term is computed by performing a linear interpolation using the cumulative
area versus noise plot for each field, shown in Fig. 4.2. Completeness corrections are
required to account for the faint undetected radio sources close the survey detection
limit, otherwise leading to an underestimate of the space density; these are discussed in
detail in Sect. 4.3.3.
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Figure 4.2 Cumulative area covered down to a given noise level in the three
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In constructing the LFs, we only consider the radio sources that have a host galaxy
counterpart; this corresponds to 97% of the radio sources in the LoTSS Deep Fields
(see Chapter 3). For the remaining 3% of the sources, the lack of a multi-wavelength
counterpart identification means that no photometric redshift was available, and hence
SED fitting and subsequent source classification was not possible. In Chapter 5, I
examine the nature of these sources, including an optical to mid-IR stacking analysis of
the subset of these sources with secure radio positions (which forms the majority) and
find that these sources are likely to be predominantly z > 3 radio-AGN. Therefore, we
expect that this will have a negligible effect on the derived LFs in this chapter as we
only consider sources with z ≤ 2.5.

To compute the uncertainties on the luminosity functions, we performed bootstrap
sampling (random sampling by replacement) of the catalogue to generate a distribution
of 1000 realisations of the luminosity function. The lower and upper 1σ uncertainties
on our luminosity functions are then determined from the 16th and 84th percentiles of
the bootstrap samples. For the faint luminosity bins, where the samples are large and
the uncertainties computed from bootstrapping correspondingly small, the uncertainties
are likely to be dominated by other factors such as the photometric redshift errors and
source classification uncertainties. Therefore, we set a minimum uncertainty of 0.03 dex
in the luminosity functions reported, based on the ∼ 7 per cent photometric redshift
outlier fraction in these fields.

4.3.2 Optical/IR magnitude limits on Vmax

In the calculation above, we have assumed that the radio flux density sets the limit on
the Vmax for a given source. It is, however, possible that the optical/IR dataset may set
the limits on the maximum observable volume for a source. In this section, we consider
the effects of applying optical/IR magnitude completeness limits in the calculation of
Vmax on the evolution of the LERG LFs.

The multi-wavelength catalogues, using which the photometric redshifts and SED fitting
are determined, are based on source detection from χ2 images; as such there is no well-
defined magnitude limit in the optical or IR bands. Instead, we apply a 5σ limiting
magnitude in the IRAC 4.5 µm band, chosen to be the band in which > 96% of the radio
sources are detected (see Chapter 3), in addition to the radio-based selection criteria in
Sect 4.2.2. This effectively corresponds to having a multiplicative term in equation 4.3,
f (m) that equals unity if m < mlim and zero if m > mlim, where mlim is the magnitude
limit. To compute this, we first calculate the absolute 4.5 µm magnitude, M4.5 µm for
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Figure 4.3 Difference between the LERG LF calculated with (ρradio,opt) and
without (ρradio) an optical magnitude limit applied to the Vmax

calculation. We find good agreement between the two determinations
of the LFs across the redshifts examind in this study.

each source at its redshift z, including a k-correction,

M4.5 µm = m4.5 µm − DM − K4.5 µm(z) (4.5)

where, DM is the distant modulus and K4.5 µm(z) is the k-correction. We calculated two
sets of k-corrections based on typical star-forming and quiescent galaxies, forming
two extremes of the corrections. For the former, we consider a template with a recent
burst of star-formation occurring 50 Myrs ago computed using the stellar population
models of Bruzual & Charlot (2003), the Chabrier (2003) initial mass function (IMF)
and the Calzetti et al. (2000) attenuation curve and an extinction of AV = 3. For the
latter, we considered a galaxy with an old stellar population (formed at z = 12) with an
exponentially declining star-formation rate with a characteristic time of 100 Myr.

Then, for a given redshift bin, we evaluate m4.5 µm and θ(S , z) at small intervals (δz =

0.001; see equation 4.3) between zmin and zmax until the source i fails to satisfy the 5σ
4.5 µm limit and the radio selection criteria to determine the total comoving volume that
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the source i could be observed in, Vmax,i.

We refer to the LFs determined using the above method, incorporating both radio and
optical selection criteria, as ρradio,opt, and the LFs determined by considering the radio
selection effects alone (i.e. the LFs used throughout this chapter) as ρradio. In Fig. 4.3,
we show the difference between these LFs as a function of radio luminosity for the
LERGs in found broad redshfit bins that are also used for the analysis of the LERGs in
Sect. 4.4. At z < 1, we find a remarkably good agreement between the two LFs, and
even at higher redshift z > 2, where we find median differences of ∼ −0.1 dex, the LFs
determined are still in good agreement with respect to the uncertainties. Moreover, we
found that the maximum observable volume for almost all of the sources is set by the
radio dataset, and hence the similarities in the two LFs is not surprising; any differences
seen in the LFs here are due to radio sources simply not satisfying the additional 5σ
4.5 µm selection in the first instance. The ρradio,opt space densities shown in the plot were
calculated using k-corrections based on a typical quiescent galaxy, however we find that
we get very similar results, within the uncertainties, when using k-corrections based on
the star-forming galaxy template.

It is also worth noting that the above calculation of ρradio,opt assumes that the multi-
wavelength catalogues are complete down to the 5σ limit chosen, which is not
necessarily accurate. Application of a completeness correction to the multi-wavelength
data would only increase the space densities, bringing ρradio,opt more in line with ρradio.
Moreover, a proper treatment of the optical/IR magnitude limits requires consideration
on the effects on the photometric redshift accuracy and source classification which
is beyond the scope of this chapter. Therefore, in order to retain a cleaner selection
function, we only considered the effects of the radio selection in determining the space
densities of the AGN population in this chapter.

4.3.3 Completeness Corrections

The radio flux density completeness corrections are generated by performing simulations
of inserting mock sources of various intrinsic source-size and flux density distributions
in to the radio image, and then recovering them using the same PyBDSF parameters as
that used for the real sources (see Sabater et al. 2021 for the PyBDSF parameters used).

We simulated mock sources at fixed total flux density intervals separated by 0.2 dex in
the range 0.4 < S < 40 mJy and, using a finer sampling interval of 0.081 dex in the
range 90 < S < 400 µJy to better probe the steep part of the curve. For the Lockman
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Hole and Boötes fields, we used the same sampling intervals but only simulating sources
down to ∼ 110 µJy and ∼ 190 µJy, respectively, due to the slightly shallower depth of
the radio data. The flux intervals used are listed in Table 4.1.

For each field, we simulated 120 000 – 150 000 mock sources to sample the full range
in (total) flux density and source-size parameter space, while also obtaining robust
statistics for the bright and extended rare sources. Practically, this was done by inserting
1000 mock sources with convolved sizes between 6′′ – 30′′, where 6′′ is the size of the
LOFAR beam, for a given (total) flux density value into the radio image and extracting
the sources using PyBDSF, with this step repeated many times (see Sec. 4.3.3.1 for
details). The injected sources were modelled as Gaussians, although the structure of
real sources may be more complex. We ensure that a mock source is placed at least
twice its FWHM (along the major axis) away from other mock sources and real radio
sources to avoid source overlapping, which can complicate the process of determining
if a simulated source has been detected. A mock source is defined as being ‘detected’ if
there is a nearest neighbour match within 2′′ in the extracted PyBDSF source catalogue.
This angular separation criteria was determined as the point where the number of
genuine cross-matches falls and the number of random matches starts to dominate.

4.3.3.1 Source-Size Distributions

Completeness depends not only on the total flux density but also on the size of the source
as source detection is performed based on the peak flux density of a source; therefore,
for a given total flux density, the peak flux density for a larger source is more likely
to fall below the detection threshold than for a smaller source. However, an accurate
source-size distribution of the sub-mJy radio source population at low frequencies is
lacking and we must therefore make some assumptions in deriving the corrections.

We start by assuming that the observed size distribution of sources, within a flux density
range that is unaffected by completeness, is an accurate description of sizes at fainter
flux densities. As our work is focused on generating completeness corrections suited for
the AGN subset of the radio population, we generate an ‘AGN’ source-size distribution
by selecting all sources classified as radio-excess AGN or optical AGN in the total
flux density range 1 mJy < S150,tot < 10 mJy, where we expect the sample to be largely
complete. We only consider sources with sizes in the range 6′′ – 30′′; larger sizes are
not used in our simulations as such sources are poorly represented by a Gaussian surface
brightness profile; the small number of sources with larger sizes are all placed at 30′′

in our simulations. Within each simulated flux density bin, we weight the simulation
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Table 4.1 Completeness corrections determined for the LoTSS Deep Fields
calculated using a source-size distribution derived from the observed
sources classified as AGN by Best et al. (in prep.) with 1 mJy <
S150,tot ≤ 10 mJy in each field. The completeness curves for each field
are shown in Fig. 4.5.

Flux density ELAIS-N1 Lockman Hole Boötes
[mJy]
0.09 0.1 - -
0.11 0.214 - -
0.13 0.343 0.182 -
0.16 0.555 0.306 -
0.19 0.68 0.43 0.18
0.23 0.734 0.57 0.311
0.28 0.78 0.664 0.462
0.33 0.802 0.746 0.619
0.4 0.818 0.781 0.71
0.63 0.85 0.844 0.819
1.01 0.885 0.874 0.87
1.59 0.921 0.912 0.915
2.52 0.947 0.945 0.949
4.0 0.959 0.955 0.968
6.34 0.971 0.969 0.977

10.05 0.972 0.976 0.981
15.92 0.978 0.971 0.984
25.24 0.985 0.978 0.986
40.0 0.987 0.979 0.984

output by this size distribution. To determine the completeness correction for each flux
density interval, we then considered the subset of mock sources with total flux density
> 5σ based on the local rms, and determined the fraction of these that were detected by
PyBDSF with a peak flux density above 5σ (the same criterion as that applied to the
observed source sample and folded in to the calculation of the Vmax; thereby avoiding
any double-counting). The ‘AGN’ completeness corrections obtained in this way in
ELAIS-N1 are shown by the grey line in Fig. 4.4. Similarly, for comparison, we repeat
this process using the size distribution of the star-forming galaxy (SFG) subset of the
radio population, deriving the pink completeness curve in Fig. 4.4. The relatively lower
completeness for the ‘AGN’ line compared to the ‘SFG’ curve is driven by the sizes of
(resolved) radio-AGN being significantly larger than the SFG population; this results in
a higher fraction of extended sources (with consequently lower peak flux densities for a
given total flux density), which leads to a lower completeness as expected.

To confirm the robustness of the above approach, we consider also the flux-dependent
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Figure 4.4 Radio flux density completeness corrections computed using the
method outlined in Sect. 4.3.3. Completeness curves in the ELAIS-
N1 field as a function of the assumed source-size distribution.
Curves show completeness based on applying the size-distribution of
moderately bright sources (Stot = 1−10 mJy; i.e. where completeness
is high) classified as either SFGs or AGN in Best et al. (in prep.).
In addition, the completeness curves resulting from the Windhorst
et al. (1990) and 2 × Windhorst et al. (1990) integral angular size
distribution, often used in literature, are also shown.
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angular size distribution based on GHz surveys commonly used in literature. Windhorst
et al. (1990) describe the integral angular size distribution as

h (> ψ) = exp

−ln 2
(
ψ

ψmed

)0.62 (4.6)

where, h(> ψ) is the integral angular size distribution for sources with angular sizes
larger than ψ (in arcsec) at a given flux density and ψmed is the median angular size at
the given flux density. Windhorst et al. (1990, 1993) proposed a relationship between
ψmed and the radio flux at 1.4 GHz, S 1.4 GHz:

ψmed = 2 (S 1.4 GHz)0.3arcsec, (4.7)

which was converted to 150 MHz using a spectral index α = −0.7. They also considered
a potential floor in this relationship at a size of 2′′, however given that this needs
to be convolved with the 6′′ LOFAR beam, this makes no significant difference to
the observed size distribution. Using equations 4.6 and 4.7, h(> ψ) was computed
for each flux density interval and the simulation outputs were weighted by this to
determine the completeness corrections. The resulting correction in the ELAIS-N1
field is shown in Fig. 4.4 (blue line). Other low radio frequency studies in literature
(e.g. Retana-Montenegro et al., 2018) find good agreement between the LOFAR data
and the Windhorst et al. (1990) size distributions if the median angular size relation
(equation 4.7) is scaled by a factor of two. We therefore also compute the completeness
corrections for this relation, also shown in Fig. 4.4 (green line), with the larger median
sizes resulting in lower completeness. We find a good agreement between the 2×
Windhorst et al. (1990) and the ‘AGN’ curves, and similarly between the Windhorst
et al. (1990) and the ‘SFG’ curves.

In subsequent analysis, we use the ‘AGN’ completeness corrections in the construction
of the luminosity functions. The ‘AGN’ completeness corrections for all three LoTSS
Deep Fields are shown in Fig. 4.5. Using ‘AGN’ based corrections, the observations in
LoTSS Deep Fields reach a completeness of 50 per cent (and 90 per cent) at 150 µJy
(1.3 mJy), 209 µJy (1.4 mJy), and 289 µJy (1.4 µJy), in ELAIS-N1, Lockman Hole, and
Boötes, respectively. We note that in all fields, the completeness does not reach 100 per
cent; this is largely due to the source finding algorithm struggling to detect simulated
sources placed in the higher noise, lower dynamic range regions near bright genuine
sources. We generate a “combined” completeness curve for use in constructing the LFs
by performing an area-weighted average of the completeness curves in the three fields
(black line in Fig. 4.5).
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Figure 4.5 Radio flux density completeness correction curves for each of the
three LoTSS Deep Fields assuming an ‘AGN’ size-distribution; this is
used in the construction of the AGN LFs for each field. A table listing
these adopted corrections for each field is shown in Table 4.1. The

‘combined’ curve is the area-weighted average of the completeness
curves in the three fields, used for constructing the combined LFs
across the three fields.
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We note that the completeness corrections applied throughout are calculated based on
the input flux density of the simulated sources, rather than the recovered flux densities
from PyBDSF. This may have a particularly important effect at faint fluxes, close to
the detection limit, where sources detected on a noise peak may appear at higher flux
densities in the catalogue. This so-called Eddington bias causes the flux densities to
be boosted resulting in an increase in the probability of detecting a source below the
detection limit, and hence artificially boosting the completeness close to the detection
limit. We estimate the level flux boosting by comparing the measured flux density with
the true flux density of the simulated sources (S obs/S true) in various flux density bins.
To asses the impact of this bias on the luminosity functions derived in Sect. 4.3.5 and
Sect. 4.4, we calculate the median S obs/S true for the faintest luminosity bin that we
probe within each redshift bin. We find that for the faintest luminosity bin, the typical
flux boosting level is ∼ 10% across all of the redshift bins studied, with even lower
values for higher luminosity bins. Therefore, given the broad luminosity bin width of
0.3 dex, this bias is negligible over most of the luminosity function; for the faintest
bin, this will have a small effect on the estimated completeness correction, leading to
slightly higher space densities.

4.3.3.2 Application of the Completeness Corrections

The completeness corrections were applied when determining the luminosity functions
as in equation 4.4, where the completeness corrections were linearly interpolated for
each flux density, S (z). We applied a maximum completeness correction of a factor of
10 as any larger corrections are likely not reliable. Then, to determine the point where
the completeness corrections to the LFs are too large to be reliable, we recalculated
the luminosity functions but this time without applying any completeness corrections
(i.e. by setting Cradio[S (z)] = 1 in equation 4.4); in our analysis we do not plot or list
the space densities for the luminosity bins where the difference between the data points
with and without the corrections is larger than 0.3 dex. To account for uncertainties
in the completeness corrections (e.g. the lack of knowledge of the true source-size
distribution), we add 25 per cent of the completeness correction in quadrature to the
error obtained from bootstrap sampling at each luminosity bin.

We calculate the LF in each of the three LoTSS Deep Fields separately, and to take
full advantage of the LoTSS Deep Fields dataset, we build a combined LF across the
three fields covering ∼ 25 deg2 to obtain more robust number statistics across the full
luminosity range and to limit the effects of cosmic variance.
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Table 4.2 Luminosity functions of the local (0.03 < z ≤ 0.3) radio-excess AGN
population in the LoTSS Deep Fields. These LFs are also illustrated
in Fig. 4.6.

z log L150 MHz log ρ N
log W Hz−1 Mpc−3 log L−1

0.03 < z ≤ 0.3 21.15 −3.61+0.24
−0.37 2

21.45 −3.32+0.15
−0.17 10

21.75 −3.43+0.11
−0.12 22

22.05 −3.49+0.08
−0.09 47

22.35 −3.47+0.06
−0.07 122

22.65 −3.64+0.05
−0.05 177

22.95 −3.79+0.04
−0.04 168

23.25 −4.00+0.04
−0.04 113

23.55 −4.36+0.06
−0.07 52

23.85 −4.43+0.06
−0.06 46

24.15 −4.84+0.11
−0.14 18

24.45 −4.75+0.09
−0.11 22

24.75 −4.87+0.11
−0.12 17

25.05 −4.99+0.12
−0.16 13

25.35 −4.93+0.10
−0.13 15

25.95 −5.63+0.22
−0.48 3

4.3.4 The local radio-AGN luminosity function

Although the LoTSS Deep Fields cover a relatively small volume at low redshifts,
comparison of the low redshift LF against previous measurements in literature can
be useful. Using the methods outlined above, we have built the local 0.03 < z ≤ 0.3
luminosity function for the radio-excess AGN (848 sources) in the LoTSS Deep Fields,
which is shown in Fig. 4.6. The combined luminosity function across the three fields is
shown by pink filled circles, with the shaded pink region showing the 1σ uncertainties.
The luminosity functions for each individual deep field are also shown by pink crosses,
triangles, and squares (with their respective error bars) for ELAIS-N1, Lockman Hole,
and Boötes, respectively. We note that the ELAIS-N1 data points are consistently higher
than the other fields, an effect that is also seen in the K-band number counts (see Fig. 2.6
in Chapter 2), likely due to large-scale structure within the field as the volume probed
at these low redshifts is relatively small. The combined LoTSS Deep LFs are also listed
in Table 4.2.

Fig. 4.6 also shows comparison between our local radio-AGN luminosity functions and
other previous studies. We find good agreement with the local radio-AGN luminosity
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Figure 4.6 Local (0.03 < z ≤ 0.3) radio-excess AGN luminosity functions for
LoTSS Deep Fields built with a bin width of ∆ log L = 0.3 dex. The
combined luminosity function is shown in pink filled circles (for
848 sources) with shaded regions showing the 1σ uncertainties
computed from bootstrapping. The luminosity functions for each
field individually are also shown. We find fairly good agreement with
the Best & Heckman (2012) and Smolčić et al. (2017b) results from
GHz surveys, scaled to 150 MHz using a spectral index α = −0.7.

function from Smolčić et al. (2017b) built using deep radio imaging from the VLA-
COSMOS 3 GHz Large project (Smolčić et al., 2017a). Their LFs were computed over
0.1 < z < 0.4 (105 sources), and for illustration in Fig. 4.6 are shifted to 150 MHz
using a spectral index α = −0.7. Best & Heckman (2012) present a large sample of
radio-detected AGN drawn from the combination of FIRST and NVSS with SDSS
spectroscopcic sample data. We find good agreement with the luminosity function
of Best & Heckman (2012), shifted to L150 MHz using a spectral index α = −0.7, in
particular at L150 MHz ∼ 1023.5 − 1025 W Hz−1. We are however not able to sample
enough volume to probe significantly above the break in the luminosity function. Best &
Heckman (2012) also found their LF to be in good agreement with other determinations
(e.g. Mauch & Sadler, 2007; Pracy et al., 2016).

Also shown in Fig. 4.6 (green triangles) is the radio-AGN luminosity function from the
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shallower but wider LoTSS Data Release 1 (LoTSS-DR1) from Sabater et al. (2019).
Their data, covering > 400 deg2, is better suited to sample higher radio luminosities.
We find good agreement at moderate luminosities, however our luminosity function
is consistently offset to higher space densities by ∼ 0.5 dex, especially at L150 MHz .

1023.5 W Hz−1. We also find that the Best & Heckman (2012) LFs also appear to turn
over at around the same point in luminosity. There are a few possible reasons for the
difference with both of those studies. Neither Best & Heckman (2012) nor Sabater et al.
(2019) apply any completeness corrections; we re-derive the Sabater et al. luminosity
function by simply applying a 10σ radio flux density cut, which increases the space
densities by ∼ 0.2 dex at L150 MHz . 1022.3 W Hz−1. Secondly, the Best & Heckman
(2012) and Sabater et al. (2019) radio-AGN samples were defined by combining their
radio data with the SDSS main galaxy sample; source like quasars or radio-quiet
quasars are missing from this sample, likely biasing the luminosity function to lower
space densities. Finally, the median redshift of the Best & Heckman (2012) sample is
zmed ∼ 0.16, and that of Sabater et al. (2019) is zmed = 0.14, whereas the median redshift
for the LoTSS Deep Fields sample (in this redshift bin) is zmed = 0.21; any cosmic
evolution of this population can therefore contribute to the difference in space densities
observed. We also note that this difference is not simply due to a mis-classification of
sources between radio-AGN and SFGs, as a similar offset is also found by Cochrane et
al. (in prep.) when comparing the local SFG luminosity function from the LoTSS Deep
Fields with LoTSS-DR1.

4.3.5 Evolution of the radio-AGN LFs

Fig. 4.7 shows the redshift evolution of the total radio-AGN LF in the LoTSS Deep
fields in six redshift bins (0.4 < z ≤ 2.5). The LoTSS Deep LF is shown as pink circles,
with the LF from individual fields shown as open pink symbols (using the same symbols
as in Fig. 4.6). The LFs are also listed in Table 4.3. For comparison, we show the
parametric fit to the local radio-AGN luminosity function by Best et al. (2014) in each
panel, shifted to 150 MHz using α = −0.7. We again compare our results with the
evolution of the total radio-AGN population presented in Smolčić et al. (2017b), shifted
to L150 MHz using α = −0.7, shown by green symbols, with our redshift bins chosen to
match their analysis. As is evident from Fig. 4.7, we find excellent agreement with their
results at all radio luminosities, out to z ∼ 2.5; this gives us further confidence that our
source classification method for separating radio-AGN from star-forming galaxies is
appropriate out to high redshifts.
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Figure 4.7 Cosmic evolution (across 0.4 < z ≤ 2.5) of the total radio-AGN
luminosity functions at 150 MHz for the combined LoTSS Deep
sample (pink circles). The LFs in individual LoTSS Deep fields
are shown in open pink symbols (same symbols as in Fig. 4.6). The
dashed line in each panel shows the parameterised form of the local
radio-AGN LF by Best et al. (2014), converted to 150 MHz using
a spectral index α = −0.7 to guide the eye. The total radio-AGN
luminosity functions from Smolčić et al. (2017b) and Butler et al.
(2019) in green and cyan open points, respectively, converted to
150 MHz using α = −0.7, are also shown. Overall, we find good
agreement with the results from both Butler et al. (2019) and Smolčić
et al. (2017b) across redshift. The LFs are also listed in Table 4.3.
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Also shown in Fig. 4.7 are the radio-AGN LFs of Butler et al. (2019) across 0.3 < z ≤

0.6, 0.6 < z ≤ 0.9, and 0.9 < z ≤ 1.3 in the closest redshift bins to our LFs. These
LFs were compiled using data from the Australian Telescope Compact Array (ATCA)
2.1 GHz observations of the XXL-S field (Butler et al., 2018) and the radio-AGN
sample was selected based on radio-source luminosity, morphology, spectral indices,
and radio-excess emission based on the FIRC. We also find good agreement with their
LFs where available, but probing fainter in luminosity.

Table 4.3 Luminosity functions of the radio-excess AGN in the LoTSS Deep
Fields between 0.5 < z ≤ 2.5, illustrated in Fig. 4.7. Space densities
for bins with N < 2 are not shown.

z log L150 MHz log ρ N
log W Hz−1 Mpc−3 log L−1

0.4 < z ≤ 0.7 23.25 −3.88+0.08
−0.08 277

23.55 −4.03+0.05
−0.05 494

23.85 −4.14+0.03
−0.03 528

24.15 −4.39+0.03
−0.03 327

24.45 −4.67+0.04
−0.03 181

24.75 −4.87+0.04
−0.04 118

25.05 −5.04+0.04
−0.05 79

25.35 −5.14+0.05
−0.06 64

25.65 −5.32+0.07
−0.07 43

25.95 −5.57+0.08
−0.10 24

26.25 −6.11+0.15
−0.24 7

26.55 −6.11+0.11
−0.24 7

26.85 −6.48+0.22
−0.48 3

27.15 −6.65+0.18
−0.30 2

27.45 −6.48+0.22
−0.48 3

0.7 < z ≤ 1.0 23.85 −4.21+0.06
−0.06 455

24.15 −4.34+0.03
−0.03 534

24.45 −4.58+0.03
−0.03 345

24.75 −4.81+0.03
−0.03 217

25.05 −5.08+0.04
−0.04 121

25.35 −5.24+0.04
−0.05 85

25.65 −5.36+0.05
−0.05 65

continued . . .
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. . . continued

z log L150 MHz log ρ N
log W Hz−1 Mpc−3 log L−1

25.95 −5.55+0.06
−0.07 42

26.25 −5.70+0.07
−0.08 30

26.55 −5.86+0.09
−0.09 21

26.85 −6.40+0.18
−0.30 6

27.15 −6.70+0.22
−0.48 3

27.45 −6.34+0.15
−0.24 7

1.0 < z ≤ 1.3 24.15 −4.42+0.06
−0.06 354

24.45 −4.57+0.03
−0.04 419

24.75 −4.77+0.03
−0.03 296

25.05 −5.07+0.04
−0.04 156

25.35 −5.35+0.05
−0.05 85

25.65 −5.44+0.05
−0.05 70

25.95 −5.75+0.07
−0.07 35

26.25 −5.78+0.07
−0.09 33

26.55 −6.15+0.11
−0.15 14

26.85 −6.12+0.10
−0.13 15

27.15 −6.26+0.13
−0.14 11

27.45 −6.82+0.22
−0.48 3

28.05 −7.00+0.18
−0.30 2

1.3 < z ≤ 1.7 24.45 −4.75+0.06
−0.06 298

24.75 −4.81+0.03
−0.03 384

25.05 −4.99+0.03
−0.03 279

25.35 −5.21+0.03
−0.04 180

25.65 −5.53+0.05
−0.05 89

25.95 −5.67+0.05
−0.05 66

26.25 −5.87+0.06
−0.07 41

26.55 −6.00+0.07
−0.09 31

26.85 −6.12+0.08
−0.10 24

27.15 −6.32+0.10
−0.13 15

27.45 −6.80+0.15
−0.22 5

27.75 −6.54+0.12
−0.18 9

continued . . .
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. . . continued

z log L150 MHz log ρ N
log W Hz−1 Mpc−3 log L−1

28.05 −7.20+0.18
−0.30 2

1.7 < z ≤ 2.1 24.75 −4.74+0.05
−0.05 387

25.05 −4.81+0.03
−0.03 432

25.35 −5.02+0.03
−0.03 289

25.65 −5.36+0.04
−0.04 140

25.95 −5.63+0.04
−0.05 78

26.25 −5.81+0.05
−0.06 52

26.55 −6.11+0.08
−0.09 26

26.85 −6.19+0.09
−0.11 22

27.15 −6.21+0.09
−0.11 21

27.45 −6.63+0.14
−0.20 8

27.75 −6.63+0.14
−0.20 8

28.05 −7.23+0.18
−0.30 2

2.1 < z ≤ 2.5 24.75 −4.87+0.08
−0.08 167

25.05 −4.98+0.04
−0.04 273

25.35 −5.10+0.03
−0.03 236

25.65 −5.44+0.04
−0.04 116

25.95 −5.77+0.06
−0.06 57

26.25 −5.99+0.07
−0.08 35

26.55 −6.36+0.10
−0.13 15

26.85 −6.31+0.09
−0.12 17

27.15 −6.59+0.13
−0.18 9

27.45 −6.95+0.18
−0.30 4

27.75 −7.25+0.18
−0.30 2

28.05 −7.07+0.22
−0.48 3

28.35 −7.25+0.18
−0.30 2

As mentioned in Appendix 4.A, our selection of radio-excess AGN, based on radio-
excess > 3σ, may miss low-luminosity radio-AGN, particularly in massive star-forming
galaxies where the radio-emission is dominated by star-formation processes rather
than the jets; this can lead to missing radio-AGN in the derived luminosity functions
for the radio-excess AGN (Fig. 4.7) and of the LERGs (Fig. 4.8). To determine the
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luminosity down to which our luminosity functions are robust against this selection
effect, we calculated the typical radio-luminosities due to star-formation (based on their
median star-formation rates and the radio-star-formation rate relation e.g. Smith et al.
2021), for the sources in each of the six redshift bins in Fig. 4.7. We find that over
all redshift bins, the typical star-forming radio luminosity is lower than the faintest
luminosity bin that we consider by at least 0.7 dex (corresponding to a radio excess of
≈ 3σ). We therefore conclude that although some individual high star-formation rate
sources (most commonly at high stellar mass) may be affected, the global impact of this
selection effect on our luminosity functions is negligible. We repeated this analysis for
the evolving LERG luminosity functions shown in Fig. 4.8, and find a similar result.

4.4 Cosmic evolution of the LERG luminosity

functions

The total radio-AGN luminosity functions presented in Sect. 4.3.5 contain a mixture
of both the LERG and the HERG populations. These two populations are expected to
evolve differently with the LERGs dominating the space densities at low luminosities
whereas the HERGs dominate at high radio luminosities (e.g. Best & Heckman,
2012); the LERG population is also particularly interesting for radio-AGN feedback
considerations. Previous studies (e.g. Best et al., 2014; Pracy et al., 2016; Williams et al.,
2018; Butler et al., 2019) have attempted to model the evolution of the LERGs, however
the current LoTSS Deep Fields dataset with vastly greater numbers of LERGs resulting
from the combination of deep radio and multi-wavelength datasets over ∼ 25 deg2

allows us to study the cosmic evolution of this population in unprecedented detail.

In Fig. 4.8, we show the evolution of the LERG LF for the LoTSS Deep Fields in four
redshift bins (0.5 < z ≤ 1.0, 1.0 < z ≤ 1.5, 1.5 < z ≤ 2.0, and 2.0 < z ≤ 2.5), each
spanning 3 − 4 decades in luminosity. The combined LoTSS Deep Fields LFs, also
tabulated in Table 4.4, are shown as pink circles. The LFs for individual fields are also
shown in pink, using the same symbols for each field as in Fig. 4.6. In each panel, the
black dotted line shows the parametrised form of the local (z < 0.3) LERG luminosity
function determined by Best et al. (2014), scaled to 150 MHz using a spectral index
α = −0.7. We find that the LERG population shows modest evolution between between
0 < z < 0.75, especially at high luminosities, although the details of this depend on the
assumed spectral index. Beyond z = 0.75, we see a relatively mild evolution in the LFs
with redshift.
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Figure 4.8 Cosmic evolution (across 0.5 < z ≤ 2.5) of the LERG luminosity
functions at 150 MHz for the combined LoTSS Deep sample (pink
circles), showing relatively mild evolution across the redshift bins
examined. Also shown are the LFs in individual LoTSS Deep fields (in
pink; same symbols as in Fig. 4.6) and the parametric fit to the local
LERG AGN LF from Best et al. (2014) (black dotted line), scaled
to 150 MHz assuming a spectral index α = −0.7. The pure density
evolution (PDE), pure luminosity evolution (PLE), and combined
luminosity and density evolution (LDE) models from fits to individual
redshift bins are shown as orange (dash-dotted) and blue (dashed),
dark blue (dotted) lines, respectively (see Sect. 4.4.1 for details). For
0.5 ≤ 1.0, the LERG LF from Best et al. (2014, green triangles),
scaled to 150 MHz using a spectral index α = −0.7, shows good
agreement with our results. The LFs from Williams et al. (2018),
reaching z ∼ 2 (yellow squares in the three lowest redshift bins),
have systematically lower space densities compared to our results.
Further tests show that the differences are largely driven by our
improvements in the source classification criteria used.
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We compare our results to the LERG LF derived by Best et al. (2014) at 0.5 < z ≤ 1
in Fig. 4.8, shifted to L150 MHz using a spectral index α = −0.7. Best et al. (2014)
compiled catalogues of radio-detected AGN from eight surveys, covering different radio-
depths and areas, to obtain a sample of 211 radio-loud AGN. They used spectroscopic
information to classify their AGN sample into LERGs and HERGs, representing the
first study on the evolution of the two modes of AGN, separately, out to z ∼ 1. The
LoTSS-Deep LF shows good agreement with their resulting luminosity function (green
triangles), with our data probing fainter luminosities.

Also in Fig. 4.8, we show the LERG LFs computed by Williams et al. (2018), who
studied the cosmic evolution (0.5 < z ≤ 2) of a sample of 1224 LOFAR-detected sources
within the Boötes field (albeit with shallower radio data). They used the combination of
the FIR-radio correlation of Calistro Rivera et al. (2016) and results from SED fitting
via AGNFitter to perform source classifications. Radio sources that lie 2σ away from
the FIR-radio correlation (Calistro Rivera et al., 2017) were identified as radio-loud
AGN. Then, the various AGN and galaxy models fitted by AGNFitter were used to
quantify the fraction of MIR emission arising from the AGN compared to the galaxy
component ( fAGN); sources with fAGN > 0.25, indicative of significant emission from
the torus, were classified as HERGs, as would be expected, whereas the remainder are
classified as LERGs, which are expected to show little to no torus emission. Their final
sample contains 243 LERGs (and 398 HERGs) within 0.5 < z ≤ 2, with their resulting
LF shown as yellow squares in Fig. 4.8.

We note that the Williams et al. LFs appear systematically offset to lower space densities
than our dataset in all redshift bins, and also appear offset by ∼ 0.4 dex at moderate
to faint luminosities (L150 MHz < 1026 W Hz−1) compared to Best et al. (2014). We
have performed tests to investigate the source of this discrepancy, and find this to be
largely driven by the different source classification schemes adopted. In principle, the
source classification method of Williams et al. (2018) detailed above is similar to the
one used by Best et al. (in prep.), however, in practise, the exact criteria differ for
both the selection of radio-excess AGN and for separating HERGs and LERGs (see
Sect. 4.2.2). Therefore we reconstructed the LERG LFs with the LoTSS-Deep data
using the classification scheme adopted by Williams et al. (2018) to test the effect this
has on the LFs and the comparison with the Williams et al. (2018) results. Specifically,
we identified radio-excess sources making use of the FIR-radio correlation of Calistro
Rivera et al. (2017) using physical galaxy properties derived from AGNFitter only
instead of the consensus values, and we classified these sources as HERGs or LERGs
using the Williams et al. (2018) fAGN parameter.
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Table 4.4 Luminosity functions of the LERGs in the LoTSS Deep Fields between 0.5 < z ≤ 2.5, illustrated in Fig. 4.8. Also shown
are the LFs in the same redshift bins, for the subsets of the LERG population that are hosted by quiescent galaxies and
by star-forming galaxies, respectively; these resulting LFs are discussed in more detail in Sect. 4.6, with the separation of
quiescent and star-forming host galaxies of the LERGs described in Sect. 4.5.1. Space densities for bins with N < 2 are not
shown.

z log10 L150 MHz log10 ρLERG NLERG log10 ρLERG,Q NLERG,Q log10 ρLERG,SF NLERG,SF

log10 W Hz−1 Mpc−3 log L−1 Mpc−3 log L−1 Mpc−3 log L−1

0.5 < z ≤ 1.0 23.55 −4.07+0.07
−0.07 428 −4.22+0.07

−0.07 303 −4.60+0.08
−0.08 125

23.85 −4.19+0.05
−0.05 808 −4.39+0.05

−0.05 510 −4.62+0.05
−0.05 298

24.15 −4.37+0.03
−0.03 743 −4.61+0.03

−0.03 431 −4.75+0.03
−0.04 312

24.45 −4.66+0.03
−0.03 424 −4.91+0.03

−0.03 238 −5.02+0.03
−0.03 186

24.75 −4.88+0.03
−0.03 271 −5.08+0.03

−0.04 172 −5.32+0.04
−0.04 99

25.05 −5.11+0.03
−0.03 164 −5.26+0.04

−0.04 117 −5.65+0.05
−0.07 47

25.35 −5.25+0.04
−0.04 121 −5.34+0.04

−0.05 97 −5.95+0.08
−0.10 24

25.65 −5.39+0.04
−0.05 87 −5.48+0.05

−0.06 71 −6.13+0.10
−0.12 16

25.95 −5.59+0.05
−0.06 56 −5.71+0.06

−0.07 42 −6.19+0.11
−0.15 14

26.25 −5.84+0.09
−0.08 32 −5.88+0.07

−0.08 29 −6.86+0.22
−0.48 3

26.55 −6.06+0.08
−0.10 19 −6.20+0.11

−0.15 14 −6.64+0.15
−0.22 5

26.85 −6.74+0.18
−0.30 4 −6.86+0.22

−0.48 3

27.15 −6.86+0.12
−0.48 3 −7.04+0.18

−0.30 2

27.45 −6.74+0.18
−0.30 4

continued . . .
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. . . continued

z log10 L150 MHz log10 ρLERG NLERG log10 ρLERG,Q NLERG,Q log10 ρLERG,SF NLERG,SF

log10 W Hz−1 Mpc−3 log L−1 Mpc−3 log L−1 Mpc−3 log L−1

1.0 < z ≤ 1.5 24.15 −4.47+0.07
−0.07 401 −4.79+0.08

−0.08 189 −4.76+0.07
−0.07 212

24.45 −4.68+0.04
−0.04 516 −5.13+0.05

−0.05 183 −4.87+0.04
−0.04 333

24.75 −4.88+0.03
−0.03 392 −5.40+0.04

−0.04 117 −5.03+0.03
−0.03 275

25.05 −5.17+0.03
−0.03 218 −5.61+0.05

−0.05 78 −5.36+0.03
−0.04 140

25.35 −5.43+0.04
−0.04 124 −5.78+0.06

−0.06 55 −5.68+0.05
−0.05 69

25.65 −5.55+0.05
−0.05 96 −5.98+0.07

−0.08 36 −5.76+0.05
−0.05 60

25.95 −5.78+0.05
−0.07 57 −6.10+0.07

−0.09 27 −6.06+0.07
−0.10 30

26.25 −5.97+0.06
−0.08 37 −6.16+0.08

−0.10 24 −6.42+0.09
−0.16 13

26.55 −6.29+0.09
−0.11 18 −6.59+0.12

−0.18 9 −6.59+0.12
−0.18 9

26.85 −6.25+0.08
−0.10 20 −6.70+0.11

−0.24 7 −6.43+0.12
−0.11 13

27.15 −6.37+0.10
−0.13 15 −6.94+0.18

−0.30 4 −6.50+0.11
−0.14 11

27.45 −6.94+0.18
−0.30 4 −7.25+0.18

−0.30 2 −7.25+0.18
−0.30 2

1.5 < z ≤ 2.0 24.75 −4.72+0.04
−0.04 549 −5.47+0.06

−0.06 96 −4.81+0.04
−0.04 453

25.05 −4.86+0.03
−0.03 488 −5.71+0.05

−0.06 68 −4.92+0.03
−0.03 420

25.35 −5.09+0.03
−0.03 306 −5.91+0.05

−0.07 46 −5.16+0.03
−0.03 260

25.65 −5.43+0.04
−0.04 145 −6.26+0.09

−0.09 22 −5.50+0.04
−0.04 123

25.95 −5.65+0.05
−0.05 91 −6.26+0.09

−0.11 22 −5.77+0.05
−0.06 69

26.25 −5.87+0.06
−0.06 55 −6.46+0.11

−0.15 14 −6.00+0.06
−0.07 41

continued . . .
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. . . continued

z log10 L150 MHz log10 ρLERG NLERG log10 ρLERG,Q NLERG,Q log10 ρLERG,SF NLERG,SF

log10 W Hz−1 Mpc−3 log L−1 Mpc−3 log L−1 Mpc−3 log L−1

26.55 −6.08+0.08
−0.07 34 −6.57+0.10

−0.14 11 −6.25+0.09
−0.11 23

26.85 −6.20+0.06
−0.10 26 −6.72+0.14

−0.20 8 −6.36+0.09
−0.11 18

27.15 −6.34+0.10
−0.10 19 −6.84+0.18

−0.18 6 −6.51+0.09
−0.11 13

27.45 −6.84+0.18
−0.30 6 −6.84+0.12

−0.30 6

27.75 −6.67+0.12
−0.18 9 −6.78+0.12

−0.24 7

28.05 −7.14+0.22
−0.48 3 −7.14+0.22

−0.48 3

2.0 < z ≤ 2.5 24.75 −4.91+0.08
−0.08 206 −5.75+0.11

−0.12 27 −4.97+0.08
−0.08 179

25.05 −5.00+0.04
−0.04 329 −6.07+0.08

−0.09 27 −5.03+0.04
−0.04 302

25.35 −5.16+0.03
−0.03 260 −6.62+0.13

−0.18 9 −5.17+0.03
−0.03 251

25.65 −5.54+0.04
−0.04 117 −6.83+0.13

−0.30 6 −5.56+0.04
−0.04 111

25.95 −5.90+0.05
−0.06 53 −7.02+0.18

−0.30 4 −5.93+0.06
−0.06 49

26.25 −6.04+0.06
−0.07 39 −6.79+0.15

−0.24 7 −6.13+0.07
−0.09 32

26.55 −6.55+0.12
−0.13 12 −7.33+0.18

−0.30 2 −6.63+0.11
−0.15 10

26.85 −6.46+0.10
−0.13 15 −6.49+0.11

−0.10 14

27.15 −6.74+0.10
−0.20 8 −6.80+0.15

−0.24 7

27.45 −7.17+0.22
−0.48 3 −7.17+0.22

−0.48 3

27.75 −7.17+0.22
−0.48 3 −7.17+0.22

−0.48 3

continued . . .
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. . . continued

z log10 L150 MHz log10 ρLERG NLERG log10 ρLERG,Q NLERG,Q log10 ρLERG,SF NLERG,SF

log10 W Hz−1 Mpc−3 log L−1 Mpc−3 log L−1 Mpc−3 log L−1

28.05 −7.17+0.22
−0.48 3 −7.17+0.22

−0.48 3
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Fig. 4.9 shows comparison with Williams et al. (2018) when applying their source
classification scheme to our LoTSS Deep dataset (cyan squares; hereafter LoTSS-Deep
W18). We find that the derived LFs now show better agreement at all redshifts with the
LFs derived in this work (within 2σ) based on Best et al. (in prep.) classifications, than
with the Williams et al. (2018) results, especially at high radio luminosities and higher
redshifts. This appears to be largely because we used an updated version of AGNFitter
compared to the one used in Williams et al. with improved models being used in the
fitting process resulting in better fits in general. This has a significant effect on the
classification of sources as HERGs or LERGs.

The reconstructed LoTSS-Deep W18 LFs do not agree well with ours at faint radio
luminosities, at all redshifts. We find that this is due to a significant number of sources
being classified as radio-excess sources (and subsequently as LERGs) by our criteria,
but as SFGs under the Williams et al. (2018) criteria. The discrepancy in the source
classification arises from the two different estimates of SFRs in the two procedures:
consensus SFRs used in this study, and AGNFitter based IR luminosities (and hence
SFRs) used by Williams et al. (2018). Best et al. (in prep.) show that the SFRs
reported by AGNFitter are found to be systematically offset to higher values than those
reported by the other three SED fitting routines used. Therefore, if using the AGNFitter
estimated SFRs, we find these sources (for which the classification disagrees) to lie less
than 2σ above the FIR-radio correlation and hence be identified as SFGs, whereas when
the consensus SFRs are used, the sources lie well above the relation for star-forming
galaxies and hence are selected as radio-loud AGN.

This is likely a result of one of the key differences between AGNFitter and the three
other SED fitting codes used here. Unlike the others, AGNFitter does not assume an
“energy balance” between the stellar emission in the UV and optical, and the re-radiated
dust emission in the infrared; instead both of these components are allowed to be fitted
independently, with a prior that the infrared energy must be at least equal to the energy
absorbed in the UV-optical regime. This is also discussed in more detail by Best et al.
(in prep.) but in conclusion, the consensus SFRs computed are therefore expected to
be more robust and hence used for source classification by Best et al. (in prep.) and
for other analysis in this work. We also note that the good agreement in the evolution
of the total radio-AGN LFs seen in Sect. 4.3.5 and also for the star-forming galaxy
LFs (Cochrane et al. in prep.) gives us more confidence in our adopted classification
scheme.
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Figure 4.9 Comparison of the cosmic evolution of LERG LFs with Williams
et al. (2018) using different source classification schemes. We show
the LFs resulting from the LoTSS-Deep classification scheme (pink
circles; as in Fig. 4.8), and the resultant LoTSS-Deep LF when the
source classification method of Williams et al. (2018) is applied to our
LoTSS-Deep sample (cyan squares; see also Sec. 4.4). The literature
results from Williams et al. (2018) (yellow squares) and Best et al.
(2014) (green triangles) are also shown.
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4.4.1 Modelling the cosmic evolution of the LFs

The radio luminosity function of AGN is generally modelled as a broken power-law of
the form

ρ(L) =
ρ?

(L?/L)β + (L?/L)γ
, (4.8)

where ρ? is the characteristic space density, L? is the characteristic luminosity, and, β
and γ are the bright and faint end slopes, respectively (e.g. Dunlop & Peacock, 1990).
As evident from comparison with the 0.5 < z ≤ 1 Best et al. (2014) LF in Fig. 4.8, the
area covered by the first data release of the LoTSS Deep Fields is not sufficient to probe
bright enough luminosities to constrain the bright-end slope of the LERG LF, at all
redshifts. Therefore, we considered modelling the evolution of the LERG population as
the luminosity evolution and density evolution of the local LF such that in equation 4.8,
ρ?(z) accounts for the redshift evolution of the normalisation and L?(z) is the redshift
evolution of the characteristic luminosity. For this process, we assumed that the shape
of the LF remains constant by fixing the bright-end slope β = −1.27, and the faint-end
slope γ = −0.49, as found by a broken power-law fit to the local radio-AGN LF by
Mauch & Sadler (2007). Although the Mauch & Sadler LF includes both the LERGs
and HERGs, the faint-end slope, which is the key parameter to constrain as our data
does not probe the bright end well, will be dominated by the LERGs; the Mauch &
Sadler (2007) faint-end slope provides a better match to our dataset than, for example,
the jet-mode AGN LF of Best et al. (2014). We also find that a broken power law fit
to the radio-AGN LF of Sabater et al. (2019) gives a faint-end slope consistent with
the Mauch & Sadler (2007) value, and hence gives similar results in modelling the
evolution below.

We first considered a luminosity and density evolution (LDE) model where we allowed
ρ?(z) and L?(z) to be free parameters: both of these parameters were then fitted for
each redshift bin using the emceeMarkov Chain Monte Carlo (MCMC) fitting routine
(Foreman-Mackey et al., 2013), with the resulting fitted ρ?(z) and L?(z) shown in
Table 4.5. This LDE model can also be expressed in terms of a (1 + z) parameterisation
such that the evolution of the normalisation is expressed as ρ?(z) = ρ?(0) × (1 + z)αD ,
and, the redshift evolution of the characteristic luminosity, L?(z), is given as L?(z) =

L?(0) × (1 + z)αL . Here, αD and αL correspond to the density and luminosity evolution
parameters, respectively. This can be used to both illustrate how strong the evolution is,
and if it follows a simple trend with redshift. For these cases, we used the Mauch &
Sadler normalisation ρ?(0) = 1

0.410−5.5 log L−1 Mpc−3 (converted to per log luminosity)
and the characteristic luminosity L?(0) = 1025.27 W Hz−1 (scaled to 150 MHz assuming
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α = −0.7) along with their two slopes. The corresponding values for the evolution
parameters for this LDE model, along with the reduced chi-squared goodness of fit
values, χ2

ν, are also listed in Table 4.5.

For each redshift bin, we also considered a pure luminosity evolution (PLE) model (i.e.
we set αD = 0) and a pure density evolution (PDE) model (i.e. we set αL = 0). The
resulting best-fitting αD and αL parameters (as appropriate for each model) for each
redshift bin are listed in Table 4.5, along with the χ2

ν values. The resulting best-fitting
LFs for all three models at each redshift bin are also shown in Fig. 4.8. We find that both
the PLE and PDE models are not sufficient at describing the evolution of the LERGs, in
particular at high radio luminosities, as also noted by the resulting χ2

ν values in Table 4.5.
The LDE model is better able match the high-luminosity end of the LF. The LDE fits
indicate that at least out to z ∼ 2, there is a mild increase in the characteristic luminosity
and a corresponding mild decrease in the characteristic space density with increasing
redshift. This appears to reverse in the highest redshift bin, however it should be noted
that there is some degeneracy between the fitted L?(z) and ρ?(z), especially due to the
lack of a prominent break in the LFs.

Finally, we considered how uncertainties in the source classification criteria employed
affects our results on the LERG luminosity functions; this is discussed in detail in
Appendix 4.A. In summary, given the good agreement between our LFs and literature
results of the total radio-AGN LFs across redshift, we studied the effects of varying
the selection of ‘optical-AGN’ on the LERG to HERG classification. We find that
the evolution of the LERG population is largely insensitive (at the . 0.2 dex level)
to the exact threshold used for separating the two modes of AGN, even under a very
conservative definition of HERGs; this gives us confidence in our source classification
criteria adopted and on the resulting evolution of the LERG LFs.

To understand the origin of the mild evolution seen in the luminosity functions of the
LERGs, we investigate the incidence of the LERGs as a function of stellar mass and
redshift in different types of host galaxies in Sect. 4.5.
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Table 4.5 Results of modelling the evolution of the LERG LFs using a pure luminosity evolution (PLE), pure density evolution (PDE),
and luminosity and density evolution (LDE) models, relative to the local relation from Mauch & Sadler (2007), as detailed in
Sect. 4.4.1. The best-fitting LFs for each model are also shown in Fig. 4.8.

z PLE PDE LDE
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

log10 L?(z) αL χ2
ν log10 ρ

?(z) αD χ2
ν log10 ρ

?(z) log10 L?(z) αD αL χ2
ν

0.5 < z ≤ 1.0 25.59 1.30+0.07
−0.07 5.46 -4.89 0.88+0.05

−0.05 8.53 -5.34 25.95 −0.99+0.28
−0.29 2.78+0.44

−0.47 4.72

1.0 < z ≤ 1.5 25.50 0.65+0.05
−0.05 11.85 -4.94 0.46+0.04

−0.04 15.83 -5.72 26.38 −1.76+0.23
−0.25 3.15+0.37

−0.41 5.84

1.5 < z ≤ 2.0 25.79 1.18+0.04
−0.04 8.74 -4.67 0.98+0.03

−0.03 16.16 -5.62 26.49 −1.17+0.17
−0.17 2.78+0.26

−0.27 6.05

2.0 < z ≤ 2.5 25.58 0.60+0.04
−0.04 2.78 -4.83 0.53+0.04

−0.04 3.62 -5.23 25.73 −0.25+0.22
−0.22 0.90+0.27

−0.28 2.95
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4.5 Prevalence of AGN activity with stellar mass

and star-formation rate

It is well-known that the prevalence of radio-AGN increases strongly with stellar mass
in the local Universe (e.g. Best et al., 2005b; Smolčić et al., 2009; Janssen et al., 2012;
Sabater et al., 2019) and early studies out to z ∼ 1 suggest that this trend holds at earlier
cosmic time (e.g. Tasse et al., 2008; Simpson et al., 2013). Here, we study the redshift
evolution of LERG activity by measuring how the fraction of galaxies that host a LERG
varies with stellar mass and redshift.

For the LERG sample, we used the consensus stellar masses derived from SED fitting
(see Sect. 4.2.1). For the underlying galaxy population, we used the stellar masses
(50th percentile of the posterior distribution) computed by Duncan et al. (2021) using a
grid-based SED fitting method (see also Duncan et al., 2014, 2019) for the full multi-
wavelength catalogue in each field. Duncan et al. (2021) validated their stellar masses for
the population as a whole using comparison with literature galaxy stellar mass functions,
and also showed them to be in good agreement on a source-by-source basis (in ELAIS-
N1, where comparison was possible); Best et al. (in prep.) also find no systematic offset
between the Duncan et al. and the consensus stellar masses. As detailed by Duncan
et al. (2021), the photometric redshifts, and hence the derived stellar masses, are found
to be reliable at z < 1.5 for host-galaxy dominated sources; we therefore restrict our
analysis of the LERG mass fractions to z < 1.5 in this section. In deriving the LERG
mass fractions, to avoid biasing our results by stellar mass incompleteness, we restrict
analysis to masses above the 90 per cent stellar mass completeness limits estimated by
Duncan et al. (2021), following the empirical Pozzetti et al. (2010) method. In summary,
within narrow redshift slices, 20% of the faintest sources above the 90% magnitude
completeness limit (in the K-band) were selected. Then, the limiting stellar mass was
computed for this subset of sources, defined as the mass of a galaxy at its redshift if
its apparent magnitude was equal to the limiting magnitude. The magnitude limit is
then determined to be the 95th percentile of the limiting stellar mass distribution1. We
estimated the stellar mass completeness limit in each of the five redshift bins as the
stellar mass above which a source would be detected over the full redshift bin, and
simply removed sources with stellar masses below this completeness limit from the

1The completeness limits estimated in this manner are expected to be appropriate for the galaxy
population, however, we note that for AGN in the star-forming population (see Sect. 4.5.1), we may be
complete to lower masses, albeit only by one or two mass bins; we therefore do not expect this to have a
significant effect on the derived results.
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Figure 4.10 Fraction of galaxies hosting a LERG as a function of stellar mass
in five redshift bins between 0.3 < z ≤ 1.5 in the LoTSS Deep Fields.
Panels from left-to-right show this for increasing radio luminosity
limits of L150 MHz ≥ 1024 W Hz−1, L150 MHz ≥ 1024.5 W Hz−1, and
L150 MHz ≥ 1025 W Hz−1. The error bars represent Poisson
uncertainties, following Gehrels (1986) for N < 10. The fraction of
galaxies that host a LERG shows a steep stellar mass dependence,
in particular at high radio luminosity limits; this relation remains at
least out to z ∼ 1.5. We also find evidence of this relation flattening
at lower radio luminosity limits suggesting the presence of an
additional fuelling mechanism which is investigated in Sect. 4.5.1.

analysis.

In Fig. 4.10, we present the fraction of all galaxies that host a LERG as a function
of stellar mass in five redshift bins (0.3 < z ≤ 0.5, 0.5 < z ≤ 0.7, 0.7 < z ≤ 1.0,
1.0 < z ≤ 1.2, 1.2 < z ≤ 1.5), shown by different coloured lines, for three equally-
spaced radio luminosity limits (shown in different panels) from L150 MHz ≥ 1024 W Hz−1

to L150 MHz ≥ 1025 W Hz−1. The lowest radio luminosity limit chosen corresponds to a 5σ
detection (based on noise in the deepest regions) at z ∼ 1.5, and is broadly comparable
to the 1.4 GHz luminosity limit (L1.4 GHz = 1023 W Hz−1, assuming α = −0.7) typically
used in similar studies in the local Universe. To account for the lack of a volume-limited
sample, we weight each source by a 1/Vmax factor based on the maximum volume that a
source could be detected in at above 5σ based on the local radio RMS level. The error
bars show Poisson uncertainties (following Gehrels (1986) for stellar mass bins with
N < 10). In total, this results in 2722, 1776, and 835 LERGs (within 0.3 < z ≤ 1.5)
with L150 MHz ≥ 1024 W Hz−1, L150 MHz ≥ 1024.5 W Hz−1, and L150 MHz ≥ 1025 W Hz−1,
respectively.

For the high radio-power LERGs, corresponding to a radio luminosity limit of
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1025 W Hz−1 (right panel of Fig. 4.10), we find that the fraction of galaxies that host a
LERG has a steep dependence on the stellar mass, approaching ∼ 10 per cent at the
highest stellar masses; these results agree with observations in the local Universe (e.g.
Best et al., 2005a; Janssen et al., 2012) and show no signs of redshift evolution. As the
radio luminosity limit is lowered (i.e. going from the right panels to left in Fig. 4.10),
we observe an increase in the LERG fraction at lower stellar masses at all redshifts,
and in particular at higher redshifts, resulting in a shallower dependence of the overall
AGN fraction with stellar mass. Physically, the strong dependence with stellar mass
is expected from arguments based on the fuelling mechanism of the LERGs (e.g. Best
et al., 2006; Hardcastle et al., 2007). The flattening of this relation, in particular at
lower radio luminosities and stellar masses where star-forming galaxies are expected
to dominate the galaxy stellar mass function, suggests the presence of a star-forming
LERG population with a potentially different fuelling mechanism. We investigate this
in more detail in Sect. 4.5.1 by considering the dependence of AGN activity with both
stellar mass and star-formation rate.

4.5.1 Prevalence of LERGs in star-forming and quiescent

galaxies

It is well known that star-forming galaxies occupy a well-defined sequence in the
SFR-M? plane, known as the ‘main-sequence’ of star-formation (e.g. Whitaker et al.,
2012; Speagle et al., 2014a; Schreiber et al., 2015; Tasca et al., 2015), with quiescent
galaxies lying below this sequence. Therefore, the ratio of the star-formation rate and
the stellar mass of a galaxy, known as the specific star-formation rate (sSFR) can be
used to identify quiescent galaxies (e.g. Fontana et al., 2009; Pacifici et al., 2016; Merlin
et al., 2018). In this study, using the consensus SFRs and stellar masses derived from
SED fitting (see Sect. 4.2.1), we select sources as quiescent galaxies if they satisfy the
condition

sSFR < fsSFR/tH(z), (4.9)

where, tH(z) is the age of the Universe at redshift z of the source, and fsSFR = 1/5 defines
the threshold in sSFR. Galaxy samples selected by this criteria have been found to show
good agreement with traditional UVJ rest-frame colour selected samples (e.g. Pacifici
et al., 2016; Carnall et al., 2018, 2020).

Fig. 4.11 shows the SFR-M? relation for the LERG sample in ELAIS-N1 in the same
five redshift bins as in Fig. 4.10 (0.3 < z ≤ 1.5), split into those hosted by quiescent and
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Figure 4.11 The location of LERGs in the ELAIS-N1 field on the SFR-stellar
mass (M?) plane in five redshift bins (0.3 < z ≤ 1.5). The red and
blue points correspond to quiescent and star-forming host galaxies
of LERGs, respectively. The shaded contours show the SFR-M?

distribution (from Magphys) for the underlying IRAC flux-selected
sample from Smith et al. (2021) in each redshift bin. The dashed
black line corresponds to the sSFR selection threshold adopted for
identifying quiescent galaxies (i.e. fsSFR = 1/5 in equation 4.9), as
described in Sect. 4.5.1. Similarly, the green dotted lines, above and
below this line correspond to sSFR thresholds based on fsSFR = 1/3
and fsSFR = 1/10, respectively. The vertical lines correspond to the
90 per cent stellar mass completeness limits for each redshift bin
in ELAIS-N1; sources below this are removed from the analysis of
LERG fractions in Fig. 4.12.
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star-forming galaxies (red and blue points, respectively), separated using the criteria
from equation 4.9. The black dashed line corresponds to the sSFR < 0.2/tH(z) threshold
used to separate the two populations; this results in 1238 quiescent and 1100 star-
forming host galaxies of LERGs within 0.3 < z < 1.5. We also note here that the
vast majority of the star-forming LERGs lie on or below the main-sequence. The
green dotted lines above and below this dividing line correspond to fsSFR = 1/3 and
fsSFR = 1/10, respectively, in equation 4.9; we use these variations on the standard
sSFR threshold to test the robustness of our results on the prevalence of LERGs (see
below). Vertical dashed lines show the stellar mass completeness limits in ELAIS-N1
in each redshift bin that are applied when generating the LERG fraction plot. The
grey shaded contours in each redshift bin show the SFR-M? relation for the underlying
parent galaxy population in ELAIS-N1; these are drawn such that the outermost contour
encompasses 99 per cent of all the underlying sources. For this underlying population,
we use the F3.6 µm > 10 µJy IRAC selected sample of Smith et al. (2021) in ELAIS-N1,
consisting of 183 399 sources for which SED fitting was performed using magphys. We
limit the following analysis to the ELAIS-N1 field as a similar magphys SED fitting
output catalogue for the underlying population is not available in the other two fields.
Limiting to the sources with the best available multi-wavelength coverage, good χ2

SED fits, and within the chosen redshift range (i.e. 0.3 < z ≤ 1.5) results in a final
sample of 140 754 sources in the underlying population that are used in this analysis.
We separate this underlying population into star-forming and quiescent galaxies using
the same sSFR threshold as that used for the LERG population. As evident from the
panels in Fig. 4.11, the fsSFR = 1/5 threshold is found to be an appropriate division
between star-forming and quiescent galaxies at all redshifts.

Fig. 4.12 shows the fraction of quiescent galaxies (of a given mass) that host a LERG
(left), and similarly, the fraction of star-forming galaxies hosting a LERG (right), for
the same five redshift bins as in Fig. 4.10, with a radio luminosity limit of L150 MHz ≥

1024 W Hz−1. The black dashed line also plotted in each panel shows the fLERG ≈

0.01(M?/1011 M�)2.5 relationship found for the prevalence of jet-mode AGN with stellar
mass in the local Universe (Best et al., 2005a). The exact value of the normalisation
in this relationship depends on the luminosity limit and hence on the spectral index
adopted; the line drawn in Fig. 4.12 is for illustration purposes only. The fraction of
quiescent galaxies hosting a LERG agrees well with this steep stellar mass dependence
found in the local Universe, showing essentially no evolution with redshift. In contrast,
the LERG fractions for the star-forming host galaxies show a weaker dependence on
stellar mass, with this relation evolving with redshift such that the LERG fraction
increases with increasing redshift at a fixed stellar mass, with the prevalence of these
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LERGs in star-forming hosts reaching comparable levels to the quiescent hosts at high
redshifts.

As discussed in Sect. 4.4 and Appendix 4.A, our selection of radio-excess AGN based
on radio-excess > 3σ may miss low-luminosity radio-AGN, hosted in massive star-
forming galaxies, in particular, where the radio-emission is dominated by star-formation
processes rather than the jets; this may impact the results determined in Fig. 4.12 given
our adoption of an absolute radio-luminosity limit, as sources of a given jet power
would be harder to identify in such star-forming galaxies. Missing low-luminosity
radio-AGN at high stellar masses may have led to an artificial flattening of the relation
with stellar mass for the star-forming LERGs. We have investigated applying a higher
radio-luminosity limit, L150 MHz ≥ 1025 W Hz−1; this ensures a cleaner sample of radio-
AGN as sources with such high radio powers are likely dominated by the jets rather than
star-formation processes. Using this higher radio luminosity limit results in a steeper
relation with stellar mass for the star-forming LERGs. However, such a high radio
luminosity limit removes a large fraction of the LERGs from the sample, leading to
poorer statistics. Moreover, this limit also means that our investigation is appropriate
for LERGs with the most powerful jets, rather than the “typical” LERG population;
these results are hence also affected by the selection effects. More robust measurements
of the star-forming LERG population will be enabled by upcoming datasets from sub-
arcsecond LOFAR imaging (Sweijen et al. submitted) and the WEAVE-LOFAR survey
(see Chapter 5). The high-resolution radio dataset will allow us to identify the presence
of jets associated with AGN, even in star-forming galaxies, allowing a more robust
selection of the star-forming LERGs, whereas spectroscopy from the WEAVE-LOFAR
survey will complement the separation of radio sources into star-forming galaxies and
AGN using emission line diagnostics.

To quantitatively investigate the trends in the evolution of the LERG mass fractions
seen in Fig. 4.12, we parametrise the LERG mass fractions as a power law of the form

fLERG(M?) = c
(

M?

1011 M�

)β
(4.10)

such that fLERG(M?) is the LERG fraction at mass M?, c is the normalisation at M? =

1011 M�, and β is the power law slope. We then fitted this power law form to the LERG
fractions shown in Fig. 4.12 at each redshift individually, for both the star-forming and
quiescent LERG populations.

Fig. 4.13 shows the results of this power law fitting process for the quiescent (red) and
star-forming (blue) LERG populations in the same five redshift bins as the ones used in
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Figure 4.12 Fraction of quiescent LERGs with L150 MHz ≥ 1024 W Hz−1 hosted in
quiescent galaxies (left), and the fraction of star-forming LERGs
hosted in star-forming galaxies (right) as a function of stellar
mass in ELAIS-N1. The number in each panel lists the number
of quiescent and star-forming LERGs, respectively, within 0.3 < z ≤
1.5, for the given radio luminosity limit. The error bars represent
Poisson uncertainties, following Gehrels (1986) for N < 10.
The black dashed line shows the fLERG ≈ 0.01(M?/1011 M�)2.5

relation found from studies of LERGs in the local Universe; the
normalisation of this relation however depends on the radio
luminosity limit, and hence the assumed spectral index. We find that
the quiescent LERG fractions show a steep stellar mass dependence
with essentially no evolution with redshift out to z ∼ 1.5. The star-
forming LERGs show a much shallower dependence on stellar mass,
with an increase in the normalisation with redshifts.
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Figure 4.13 Results of power-law fits to the star-forming and quiescent LERG
fractions with a functional form given by equation 4.10. top panel
shows the evolution of the power law slope for quiescent (red lines)
and star-forming (blue lines) hosts and the bottom panel similarly
shows the evolution in the normalisation of the LERG fractions
at M? = 1011 M�. The solid line (with crosses) corresponds to
the results obtained from using the fsSFR = 1/5 threshold adopted
throughout this chapter for separating star-forming and quiescent
galaxies (see Sect. 4.5.1). The dashed and dotted lines correspond
to results obtained from using variations of the fsSFR threshold
adopted. The black horizontal line in the top panel corresponds
to the slope obtained in the local Universe (e.g. Best et al., 2005a;
Janssen et al., 2012). We find a clear difference in the slope of
LERG mass fractions between the quiescent and star-forming hosts
of LERGs. The steep power law slope of the quiescent LERGs
agrees well with the local Universe measurement at all redshifts,
consistent with these AGN being fuelled from the hot gas haloes in
massive galaxies; the flatter relation for the star-forming LERGs
suggests that a different fuelling mechanism associated with the
accretion at low levels from the cold gas within these galaxies may
be present. Confidence for this link with the cold gas also comes
from the increase in the normalisation of the LERG fractions for
this sub-group at earlier times when gas fractions were higher.

Fig. 4.12. The top panel of Fig. 4.13 shows the redshift evolution of the power law slope,
β, and bottom panel shows the redshift evolution of the normalisation at M? = 1011 M�

for both populations. The error bars show the 1σ uncertainties in the fitted parameters.
We omit data points where the uncertainties are of order or larger than the magnitude
of the fitted parameters due to a poor fit; this in particular affected the lowest redshift
bin of the star-forming subset due to large uncertainties in the AGN fractions. In each
panel, the solid lines correspond to fsSFR = 1/5, our adopted threshold (see Sect. 4.5.1
for details) for separating star-forming (blue) and quiescent (blue) host-galaxies used
throughout this study. Also shown are the results from fitting the AGN fractions that
were derived based on variations of the fsSFR selection thresholds equal to 1/3 and 1/10
(see also Fig. 4.11). The black dashed line in the top panel corresponds to the power
law slope (β = 2.5) found in studies of jet-mode AGN population in the local Universe
(e.g. Best et al., 2005a; Janssen et al., 2012).

We find that the quiescent and star-forming LERG populations show distinct power
law slopes, with the quiescent LERG mass fractions having a steep slope, close to
the local redshift relation, that remains roughly constant with redshift. Moreover, if
a stricter definition of ‘quiescence’ is used (i.e. fsSFR = 1/10; dotted line), we find
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that the slope of our quiescent LERG population at higher redshifts agrees even better
with the local relation. The star-forming LERG fractions show a much shallower slope,
which is interestingly similar to the relation of the radiative-mode AGN population in
the local Universe (e.g. Janssen et al., 2012). As is evident from Fig. 4.13, the LERG
fractions resulting from the two alternative selection thresholds for quiescent/star-
forming galaxies agree well with the values derived from our adopted ‘quiescence’
criteria (within 1σ based on our uncertainties); this demonstrates that our results are
robust to changes in how quiescent and star-forming host-galaxies are selected.

Looking at the evolution of normalisation of the power law at M = 1011 M� in Fig. 4.13
(bottom), we find that for the quiescent LERGs, the normalisation stays roughly constant
out to z ∼ 1.5. In contrast, the star-forming subset shows a strong increase in the
normalisation of the LERG fraction with increasing redshift, showing an increase by a
factor of ∼ 4 by z ∼ 1, and showing a higher prevalence of being hosted in star-forming
galaxies than quiescent galaxies at these redshifts.

4.5.2 The nature of star-forming and quiescent LERGs

Physically, the differences observed between the quiescent and star-forming hosts of
LERGs suggests that the LERGs in these galaxies are fuelled by different mechanisms.
For the quiescent LERGs, we observe a steep stellar mass dependence on the LERG
fraction, similar to that found in the local Universe (e.g. Best et al., 2005a; Janssen et al.,
2012), where the LERG population is dominated by red, quiescent host galaxies. The
quiescent LERGs are understood to be associated with fuelling from the hot phase (e.g.
Allen et al., 2006; Best et al., 2006; Hardcastle et al., 2007), which requires a supply
of hot gas and a massive black hole; given the correlation between galaxy stellar mass
and both the black hole mass and galaxy halo mass, we expect a strong correlation
between LERG activity and both stellar and black hole mass. Best et al. (2005a) and
Best et al. (2006) have indeed shown that radio-loud AGN activity fradio−loud, depends
strongly on both stellar mass ( fradio−loud ∝ M2.5

? ) and black hole mass ( fradio−loud ∝ M1.6
BH).

Best et al. (2006) also showed that the black hole mass dependence of radio-loud AGN
activity is very similar to the black hole mass dependence on the black hole accretion
rate under standard Bondi accretion. These results have interesting implications for
the AGN-feedback cycle of LERGs: they show that the time-averaged mechanical
energy from the radio-AGN is able to balance the cooling losses from their hot host
haloes, providing evidence for an AGN-feedback controlled fuelling of the black hole
as the likely fuel source of the AGN is the same medium into which energy from the
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AGN is deposited (see also Heckman & Best 2014). Therefore, the steep stellar mass
dependence observed for the quiescent LERGs and the lack of redshift evolution seen
in Fig. 4.12 suggests that these systems are fuelled by cooling of hot gas from haloes,
and that the AGN-feedback cycle may be in place in these galaxies since at least z ∼ 1.5
(see also Sect. 4.7).

In contrast, the LERG activity in star-forming galaxies shows a much flatter dependence
with stellar mass, suggesting that a different physical mechanism may be responsible
for fuelling the AGN in these galaxies. Given that this population is undergoing a recent
episode of star-formation, likely fuelled by the availability of cold gas (e.g. via mergers
or secular processes), we may also expect this cold gas to provide a fuel source for the
black hole as well. Cold gas accretion is often thought to lead to a radiative-mode AGN
(which are widely associated with star-forming galaxies), but these star-forming LERGs
are understood to be fuelled by a radiatively-inefficient accretion flow; hence, the
cold gas associated with the on-going star-formation must also be capable of fuelling
the black hole in a different manner. This is consistent with the idea that it is the
Eddington-scaled accretion rate onto the black hole that determines the accretion mode
(i.e. radiatively efficient/inefficient mode) and not necessarily the fuel source, such that
it is possible to achieve accretion of cold material at low Eddington rates, resulting in a
radiatively inefficient mode of AGN (e.g. see discussion by Best et al., 2014; Hardcastle,
2018; Hardcastle & Croston, 2020).

Other evidence in support of this picture comes from the observation of enhanced LERG
activity in interacting galaxies (e.g. Sabater et al., 2013; Gordon et al., 2019) and that
in lower-mass galaxies (M? . 1011 M�), the merger fraction of LERGs is higher than
that of a control sample (by ∼ 20 per cent; Gao et al. 2020); these results could be due
to the supply of cold gas brought in to the galaxy due to the interaction/merger events.
Indeed there is evidence for large reservoirs of cold molecular gas (∼ 108 − 1010 M�)
in the host galaxies of LERGs in particular (e.g. Okuda et al., 2005; Ocaña Flaquer
et al., 2010; Ruffa et al., 2019a), along with evidence for the cold gas playing a role in
the fuelling of the AGN in some systems (e.g. Tremblay et al., 2016; Maccagni et al.,
2018; Ruffa et al., 2019b). However, it is also worth noting that the presence of cold gas
within the host galaxy does not necessarily imply that this gas reaches and accretes on
to the central engine; the cold gas in some systems is mostly found in a relaxed rotating
disc (e.g. North et al., 2019) and as such would be expected to lead to only relatively
low accretion rates.

In the above scenario, the HERGs may then be expected to be the high accretion rate
(or low black hole mass) extension of this population, such that stochastic variations
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in the fuelling of the black hole may lead to the different nuclear properties, while it
is also possible that fundamental differences in the nature and origin of the accreting
gas may lead to the observed differences. The present data are not sufficient for us to
determine the physical processes underpinning the AGN fuelling and the direct link
with the cold gas; instead detailed characterisation of the multi-phase medium and its
kinematics for matched samples of the three sub-groups of the radio-excess AGN are
required. Nonetheless, the trends of shallower stellar mass dependence of the LERG
fractions and the increase in their normalisation at earlier times is consistent with the
idea that a different mechanism is responsible for fuelling the LERG activity in these
more star-forming galaxies, likely associated with the cold gas component.

4.6 The luminosity functions of the quiescent

LERGs

Given that we see this significant population of LERGs being hosted in star-forming
galaxies at higher redshifts in Sect. 4.5, it is informative to study how the luminosity
functions of both of these populations evolve with redshift in order to understand the
evolution of the LERG population.

Fig. 4.14 shows the evolution of the total LERG LFs (black points, as shown in Fig. 4.8),
but also split into the subsets that are hosted by quiescent (red triangles) and star-forming
(blue squares) galaxies. The error bars represent the 1σ uncertainties with the LFs
also tabulated in Table 4.4. Across the four redshift bins, the LFs are constructed in
total for 3406 quiescent and 5024 star-forming LERGs. We find that LERGs hosted by
star-forming and quiescent galaxies, are both found across all radio luminosities. At
z < 1, the total LERG population is primarily hosted in quiescent galaxies at almost
all radio luminosities, with the star-forming population reaching comparable space
densities only at the faint end. At higher redshifts, we find a steady decline in the space
density of the quiescent LERGs; simultaneously, the space density of the star-forming
subset increases steadily with redshift, with a switch-over in the dominant population
occurring at 1 < z ≤ 1.5. This star-forming LERG population dominates over the
quiescent LERGs across all radio luminosities at z > 1.5. We note that this trend is not
simply due to an increase in the number of star-forming galaxies at early epochs as our
analysis of the AGN mass fractions (see Sect. 4.5.1), which account for this effect, show
an increase in the prevalence of this population too. The combination of the evolution
of these two sub-groups can thus explain the source of the little evolution seen in the
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Figure 4.14 The evolving LFs for the LERGs in LoTSS-Deep split into the subset
hosted by quiescent and star-forming galaxies for the same redshift
bins as in Fig. 4.8. The space densities of the quiescent LERGs
dominate the total LERG population and decrease steadily with
redshift, however the star-forming LERGs begin to prevail beyond
z ∼ 1.5; the combination of the evolution of these two sub-groups
explains the evolution of the total LERG population seen in Sect. 4.4.
For the quiescent LERGs, we show a broken power law fit to the
data in the 0.5 < z ≤ 1 bin, with the shaded region forming the 1σ
uncertainty on the best fit. At higher redshifts, the dashed line and
hatched regions represent the best-fit and 1σ uncertainties from a
2-parameter LDE fit, whereas, the solid line shows an LDE fit where
the density evolution is fixed based on the evolution of the expected
host galaxies, and can be seen to provide a good match to the data
within the 1σ region at each redshift.
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total LERG LFs (see Sect. 4.4).

We also considered how uncertainties in the separation of LERGs and HERGs affect the
LFs of the quiescent and star-forming LERGs; this analysis is detailed in Appendix 4.A.
In summary, we modified and applied additional criteria for selecting ‘optical-AGN’
(i.e. those that show signs of MIR emission from an AGN, typical for HERGs) and
reconstructed the LFs of the HERGs and the two sub-groups of LERGs. We found
that at all redshifts, the quiescent LERGs are a robust population, largely unaffected
by the exact threshold used to separate HERGs from the LERGs. Similarly, the star-
forming LERGs also show little change in their LFs, even for quite extreme changes in
classification criteria, with changes being largely consistent within 2σ of the errors.

Here, we focus on modelling the evolution of the quiescent LERG LFs as this population
is particularly important for radio-mode feedback considerations. To do this, we first
fitted the 0.5 < z ≤ 1.0 quiescent LERG LFs as a broken power law (with all four free
parameters), with the best-fitting model shown as a solid red line in the 0.5 < z ≤ 1
panel of Fig. 4.14 and the shaded region representing the 1σ uncertainties on the best
fit2. The fitted parameters are also tabulated in Table 4.6.

Fitting all parameters for a broken power law independently at higher redshifts for the
quiescent LERGs is not possible due to the lack of any strong break in the LFs. Instead,
we fixed the two power law slopes at the values derived from the fit at 0.5 < z ≤ 1,
and adopted an LDE model by fitting directly for ρ? and L? at each redshift3. The
resulting fitted model and 1σ uncertainties are shown by the dashed lines and hatched
regions in Fig. 4.14. Due to the lack of an obvious break in the LFs, there is a large
degeneracy between the evolution of ρ? and L?, as can be visualised in Fig. 4.15 that
shows a 2D contour plot of the posterior distribution of the LDE model fit in L?(z) and
ρ?(z) parameter space for different redshift bins. For the 0.5 < z ≤ 1 redshift bin, the
contours shown are from the broken power law fit described above.

2Interestingly, in Fig. 4.14, it can be seen that all redshifts, the LF could potentially be fit better
with a shallower faint-end slope, with then an upturn in the space densities of the quiescent LERGs
at the faintest luminosities. At the lowest redshift bin (0.5 < z ≤ 1), the upturn starts to appear at
L150 MHz ≈ 1024.5 W Hz−1; this is typically below the limit probed by previous surveys. If this upturn is
real, then it might suggest that a double Schechter function, which is also used to model the stellar mass
functions, may be more appropriate than a broken power law for modelling the luminosity functions of
the quiescent LERGs in particular. However, the present dataset does not have enough data points at the
faint end beyond the upturn to provide constraints on such a model; deeper radio data, for example from
subsequent data releases of the LoTSS Deep Fields, will allow us to better sample the faint end of the
quiescent LERG population.

3We also examined the PLE and PDE models, but neither is able to match the data well: the PLE
model cannot explain the strong evolution in space densities seen at low luminosities, whereas the PDE
model fails to match the evolution at high luminosities.
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Table 4.6 Results of modelling the evolution of the quiescent LERGs. We fitted
a broken power law to the 0.5 < z ≤ 1 LF. Using this broken power
law fit (i.e. constant slopes), the LF at higher redshifts is modelled
with a luminosity and density evolution. To reduce the degeneracy
between parameters, the evolution of ρ?(z) was fixed based on the
evolution of the expected host galaxies of the quiescent LERGs (i.e.
ρ?(z) ∝ (1 + z)−5.6, see Fig. 4.16), with L?(z) fitted as a free parameter.
The best-fitting models are also shown in Fig. 4.14.

z log10 ρ
?(z) log10 L?(z) β γ χ2

ν

0.5 < z ≤ 1.0 −6.46+0.16
−0.30 27.10+0.47

−0.21 −2.98+1.05
−1.24 −0.61+0.02

−0.02 2.88

1.0 < z ≤ 1.5 −7.08+0.16
−0.30 27.54+0.03

−0.03 ... ... 1.30

1.5 < z ≤ 2.0 −7.57+0.16
−0.30 28.07+0.05

−0.05 ... ... 0.76

2.0 < z ≤ 2.5 −7.98+0.16
−0.30 28.06+0.10

−0.10 ... ... 1.96

Under a simple model, we can consider the evolution of the quiescent LERG LFs to be
dictated by the availability of their expected host galaxies (i.e. the massive quiescent
galaxies; e.g. Best et al. 2014), which can help reduce the degeneracy of the two-
parameter LDE fit. To determine the evolution of the space densities of the hosts of the
quiescent LERGs, we follow the method outlined in Best et al. (2014). Best et al. used
various determinations of the quiescent stellar mass functions from the literature (from
Domínguez Sánchez et al., 2011; Baldry et al., 2012; Moustakas et al., 2013; Ilbert
et al., 2013; Muzzin et al., 2013) and combined this with the prevalence of LERGs
as a function of stellar mass to predict the total space density of the expected LERG
hosts. We use these data compiled by Best et al. (2014), but scale these by a factor
of 0.018/0.01 based on the normalisation of quiescent LERG fractions found in this
study (where 0.018 is the mean normalisation at 1011 M� across 0.3 < z ≤ 1.5, and
0.01 is the normalisation derived by Best et al. 2005a, at their 1.4 GHz radio luminosity
limit). We also remove the small scale-factors that Best et al. (2014) introduced to
line up the different datasets. To this, we add additional points based on a more recent
measurement of the quiescent stellar mass function by McLeod et al. (2021).

Fig. 4.16 shows the results of this analysis, where we find that the space density of
the available hosts remains relatively flat out to z ∼ 0.75, beyond which there is a
sharp decline. Given that we are interested in modelling the evolution of the LFs at
z > 0.75, and that the flattening is observed at z . 0.75, we only model the evolution of
the data points at z > 0.75 in Fig. 4.16. We find that this evolution can be reasonably
approximated as ρ ∝ (1 + z)−5.6, illustrated by the red line in Fig. 4.16. This predicted
evolution of the expected host galaxies, and hence of ρ?(z), can then be used to constrain
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Figure 4.15 2D contour plot showing the posterior distribution of ρ?(z) and
L?(z) for the quiescent LERGs. For 0.5 < z ≤ 1, the contours
are based on a broken power law fit, while at higher redshifts, the
contours show the posterior distributions from a 2-parameter LDE
fit to the LFs. The large degeneracy in these parameters can be
better constrained when the evolution of ρ?(z) is fixed based on
the evolution of the expected host galaxies of quiescent LERGs as
shown by the dashed lines (see Fig. 4.16); based on this estimate,
the shaded vertical regions correspond to the 1σ uncertainties on
the evolved ρ?(z).
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Figure 4.16 The evolution of the space density of the expected host-galaxies of
the quiescent LERGs from literature datasets at z < 4. The McLeod
et al. (2021) data points were determined by combining the stellar
mass function of quiescent galaxies with the prevalence of quiescent
LERGs with stellar mass ( fAGN(M?) = 0.018(M?/1011 M�); see text)
and integrating in stellar mass to obtain the space density of the
expected host galaxies. The other data points (from Domínguez
Sánchez et al., 2011; Baldry et al., 2012; Moustakas et al., 2013;
Ilbert et al., 2013; Muzzin et al., 2013) were complied by Best et al.
(2014, taken from their fig. 6) and scaled appropriately to match the
normalisation in fAGN(M?) found in this study (see text).
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the LDE model, as shown by the dashed lines in the 2D contour plot in Fig. 4.15 for each
redshift bin, with the shaded regions representing the uncertainties in ρ?(z = 0.75) from
the broken power law fit. We find that these shaded regions agree reasonably well with
the peaks of probability distribution functions at z < 2, with only the highest redshift
bin being poorly constrained. To test this explicitly, we fixed the evolution of ρ?(z) at
higher redshifts based on the value from the broken power law fit at 0.5 < z ≤ 1 and a
(1 + z)−5.6 evolution, and fitted directly for L?(z) only for each of the three 1.0 < z ≤ 2.5
bins. The resulting best-fitting models are shown as red solid lines in each panel; these
are found to show a good match to the data, lying within the 1σ hatched region at each
redshift.

These results agree well with studies of the total LERG population out to z . 1 that
find a mild evolution (e.g. Best et al., 2014; Pracy et al., 2016); at these redshifts, the
total LERG population is dominated by the quiescent hosts which show little evolution
(see Fig. 4.16). At higher redshifts, while the total LERG population still shows weak
evolution, as also found by Butler et al. (2019, out to z < 1.3), the quiescent LERG
population declines strongly with increasing redshift in line with the expected host
galaxies, while the characteristic luminosity of the sources increases; this is counter-
balanced by an increasing star-forming LERG population at higher redshifts.

4.7 Implications for cosmic feedback from LERGs

Feedback from LERGs has been incorporated into semi-analytical models to solve the
cooling flow problem in clusters and to recover the observed properties of massive
galaxies in the local Universe. In this section, we consider the implications of our LERG
luminosity functions on the evolution of feedback from radio-AGN across cosmic time.

4.7.1 Kinetic luminosities of LERGs

Although the LERG population have low radio-luminosities, the kinetic energy stored
in the jets can provide a significant energetic output in the form of work done on
the surrounding environment to inflate the lobes; this so-called mechanical (kinetic)
luminosity from the jets can be orders of magnitude larger than the monochromatic radio
luminosities for the LERGs. As the expanding jets plough through the surrounding
material, they create cavities in the hot gas, which can be observed in the X-rays
(Boehringer et al., 1993). As discussed in Chapter 1, the jet kinetic luminosity can
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be estimated from the radio luminosity by considering the energy required to expand
the lobes and inflate the X-ray cavities of pressure p with a volume V , Ecav = fcav pV ,
where fcav = 4 is the commonly adopted value (e.g. Cavagnolo et al., 2010; Best et al.,
2014; Pracy et al., 2016; Butler et al., 2019), with a good correlation found between the
cavity powers and 1.4 GHz radio luminosities (e.g. Bîrzan et al., 2004; Cavagnolo et al.,
2010). In this study, we have used the jet kinetic luminosity relation from Heckman &
Best (2014), based on the analysis from Cavagnolo et al. (2010), given as

Lkin = 7 × 1036 fcav

(
L1.4 GHz/1025 W Hz−1

)0.68
W (4.11)

where, L1.4 GHz is the 1.4 GHz radio luminosity. This is found to be in good agreement
with the mean Lradio - Lkin relation of Willott et al. (1999b), calculated from the
synchrotron properties, also commonly used in literature (see Chapter 1 and the review
by Heckman & Best, 2014).

It is important to note that the above relation has a large scatter that is dominated by
the systematic effects and assumptions about the unknown physics of the radio sources.
Specifically, a simple conversion between radio luminosity and kinetic luminosity is
likely not appropriate as the radio luminosity varies over the lifetime of a radio source,
depends on the energy density and magnetic field of the radio lobes and hence the
environment into which the radio lobes are expanding, and also on the assumed spectral
index. However, while a relation based on radio luminosity alone may not be appropriate
for inferring jet kinetic luminosities for individual sources, we are interested in the
heating output from the AGN at a population level; the use of this scaling relationship
should therefore provide a reasonable mean value. However, an additional issue is that
the above scaling relation has been determined from characterisation of sources at low-
redshifts and it is possible that the radio luminosity of the sources of a given jet power
(and hence the above relation) may evolve with redshift (e.g. due to cosmic evolution
of magnetic field strengths, or increasing inverse-Compton losses); a well-constrained
relation as a function of redshift is, however, still lacking. In the analysis that follows,
we assume that the local relation is applicable over the full redshift range studied, but
note that this might lead to systematic errors.

4.7.2 Evolution of the kinetic luminosity density

The evolving radio luminosity function of LERGs determined in this study can be
combined with equation 4.11 and integrated to estimate the total kinetic luminosity
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Figure 4.17 The evolution of the kinetic luminosity density (also known as
heating rate), Ωkin(z) for all LERGs (black points) and quiescent
LERGs (red triangles) in the LoTSS Deep Fields. The shaded regions
in each case represent the 1σ uncertainties on the kinetic luminosity
density based on uncertainties in fitting the evolution of the LFs.
The kinetic luminosity density was calculated using the Cavagnolo
et al. (2010) relation with fcav = 4 in equation 4.11 using the best
fit LDE models for both the total and quiescent LERG LFs (see
text); these LFs were shifted to 1.4 GHz using a spectral index of
α = −0.7 and integrated in luminosity as given by equation 4.12 to
obtain Ωkin(z). The grey lines show the systematic shift that would
be obtained for the total LERG heating rate using the values fcav = 1
and fcav = 10 that account for the systematic uncertainties in the
estimate of kinetic luminosities. Observational results for the LERG
population from Best et al. (2014) and Butler et al. (2019), along
with predictions from the SAGE model (Croton et al., 2016) are also
shown.

158



density, Ωkin(z) (also referred to as the kinetic heating rate). This is given, in units of
W Mpc−3, as a function of 1.4 GHz radio luminosity as

Ωkin(z) =

∫
Lkin(L1.4 GHz) × ρ (L1.4 GHz, z) d log L1.4 GHz. (4.12)

We calculated the kinetic luminosity density for the total LERG and the quiescent
LERG populations, separately. For the total LERGs, we used the LDE model fits for
each redshift bin based on the evolution of the Mauch & Sadler (2007) local LF (see
Table 4.5). For the quiescent LERG population, we used the LDE model where the
evolution of the characteristic space density is determined based on the evolution of the
expected host galaxies, as detailed in Sect. 4.6 (see also Table 4.6). For both populations,
the best-fitting LF models were shifted to 1.4 GHz using the standard spectral index
α = −0.7 to obtain ρ(L1.4 GHz, z). Then, for each redshift bin, we calculated Lkin(L1.4 GHz)
using equation 4.11 and then integrated the LF down to 10−4 L?(z) to obtain Ωkin(z).

The resulting evolution of the kinetic luminosity density for each of the total LERG
population (black points) and the quiescent LERG population (red triangles) is shown
in Fig. 4.17. In each case, the shaded region corresponds to the uncertainties in the
heating rate based on uncertainties in fitting the evolution of the LFs. The dashed grey
lines show the systematic shift that would be produced for the total LERG heating
rate based on the extreme values of fcav = 1 and fcav = 10; this illustrates the effect of
uncertainties in the calibration of the radio-luminosity to kinetic luminosity relationship
on the absolute values obtained. The kinetic heating rate for the total LERG population
remains roughly constant between 0.5 < z ≤ 2.5 with Ωkin ≈ 4 × 1032 W Mpc−3 at
z = 0.75. In contrast, for the quiescent-LERG population, the heating rate decreases
steadily with increasing redshift, from Ωkin ≈ 2.7 × 1032 W Mpc−3 at z = 0.75 to nearly
an order of magnitude lower by z ∼ 2.5.

Also in Fig. 4.17, we show the estimates of heating rate obtained for the jet-mode
AGN population by Best et al. (2014) for z < 1 (green symbols), also derived using
the Cavagnolo et al. (2010) kinetic luminosity relation with fcav = 4. The dash-dotted
line illustrates the kinetic luminosity density for the LERG population as determined
by Butler et al. (2019) out to z ∼ 1.3. The results from Butler et al. (2019) show a
steady increase in the heating rate with increasing redshift and agree well with our
estimates for the total LERG population, even when extrapolating their results to higher
redshifts. The results from Best et al. (2014) show an increase out to z ∼ 0.6, agreeing
well with the Butler et al. (2019) results, but at higher redshifts, show a decrease in the
heating rates, resulting in better agreement with our quiescent LERG population, within
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errors, than the total LERG population. One potential reason for the better agreement
with the quiescent-LERGs could be due to the method by which jet-mode AGN were
selected by Best et al. (2014); these were identified using emission line ratio diagnostics
to select sources with relatively low emission line fluxes or equivalent widths from
[OII] or [OIII] lines. Jet-mode AGN hosts with considerable star-forming activity will
result in higher equivalent widths of these spectral lines and therefore the spectroscopic
classification used by Best et al. (2014) may result in a sample similar to the quiescent
LERG population identified in this study. We note that even if the Best et al. (2014)
selection is similar to our quiescent LERGs, the good agreement between the Best et al.
(2014) and Butler et al. (2019) results is expected at z < 0.6, where the total LERG
population is dominated by quiescent LERGs.

We also compare our results with predictions from the Semi-Analytic Galaxy Evolution
(SAGE) model (Croton et al., 2016), providing an enhancement to the previous model
by Croton et al. (2006). Croton et al. (2006) considered the prescription of SMBH
growth and AGN feedback in two classes: “quasar mode” and “radio mode” in their
terminology; we consider predictions of feedback from their “radio mode” class of
AGN which is most closely linked with the LERG population in his study. To do this,
we used the predictions of the black hole accretion rate density (ṁBH,R) over cosmic time
for the “radio-mode” population from Croton et al. (2006, see their fig. 3). The ṁBH,R(z)
were then translated into a luminosity of the black hole assuming LBH = ηṁBH,Rc2,
where η = 0.1 is the standard black-hole accretion efficiency and c is the speed of
light. This luminosity generated from the accretion process is considered equivalent
to the kinetic luminosity density output from the LERGs derived in this study. As part
of an update to this model, Croton et al. (2016) introduced a “radio mode efficiency”
parameter, κR within SAGE to provide a more realistic treatment of AGN feedback
cycle by attempting to couple the heating provided by the AGN with the gas cooling. As
a result, Croton et al. (2016) scale their ṁBH,R(z) and hence the black hole luminosities
by κR = 0.08. The resulting prediction for heating rate from the SAGE model is shown
by the dotted cyan line in Fig. 4.17. The total LERGs show a similar shape to the SAGE
model prediction, but offset to higher values by nearly an order of magnitude. This
could be due to calibration errors in the scaling relation, or due to some fraction of
the heating from LERGs (in particular from very extended sources) being deposited
on scales larger than that useful to offset cooling losses. Moreover, the radio-mode
feedback in the SAGE model is scaled to a level required to provide AGN heating that
can offset radiative cooling, however, at higher redshifts in particular, the LERG activity
occurs predominantly in star-forming LERGs (see Sect. 4.6) which may not be part of
the feedback cycle. The kinetic luminosity density of the quiescent LERG population is

160



also systematically higher than the SAGE model at all but the highest redshift bin; these
results therefore suggest that the energy output by the quiescent LERG population alone
is sufficient to offset the radiative cooling losses in these systems at least out to z ∼ 2.5,
thereby providing evidence for a self-regulating AGN feedback cycle in these systems.

However, as discussed above, the uncertainties in the scaling relation between radio
and kinetic luminosities results in a large scatter in this relation, moreover the validity
of this relation at earlier cosmic times is not well characterised; in the absence of a
better constrained physical relation, especially at high redshifts, a detailed comparison
between different estimates of the kinetic luminosity density requires caution.

In summary, in this Chapter, I have used a sample of 10 429 LERGs from the first data
release of the LoTSS Deep Fields, covering ∼ 25 deg2, to present the first measurement
of the evolution of the radio luminosity function (LF) of LERGs out to z ∼ 2.5; this
shows relatively mild evolution. We split the LERG population into those hosted by
quiescent galaxies and those hosted by star-forming galaxies. The prevalence of LERGs
in quiescent galaxies shows a steep dependence on stellar-mass out to z ∼ 1.5, consistent
with local Universe measurements and of accretion occurring from cooling of hot gas
haloes. The quiescent-LERGs dominate the LFs at z < 1, showing a strong decline in
space densities with redshift, tracing that of the available host galaxies, while there is an
increase in the characteristic luminosity. The energy dissipated into the surrounding gas
by these quiescent-LERGs is sufficient to balance cooling losses at least out to z ∼ 2.5.
The star-forming LERG LF increases with redshift, such that it begins to dominate
the LFs at all radio-luminosities at z & 1.5. The prevalence of LERGs in star-forming
galaxies shows a much weaker stellar-mass dependence, and increases with redshift,
suggesting a different fuelling mechanism associated with the cold gas.
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4.A Effects of varying the source classification

criteria

In this Appendix, we explore how deviations from our adopted criteria for source
classification affect our main results on the evolution of the LERG LFs presented in
Sects. 4.4 – 4.7.

As discussed in Sects. 4.3.4 – 4.3.5, the local and evolving LFs for the total radio-
AGN population derived in LoTSS-Deep agree well with literature results (as do those
of the SFGs by Cochrane et al. in prep.), giving us confidence in our separation of
star-forming galaxies from radio-excess AGN across redshift. Furthermore, we have
investigated increasing and decreasing the radio-excess criteria by 0.1 dex and find
that the LERG LFs are largely unchanged, with typical changes in space densities of
< 0.15 dex. Therefore, in this section, we focus on investigating the modification of the
selection of the so-called ‘optical-AGN’, which will result in a change between sources
classified as HERGs and LERGs. We note that it can be challenging to identify (optical)
AGN of moderate to low luminosities using photometric data; this may be particularly
important in star-forming galaxies as both AGN activity and star-formation contribute
to the MIR emission, making it difficult to disentangle contributions associated with
the different emission processes. If such sources also show radio-loud emission and
the optical-AGN component is missed, then based on our source classification criteria,
these would be mis-classified as LERGs (and likely as star-forming LERGs) instead of
HERGs. Although this issue is inevitable in the absence of emission line diagnostics
that allow a more robust selection of optical AGN, we consider the impact of this
potential contamination on our results.

Fig. 4.18 shows the cosmic evolution of the quiescent LERGs, star-forming LERGs,
and HERGs between 0.5 < z ≤ 2.5 based on our adopted source classification criteria
from Best et al. (in prep.), plotted with triangle (red), square (blue), and cross (black)
symbols, respectively. The shaded regions correspond to the 1σ uncertainties on the
LFs. Also shown in Fig. 4.18 are the LFs for these three classes of AGN obtained using
three variations of the ‘optical-AGN’ selection criteria from Best et al. (2021, in prep.):
SC-1, SC-2, and SC-3. As outlined in Sect. 4.2.2, based on the output from each of
AGNFitter and cigale, Best et al. (in prep.) defined a value fAGN for each code, as the
fraction of the mid-infrared luminosity associated with AGN emission compared to the
host galaxy. This diagnostic (in particular the 16th percentile of fAGN) forms a key part
in the selection of ‘optical-AGN’, and hence the separation of ‘radio-excess AGN’ into
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Figure 4.18 Evolution of the luminosity functions of star-forming and quiescent
LERGs, and the HERGs in the LoTSS-Deep fields using different
source classification criteria. The separation of quiescent and star-
forming LERGs is performed based on the sSFR criteria defined in
Sect. 4.5.1. The markers and associated shaded regions correspond
to the LFs and 1σ uncertainties resulting from the adopted source
classification criteria from Best et al. (in prep.), whereas the
lines show the LFs obtained under three variations of the source
classification criteria (see text). In general, we find that the adopted
quiescent and star-forming LERGs, which are the focus of this
chapter, show little change in space densities with changes in source
classification selection, suggesting that the results in the main paper
are robust against uncertainties in the source classification scheme
adopted.
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LERGs and HERGs. We arbitrarily reduced the thresholds for these parameters from
both AGNFitter and cigale by a factor of two (i.e. leading to an increase in the number
of HERGs) and reconstructed the LFs, as shown by the SC-1 (dotted) lines.

We also implemented an additional criteria to that adopted by Best et al. (2021, in prep.)
in the selection of ‘optical-AGN’, using the best-fitting fAGN values from AGNFitter
and cigale in addition to the 16th percentile values. We used fAGN as we wanted to
select objects with high fAGN values, but with large uncertainties (e.g. due to low
S/N), that may be missed by the Best et al. (in prep.) criteria; this allowed us to
test a more complete but possibly contaminated sample, compared to the clean but
possibly incomplete ‘optical-AGN’ sample of Best et al. (in prep.). In order to find
an appropriate threshold in fAGN, we considered first the distribution of sources in the
fAGN(AGNFitter) versus fAGN(Cigale) 2D parameter space. Fig. 4.19 shows a scatter
plot in this 2D space in two broad redshift bins (0 < z ≤ 1.5 and 1.5 < z ≤ 2.5), with the
red, blue, and black points corresponding to the quiescent LERGs, star-forming LERGs,
and HERGs, respectively, as classified based on the Best et al. (in prep.) criteria. It
is reassuring to see that although the best-fitting fAGN parameters were not used in the
selection of the ‘optical-AGN’, the HERGs occupy a well-defined region of this 2D
plane, corresponding to high fAGN values from both the SED fitting codes, albeit with
some overlap with the star-forming LERG population. Moreover, the quiescent and star-
forming LERGs also show very similar distributions in best-fitting fAGN values (from
both AGNFitter and cigale) – and distinct from the HERGs – suggesting that these are
both drawn from the same parent population and that the star-forming LERG population
is not significantly affected by contamination from HERGs. Based on the location of
the HERGs, and that of X-ray detected AGN (indicative of radiative-mode AGN) from
the X-Boötes survey in the 2D scatter plot in Fig. 4.19, we defined an extra criteria of
‘optical-AGN’ as sources with fAGN(Cigale) > 0.15 and fAGN(AGNFitter) > 0.25. We
note that this selection criteria is applied in addition to the Best et al. criteria, such that
there will always be an increase in the number of sources classified as HERGs; in the
case adopted here, this leads to 258 more sources being classified as HERGs. The LFs
resulting from this criteria (SC-2) are shown as dashed lines in Fig. 4.18.

Finally, we considered adopting a more extreme approach such that sources with either
fAGN(Cigale) > 0.15 or fAGN(AGNFitter) > 0.25 are classed as ‘optical-AGN’. As
seen from Fig. 4.19, while this selection may result in a higher completeness of ‘optical-
AGN’, it will suffer from even more contamination; this is particularly the case at
higher redshifts. This is due to a significant population of sources (mostly star-forming
LERGs based on the Best et al. classification) with fAGN(AGNFitter) > 0.25 but
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significantly lower (up to a factor of 10 lower) values of fAGN(cigale), which is a result
of the significantly higher uncertainties on the AGNFitter values. Nevertheless, the
SC-3 criteria allows us to examine the extent to which even an extreme classification
could potentially affect the LERG LFs (dash-dotted lines in Fig. 4.18).

As evident from Fig. 4.18, given both the small number of HERGs in the LoTSS Deep
Fields (see also Fig. 4.1) and the small numbers of sources with a change in their
classification based on SC-1 and SC-2 criteria, there is a relatively small effect on the
HERG LFs across all redshifts, but much less so for the LERGs. The SC-1 and SC-2
lines agree with the originally determined Best et al. HERG LFs within 1 − 2σ of
our best estimate LFs at all but the faintest few luminosity bins; at the faint end, the
change in the LFs is comparable to the field-to-field variation found in the LFs. For
the quiescent and star-forming LERGs, both SC-1 and SC-2 variations result in very
similar LFs across redshift. The quiescent LERG population in particular remains robust
against changes to the source classification method adopted within the uncertainties
across all of the redshift bins; this also holds even when they become the sub-dominant
population of all LERGs at z > 1.5. The star-forming LERG LFs at z ≤ 1 based on
SC-1 and SC-2 are lower by ∼ 0.1 − 0.2 dex, however this has little to no effect on the
total LERG LFs given that the quiescent LERGs dominate the space densities over most
of the radio luminosities studied here; at higher redshifts, the differences with the SC-1
and SC-2 based LFs are consistent within 1 − 2σ of the uncertainties.

For SC-3, the space density of the HERGs (2734 sources) now increases substantially
across all luminosities, and especially at the faint end at z > 1.5, as might be expected.
For the LERG population however, which is the focus of this chapter, the reconstructed
LFs at z ≤ 1.5 show good agreement with our best estimate of the LERG space densities;
at higher redshifts, the space densities decrease, in particular at faint luminosities,
reaching ∼ 0.2 dex lower in the faintest bins.

We therefore conclude that the LERG LFs presented in the main sections of the Chapter
based on the Best et al. (in prep.) source classification criteria – and subsequent results
on the AGN mass fractions – are robust to uncertainties in the source classification
criteria used.
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Chapter 5

Conclusions and Future Prospects

In Chapters 2 and 3, I have presented the value-added catalogue of multi-wavelength
counterparts to the radio sources detected in the first LoTSS Deep Fields Data Release
by Tasse et al. (2021) and Sabater et al. (2021), covering the ELAIS-N1, Lockman
Hole, and Boötes fields and forming the deepest radio continuum survey to date at low
frequencies.

To achieve this, in Chapter 2, I first built new multi-wavelength catalogues in both
ELAIS-N1 and Lockman Hole, consisting of forced, matched aperture photometry
across 20 and 16 bands, respectively, from UV to mid-IR. These catalogues were built
using deep χ2 detection images, using information from the optical and IR bands, to
maximise the catalogue completeness and to generate clean, robust photometry and
colours; this provides a significant improvement to catalogues existing in literature for
photometric redshifts and SED fitting.

Chapter 3 describes the process of how the counterparts to the radio sources were
identified using the multi-wavelength catalogues generated in Chapter 2. This was
performed using a combination of the statistical Likelihood Ratio method and visual
classification schemes. We use the LR method that incorporates both magnitude
and colour information, as described in Nisbet (2018) and Williams et al. (2019), to
maximise the identification rate and increase the robustness of the cross-matching. The
deep ancillary data available in these fields allows us to achieve an identification rate of
up to 97% using the LR method alone. The LR method, however, is not suitable for
large or complex radio sources; such sources require visual classification instead, which
is mainly performed using the LOFAR Galaxy Zoo framework developed for LoTSS-
DR1 (Williams et al., 2019). To determine sources that can be identified using the LR
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method and those that require visual classification, we adapted and further developed
the decision tree used in LoTSS-DR1. The high LR identification rates allowed us to
require any source without a LR identification to undergo visual inspection.

The cross-matching effort leads to multi-wavelength identifications for 97.6%, 97.6%,
and 96.9% of sources in ELAIS-N1, Lockman Hole, and Boötes, respectively. The
colour properties of host galaxies show that (at a fixed faint magnitude) the reddest
of galaxies are more than an order of magnitude more likely to host a LOFAR source
than the bluest of galaxies. This is also visualised by the magnitude distributions of the
host galaxies in different filters, which show that we are able to identify most of the
LOFAR sources in the mid-IR. In contrast, deeper optical data are required to achieve
higher identification rates and probe the optically faint counterparts to beyond the peak
of host-galaxy magnitude distributions in these optical filters. In total, the value-added
radio-optical cross-matched catalogues presented contain 81 951 radio sources, with
counterparts identified and matched aperture optical to infrared properties presented for
79 820 sources (> 97%), covering ∼ 26 deg2 in total, across multiple sight-lines.

The scientific potential of the catalogues presented is further increased by the availability
of photometric redshifts. Rest-frame colours and photometric redshifts for both the
multi-wavelength catalogues and the radio-optical cross-matched catalogues in the three
fields are presented in Duncan et al. (2021). This enables one to determine physical
properties of host galaxies (such as luminosities, stellar masses, star-formation rates,
etc.), which are used to perform source classification as presented by Best et al. (in
prep.).

In Chapter 4, I have used the the datasets generated in the previous chapters to study
the evolution of the radio-AGN population out to z ∼ 2.5. The depth of the radio and
multi-wavelength dataset in combination with the wide area coverage makes this an
ideal survey to constrain the evolution of the low-luminosity radio-AGN out to high
redshifts.

The total radio-AGN luminosity functions were constructed out to z ≤ 2.5 using a
sample of 11 466 radio-AGN; this shows good agreement across all redshifts with the
literature LFs determined from GHz surveys. Using the outputs from the SED fitting
process by Best et al. (in prep.), the radio-AGN were separated into LERGs and HERGs
via the identification of accretion disc and torus features in galaxy SEDs; the presence of
such signatures is indicative of a HERG. This results in a sample of 10 429 LERGs and
1037 HERGs across the deep fields (within z ≤ 2.5). Using this sample, we have then
presented the first robust measurement of the cosmic evolution of the LERG luminosity
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functions out to z ∼ 2.5. We find relatively mild evolution within the redshift bins
(0.5 < z ≤ 2.5) examined in this study; this evolution is found to be driven by a very
different evolution of those LERGs hosted by quiescent galaxies and those hosted by
star-forming galaxies. We therefore investigated these two populations separately.

The main results of our study for the quiescent LERGs are as follows:

• The quiescent LERG LFs dominate the space densities of LERGs across
essentially all luminosities at z . 0.75.

• The incidence of LERG activity in quiescent galaxies shows a strong stellar
mass dependence, which can be well-described at all redshifts as fLERG,Q =

c(M?/1011 M�)β, with a power-law slope of β ≈ 2.5 and a normalisation of
c ≈ 0.018 (for a luminosity limit of L150 MHz ≥ 1024 W Hz−1). This relation for the
quiescent LERGs also shows no evolution with redshift (between 0.3 < z ≤ 1.5).

• The steep dependence of LERG activity with stellar mass, and the lack of a
redshift evolution suggest that the LERGs in these quiescent galaxies are fuelled
by cooling of hot gas from haloes, consistent with local Universe observations, at
least over the past ∼ 9 Gyrs.

• The quiescent LERGs show a strong negative evolution in their LFs beyond
z ∼ 0.75, which is consistent with the characteristic space density evolving in
accordance with the availability of the expected host galaxies, while there is also
an increase in the characteristic luminosity with increasing redshift.

The main results of our study for the star-forming LERGs are as follows:

• The incidence of LERG activity in star-forming galaxies shows a much weaker
stellar mass dependence (β ≈ 1.5 consistently across redshift) than that found
for the quiescent LERGs in this study, and for LERGs in the local Universe, and
instead is comparable to that found for the HERGs locally.

• The incidence of LERGs in star-forming galaxies (at fixed stellar mass; i.e. the
normalisation c) increases by nearly a factor of four between 0.3 < z ≤ 1.5,
reaching a higher prevalence than the quiescent LERGs at the highest redshifts.

• The star-forming LERGs are a minority of the overall LERG population at
z < 1, but space densities of the star-forming LERGs increase with increasing
redshift, such that they become the dominant population at z & 1.5 over all radio
luminosities.
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The flatter stellar mass dependence and the increase in the prevalence of LERGs in
star-forming galaxies at earlier cosmic times, when gas fractions were higher, suggests
that a different fuelling mechanism, likely associated with the cold gas, is responsible
for triggering LERG activity within these star-forming galaxies.

We then considered the implications of the observed evolution of the LERG LFs on
cosmic radio-AGN feedback. A scaling relation between radio and jet-kinetic luminosity,
along with the best-fitting models for the LERG LFs, were combined to compute the
cosmic evolution of the kinetic luminosity density. We find that the heating rate for the
total LERG population remains roughly constant across 0.5 < z ≤ 2.5, whereas this
decreases by an order of magnitude for the quiescent LERG subset. A comparison with
the recent SAGE model finds that the quiescent LERGs alone may deposit sufficient
energy into their surrounding environment to balance the radiative cooling losses, at
least out to z ∼ 2.5, providing evidence for an AGN feedback cycle in these systems.

5.1 Ongoing and future work

We are continuing to acquire more radio observations for all three LoTSS Deep Fields,
with the current allocated time bringing the ELAIS-N1 observations up to 500 hours
(expected to reach rms noise levels of ∼ 10 µJy), and up to at least 300 hours in the
other two fields. Moreover, since the first data release of the LoTSS Deep Fields, radio
observations for a fourth deep field, the North Ecliptic Pole (NEP) field have been taken
and processed, with ∼ 300 more hours allocated in upcoming LOFAR observing cycles.

Future data releases will present these deeper and wider radio data that will provide
significantly better constraints on both the low luminosity and high luminosity ends of
the luminosity functions. In addition, the current radio imaging dataset is calibrated
based on the Dutch baselines only (∼ 100 kilometre scales), offering 6′′ resolution; the
addition of international LOFAR baselines, spanning many hundreds of kilometres, will
provide 0.3′′ resolution radio imaging, rivalling that of the optical and NIR datasets,
and assist greatly in source identification (e.g. due to deblending) and classification
(due to resolved morphologies), and will also enable resolved studies of samples across
multiple wavelengths.

In addition to advances in the radio datasets, ELAIS-N1 will continue to obtain deeper
and higher resolution optical imaging from future releases of the HSC-SSP survey. The
NEP field, in particular, will be one of the prime deep fields in the coming decade;
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it will be one of the Euclid deep fields (Euclid Deep Field North) with incredibly
deep NIR observations at 0.3′′ resolution reaching H ∼ 26 mag over 10 deg2 that will
allow studies of mass-complete samples out to z = 3. Furthermore, the NEP field
also possesses deep Spitzer observations over 10 deg2 that reach ∼ 0.8 mag deeper than
SERVS, and will soon fully obtain deep optical imaging from the HSC telescope as part
of the Hawaii-Two-0 project. The location of this field in the continuous viewing zone
(CVZ) also makes it an ideal target for space-based observations from the James Webb

Space Telescope (JWST) and e-ROSITA. Finally, future multi-wavelength catalogues
will also benefit from PSF-matched photometry which will allow the calculation of
model-fit total magnitudes.

Further to the improvements in the radio and multi-wavelength datasets, there are other
ongoing projects that represent future work; in the sections below, I highlight potential
future projects based on these.

5.1.1 Radio sources without an identification

The identification of the host-galaxies of the radio-detected sources in the LoTSS
Deep Fields (see Chapter 3) resulted in counterparts identified for over 97% of the
radio-detected sources, with no multi-wavelength counterpart found for ≈ 3% of the
radio sources. We investigated the potential nature of the host galaxies of these radio
sources without an identification (hereafter, ‘No-ID’ sources), focusing on ELAIS-
N1, by stacking the optical to mid-IR images. To do this, we first selected LOFAR
sources without an identification that have a secure radio position (571 sources). Most
(> 90%) of these radio sources have radio flux densities of S150MHz < 1mJy; at these
flux densities, the radio population is a mix of different source types (see Wilman et al.
2008 and discussion in Sect. 3.6). A median stack based on the radio positions was
then performed, with photometry extracted in the optical-NIR (3′′ aperture) and Spitzer
(4′′ aperture) filters, corrected to total magnitudes to match the catalogues. For the
24 µm MIPS band, we extracted photometry from the 10′′ aperture and perform aperture
corrections based on the values computed by Engelbracht et al. (2007).

The resulting stacked SED for all the unidentified sources (filled black circles) is shown
in Fig. 5.1. Also shown in blue, orange and green solid lines are templates of galaxies
dominated by a recent burst of star-formation occurring 100 Myrs ago, at z = 2, 3 and
4, respectively, computed using the stellar population models of Bruzual & Charlot
(2003), the Chabrier (2003) initial mass function (IMF) and the Calzetti et al. (2000)
attenuation curve. The star-formation rate (SFR) normalisation of these templates is
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Figure 5.1 Optical to mid-IR stacked SED of the unidentified radio sources (see
Chapter 3 for details) with secure radio positions in ELAIS-N1 (571
sources; black points). The stack for the subset of the ‘FIR-bright’
sources (50 sources) is shown as red squares. Overlaid on top are
typical star-forming galaxy templates, computed using models of
Bruzual & Charlot (2003) at z = 2, 3 and 4 (blue, orange and green
solid lines, respectively), scaled to the median SFR detectable for
these sources at the depth of the LOFAR data in ELAIS-N1. The
dashed lines show two-component templates of galaxies with an old
stellar population undergoing a recent burst of star-formation (see
text) at z = 3 and 4 (red and purple, respectively).

172



fixed to the SFR required to produce the median radio flux density observed of these
sources, assuming all of the radio emission is associated with star-formation. This is
calculated using the relation between the 150 MHz luminosity (L150) and SFR derived
by Gürkan et al. (2018), assuming a spectral index α = 0.7, and requires a SFR of
300 M� yr−1 at z = 2, 700 M� yr−1 at z = 3 and 1150 M� yr−1 at z = 4. As evident
from the stacked SED, if the radio emission is entirely due to star formation, we do
not observe enough emission, particularly at near- and mid-infrared wavelengths, to
match the star-forming galaxy templates and the difference in flux by over an order of
magnitude cannot simply be explained by extinction (especially in the IRAC bands).

To further investigate the potential role of the star-forming galaxies within this radio
source population, we examine the FIR emission from these sources. 50 of these 571
No-ID sources (∼7%) have significant FIR emission (hereafter ‘FIR-bright’ sources);
these are defined as sources with a 250µm flux density (F250 µm) > 15 mJy. When stacked
separately (red squares), these FIR-bright sources are found to be around 1-1.5 mag
brighter in the mid-IR bands, however still nearly an order of magnitude fainter in flux
than the star-forming templates at z = 2 − 4. Thus, even though the FIR measurements
suggest that some star-formation may be on-going in these sources, we conclude that
the radio emission in the majority of these sources is not dominated by star-formation.

Instead, to provide an illustration of the SED that a typical radiative-mode (or high-
excitation radio galaxy; HERG) AGN might have, we consider a two component model,
including both an old stellar population and a period of recent star-formation (since high-
redshift radiative-mode AGN are found to lie close to the star-forming main sequence;
e.g. Mainieri et al. 2011; Bonzini et al. 2015; Suh et al. 2019). Specifically, the red
and purple dashed lines on Fig. 5.1 show a 1010 M� old stellar population (formed at
z = 12 with an exponentially declining star-formation rate with a characteristic time of
150 Myr) with a burst of star-formation within the past 50 Myr with a SFR of 40 and 45
M� yr−1 (consistent with being on the star-forming main sequence; Speagle et al. 2014b)
at z = 3 and 4, respectively. These illustrative SEDs broadly trace the stacked data
points, suggesting that a significant fraction of the unidentified radio source population
is likely dominated by high-redshift obscured/radiative-mode AGN, which are expected
to contribute significantly to source counts at S150 MHz < 1 mJy (Wilman et al., 2008).
We also observe a significant detection at 24 µm for the ‘All’ stack, indicative of hot
dust emission; this emission could potentially arise from the hot torus surrounding
an AGN (i.e. a HERG-like AGN) that is expected to peak at rest-frame wavelength
of ∼ 10 µm (e.g. Silva et al., 2004). The median 150 MHz luminosity for the ‘All’
sources, assuming a spectra index α = 0.7, is L150 MHz ≈ 1025 W Hz−1 if at z = 3, and
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L150 MHz ≈ 2 × 1025 W H−1 if at z = 4. These are significantly fainter than the radio
galaxies known at these redshifts (e.g. Jarvis et al. 2009; Saxena et al. 2018).

5.1.1.1 Sub-millimetre follow-up of candidate z > 3 galaxies

Although the majority of the optically-dark radio-detected sources are likely to be
comprised of AGN, a small proportion of these sources, in particular those that are bright
in the FIR wavelengths, are potentially high-redshift SFGs or AGN-starburst composite
systems. Characterising the nature of these can provide interesting constraints on cosmic
star-formation, early galaxy formation and early AGN activity in these extreme systems.

It is believed that rare, dusty star-forming galaxies (DSFGs) may dominate the star-
formation rate density (SFRD) at the earliest epochs (see the review by Casey et al. 2014;
Wang et al. 2019). A significant population of galaxies at z > 3 has been detected by
their bright observed-frame sub-millimetre emission (‘sub-millimetre galaxies’; SMGs,
Blain et al. 2002). The most extreme display sub-millimetre fluxes corresponding to
SFRs of thousands of solar masses per year. Sustained SFRs of this magnitude have
the potential to form massive galaxies (with stellar masses of ∼ 1011 M�) on sub-Gyr
timescales. This has led to speculation that these galaxies may be the progenitors of the
rare, massive elliptical galaxies seen at z ∼ 3 (Oteo et al., 2016).

The discovery of ultra-red DSFGs that formed within the first 2 billion years (i.e. z > 4)
through the Herschel ‘500µm risers’ selection (e.g. Dowell et al., 2014; Asboth et al.,
2016), poses a significant challenge to current models of galaxy assembly. As the
dust SED of typical galaxies peaks at around 100 µm in the rest frame, a galaxy SED
that appears to still be rising out to 500 µm suggests that these sources likely lie at
z > 4. Currently, neither semi-analytic models nor hydrodynamic simulations can match
the number density of such massive, early-forming, dusty galaxies, under-predicting
their numbers by 1-2 orders of magnitude (e.g. Somerville et al., 2012); fundamental
changes to models, such as a different IMF, may be required (Lacey et al., 2016). The
characterisation of these highly luminous (LIR ∼ 1013 L�) galaxies with extraordinarily
high gas and dust masses at such early cosmic times can thus place important constraints
on the physical mechanisms underpinning the formation of dust and metals in the early
Universe. However, confirming the nature of such galaxies (in particular, the fraction of
DSFGs that comprise multiple sources, the contribution of AGN to FIR flux, and the
role of mergers in driving the extreme emission) has been difficult due to the poor spatial
resolution of Herschel and limited sample sizes with spectroscopic confirmation. The
availability of deep and wide LOFAR and multi-wavelength data, including the deep
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surveys from Herschel, allows a promising route of investigation via sub-millimetre
follow-up.

For this purpose, we selected LOFAR sources without an optical-to-MIR detected
counterpart (but with secure radio position; see the stacking analysis above) or with a
counterpart that has zphot > 4 (and a posterior minimum zphot,min > 3.5), indicative of
heavily dust obscured and high-z sources (see Fig 5.2). We then selected the subset
of sources with sharply rising FIR fluxes, using the well-established ‘500µm risers’
(i.e. S250 <S350 <S500) criteria (Cox et al., 2011; Pavesi et al., 2018; Ma et al., 2019)
and S 500/S 350 > 1.2, requiring a SNR500µm > 4 and a total SNR > 10 across the three
SPIRE bands to remove sources with large flux uncertainties or shallow peaks. After
these selections, the final sample was refined further using visual inspection of the FIR
SED and Herschel and LOFAR cutouts to retain the most promising candidates with
sharply rising SEDs. This selection results in a sample of 25 candidate z > 4 DSFGs.
For this sample, we have performed MCMC fits to the FIR SED using a combination of
hot and cold dust modified blackbody (MBB) models. This provides predictions for
sub-mm fluxes, FIR luminosities, SFRs, and broad estimates of redshifts, while folding
in parameter degeneracies. The IR-based star-formation rates were estimated from the
dust fits to the SEDs using the standard Kennicutt (1998) relation. Fig. 5.2 shows the fit
to the FIR dust SED for one of these sources (top panel), with the best-fitting model
shown by the solid red line, and the lighter lines showing 600 realisations from the
posterior distribution.

We have obtained sub-millimetre observations of all 25 of these sources from the sub-
millimetre array (SMA) at 1.3 mm (observed between March – April 2021); a subset of
these (12 sources) were also observed by the James Clerk Maxwell Telescope (JCMT)
SCUBA-2 instrument at 850 µm (observed between February – June 2021). The SMA
observations typically have a spatial resolution of around 2.5 – 3′′ and an rms noise
level between 0.4 – 0.8 mJy beam−1, whereas the SCUBA-2 observations have a spatial
resolution of around 14′′ and a typical rms noise of ∼ 1.75 mJy beam−1. The grey
triangles in the SED plot in Fig. 5.2 (not included in the fit) show the subsequently-
observed flux density at 850 µm and 1.3 mm from SCUBA-2 and SMA observations,
respectively, which for this source shows good agreement, within errors, with the
predicted flux density based on the SED fit from Herschel data alone. We note that
the observed sub-mm points lie towards the lower end of the posterior distribution,
likely indicating the lower end of the redshift range; this is not unexpected as the
highest redshift population is rare, and the candidate 500 µm riser selection will likely
be contaminated by the more common lower redshift sources that get scattered into our
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Figure 5.2 Top: Fit to the FIR dust SED for one of the candidate high-redshift
DSFGs selected for follow-up with the JCMT and the SMA. The black
points show the data points, from Herschel PACS and SPIRE, used for
SED fitting with the solid red line showing the best-fitting model, and
the lighter red lines showing 600 realisations from the posterior. The
grey triangles show the observed flux density at 850 µm and 1.1 mm
from SCUBA-2 and SMA observations, respectively. Bottom: Optical,
mid-IR, FIR, to 150 MHz cutouts for the same source; this source
is clearly optically dark but shows bright FIR and radio detections.
Cutouts are 35′′ on each side.
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selection due to flux uncertainties.

Fig. 5.3 shows cutouts from the SCUBA-2 (left), SMA (middle), and LOFAR (right)
for three targets. The first two columns in the top panel shows the sub-millimetre
observations for the source shown in Fig. 5.2, with strong detections in both wavelengths.
Moreover, given the higher spatial resolution of the SMA dataset, the source detected at
850 µm and also in the Herschel bands, has been split into multiple components, in line
with the radio-detections. The other two rows in the figure show cutouts for two other
sources, with > 5σ detections in all cases except at 850 µm for the third source (bottom

panel).

More detailed analysis of these sub-millimetre observations are currently ongoing. By
probing the Rayleigh-Jeans part of the dust SED with SCUBA-2 and SMA, we will
be able to characterise this population and constrain their redshifts, SFRs, and total
infrared luminosities significantly more tightly. In combination with our deep radio
data, we will be able to distinguish galaxies where emission is driven by AGN activity
rather than star formation. Given the large areas covered by the LoTSS Deep Fields, this
can also set constraints on the space densities of these sources, down to fainter fluxes
than previous wide-field DSFG studies. The data will also provide a basis for future
high spatial resolution studies in multiple wavebands of sub-samples of these sources,
for example those with the highest 1.3mm flux, or those that show signs of multiplicity;
this will allow us to disentangle the thermal dust emission from the synchrotron AGN
emission.

5.1.2 WEAVE-LOFAR: Dissecting LERG activity in exquisite

detail at z . 1

The William Herschel Telescope Enhanced Area Velocity Explorer instrument
(WEAVE), is a next-generation spectrograph, currently being installed on the William
Herschel Telescope (WHT) in La Palma. WEAVE is a multi-object spectrograph (MOS),
consisting of 1000 fibres that can be positioned across > 3 square degrees field-of-
view of the instrument, and allows a contiguous wavelength coverage between 395 –
960 nm at high spectral resolution, making it an ideal survey instrument. Over its five
years of operation, the WEAVE spectrograph will undertake a wide range of surveys,
including the WEAVE-LOFAR survey (Smith et al., 2016). The WEAVE-LOFAR
survey is designed to obtain high-resolution spectra for around 1 million sources from
LoTSS, with the scientific drivers ranging from studying the dust-independent view
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of star-formation history, the growth of SMBHs and AGN feedback, and cosmology,
among others. In particular, the deep tier of the WEAVE-LOFAR survey will obtain
spectra for all of the LOFAR-identified sources in the LoTSS Deep Fields and will
greatly enhance the scientific analysis of radio-AGN feedback derived in Chapter 4 in
numerous ways.

Spectroscopy is not only vital for providing robust redshifts, but it is also one of the most
reliable methods of separating star-forming galaxies from AGN, and for differentiating
between the various modes of AGN (e.g. Best & Heckman, 2012), resolving any residual
source classification uncertainties in the analysis from Chapter 4. Moreover, spectra will
also allow us to determine accurate physical galaxy and SMBH properties. Building
on the analysis of the radio-AGN population in Chapter 4, a detailed understanding
of AGN at moderate redshifts (z . 1) is crucial in fully interpreting the evolution at
even higher redshifts. This is particularly critical for understanding the star-forming
LERG population as these are found to be very rare at z ∼ 0, but begin to reach
comparable importance to the queiscent LERG population by z ∼ 1. The LoTSS
Deep Fields sample is large enough to perform statistical analysis even when split by
multiple parameters simultaneously; the addition of WEAVE-LOFAR spectra, at these
redshfits, will allow us to trace in detail the evolution of the sub-groups of the LERG
population, and to extend the scope of the analysis in Chapter 4 by investigating the
prevalence of radio-AGN activity as separate functions of not only stellar mass and
radio luminosity but also environment, and to map the evolution of the host galaxy
properties (e.g. stellar mass, star-formation rate, stellar age) of LERGs with redshift
in unprecedented detail. Such detailed analysis has only previously been possible in
the local Universe (z ∼ 0.1; cf. Best & Heckman 2012): the cosmic evolution of these
trends remains uncharted territory. As ‘Survey Builder’ for WEAVE-LOFAR, and a
member of the WEAVE-LOFAR quality assurance group and science verification team,
I plan to use the WEAVE-LOFAR spectra upon first light (due November 2021) to
further characterise the LERG population in the LoTSS Deep Fields.

5.1.3 The nature of fuelling of radio-AGN

The analysis of the host galaxy properties of the LERG population in Chapter 4 has
revealed that there exists a population of LERGs that are hosted in quiescent galaxies
and fuelled by accretion of cooling hot gas, and a population of LERGs hosted in
star-forming galaxies that are likely fuelled by a different mechanism, associated with
the cold gas, as found for the HERG population. The present LoTSS Deep Fields
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dataset alone, however, is not sufficient to understand how AGN activity is triggered in
the star-forming LERGs and if the cold gas indeed plays a role.

WEAVE spectroscopy from the combination of the LoTSS Deep Fields dataset, suited
to examine the low-luminosity LERG population, and the upcoming shallower but
wider LoTSS data release 2, spanning > 5000 deg2 and detecting large samples of the
higher-luminosity HERG population, will be valuable in studying the incidence of
radio-AGN across the galaxy population. Moreover, this combination of AGN samples
from deep and wide LOFAR surveys will allow us to select matched samples (in e.g.
redshift, radio luminosity, stellar mass) of HERGs, star-forming LERGs, and quiescent
LERGs for further follow-up and characterisation of the cold molecular gas properties
(e.g. by measuring molecular and dynamical gas masses, gas kinematics) of the AGN,
and in comparison to inactive galaxies. This will help us to understand the physical
processes triggering AGN activity in these different systems and how feedback from
AGN affects the star-formation properties.

5.1.4 Testing feedback models and selection effects with

simulations

As discussed in the introduction to the thesis, feedback from AGN is a critical ingredient
in cosmological simulations, necessary to recover the observed local galaxy properties.
However, due in large part to the poorly understood physical processes, methods of
modelling and implementing SMBH growth and AGN feedback vary widely across
simulations. The latest suite of simulations include advanced prescriptions for radio-
AGN feedback (e.g. SIMBA; cf. Thomas et al. 2021); this now enables detailed
comparisons with deep radio and multi-wavelength surveys, making it possible to
directly constrain AGN feedback and galaxy formation models.

I plan to complement results from Chapter 4 and planned future work described in
Sects. 5.1.2– 5.1.3 by extracting physical properties of radio-AGN host galaxies from
the SIMBA simulations (Davé et al., 2019); moreover, I aim to also recover and fit
photometry of the simulated radio-AGN, as done for the observations, applying the
same source classification scheme to reconstruct the evolution of the radio LF from
simulations. This comparison not only provides a direct constraint on the evolution of
AGN feedback models from different simulations, but will also allow valuable tests
of source classification uncertainties, and completeness and selection biases within
observations.
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The implementation of radiative-transfer in the latest simulations will allow me to use
FIR selections to test the completeness of the radio-selected dusty high-z galaxies,
informing refinement of observational selections used for the analysis described in
Sect. 5.1.1.1. In parallel, I plan to trace the triggering of AGN and starburst activity, and
their duty cycles from a theoretical perspective; in conjunction with measurements of
the prevalence of AGN activity in the high-z radio sources, this will enable comparison
to model predictions.
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Smolčić V., 2009, The Radio AGN Population Dichotomy: Green Valley Seyferts
Versus Red Sequence Low-Excitation Active Galactic Nuclei, ApJ, 699, L43
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