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Abstract

In this thesis, we explore the connections between active galactic nuclei (AGN) and
the environments of their host galaxies across cosmic time, as viewed using three
complementary angles. Much of this thesis is based on recently available, state-of-
the-art data. Our galaxy catalogues comprise deep, multi-wavelength data provided
by the UKIDSS Ultra Deep Survey (UDS) and Cosmic Evolution Survey (COSMOS).
The UDS field contains a dense structure at z ~ 1.6 with additional narrow-band
imaging tailored to its redshift, allowing for the selection of protocluster members
using precise photometric redshifts (Hatch et al. 2016). Both the UDS and COSMOS
have coverage from X-ray telescopes such as Chandra and XMM-Newton, enabling
the clean selection of AGN. This thesis also makes use of galaxy classifications (such
as star-forming, passive, and post-starburst) based on principal component analysis
(PCA) of broad-band photometry.

In our first study, we investigate the prevalence of AGN in the C10218.3-0510
protocluster at z = 1.62. Analyses using imaging from the Chandra X-ray Telescope
reveal a large overdensity of AGN in the protocluster by a factor of 23 + 9 times
the field density of AGN. The overdensity of massive galaxies in the protocluster is
a factor of 11 £ 2, accounting for roughly half of the measured AGN overdensity.
Likewise, we find that 17J_rg% of massive galaxies (M, > 1010 M) in the protoclus-
ter host an X-ray luminous AGN, compared to 8 + 1% in the field, corresponding
to an enhancement of AGN activity in massive protocluster galaxies by a factor
of 2.1 £0.7. This AGN overdensity is centrally concentrated, located within 3 ar-
cmin and most pronounced within 1 arcmin of the centre of the protocluster. We
find no significant differences in the distributions of AGN properties such as X-ray
luminosity and hardness ratio, between AGN in the protocluster and the field. Us-
ing visually classified morphologies, we find tentative evidence that the fraction of
“irregular” galaxies is also enhanced in the protocluster with respect to the field.
From these results, we conclude that there is a reversal in the local anti-correlation
between galaxy density and AGN activity, and that there is tentative evidence for
a correlation between galaxy interactions and AGN activity.

Adopting a statistical approach, in our second study we investigate the rela-

tionship between AGN and dark matter halo mass using clustering techniques. We

ix



present evidence that X-ray selected AGN in the UDS and COSMOS fields show
a clustering signal likely determined by the properties of their host galaxies, at all
epochs from z ~ 4.5 to z ~ 0.5. Consistent with previous studies, we find that
AGN are on average hosted by galaxies in dark matter halos of 1012 — 10'3 Mg,
corresponding to group-like environments. However, we show that the same cluster-
ing signal can be produced by inactive (i.e. non-AGN) galaxies closely matched to
the AGN in spectral class, stellar mass and redshift. We find that AGN in higher
mass galaxies have a higher clustering signal, but that this stellar mass dependence
disappears when passive host galaxies are removed. The strength of clustering is
also largely independent of AGN X-ray luminosity. Therefore, the most important
property that determines the clustering in a given AGN population appears to be
the fraction of passive host galaxies. From these results we infer that AGN luminos-
ity is likely not driven by environmental triggering, and conclude that AGN may be
a stochastic phenomenon without a strong dependence on large-scale environment.

Finally, our third study presents a preliminary analysis of the properties of galaxy
neighbours within 500 kpc of X-ray selected AGN between z ~ 2.5 and z ~ 0.5 in
the UDS and COSMOS fields. At all epochs, we find consistent number densities
of neighbours around AGN and control galaxies, suggesting that AGN do not live
in special environments. At the highest redshifts (1.5 < z < 2.5), the neighbours
of AGN are indistinguishable from those of control galaxies, since the star-forming
properties of neighbours around AGN in passive/star-forming hosts are consistent
with control passive/star-forming galaxies. We find that the star-formation activity
of neighbours of AGN is more complex at lower redshifts, since we see opposite
trends below and above z = 1. At 1.0 < z < 1.5 we find that the star-formation
activity in the neighbours of AGN is enhanced (at 2.30)) with respect to neighbours
of control galaxies, while this is reversed at 0.5 < z < 1.0 (at 4.30). This study must
be repeated in smaller redshift intervals in order to develop a deeper understanding
of these trends and to draw robust conclusions.

In conclusion of the work presented in this thesis, the majority of AGN (hosted
by normal, star-forming galaxies) are likely triggered by the stochastic accretion of
cold gas, without a dominant influence from the environment. It appears that galaxy
mergers and interactions can play a role in triggering AGN, especially in passive host
galaxies, but that they are not a crucial parameter for the vast majority of the AGN

population.



Acknowledgements

First and foremost, I would like to thank my supervisors, Omar and Nina, for your
patient guidance throughout my PhD. You have helped me navigate through the
terrain of research and pushed me to do my best. Thank you for your commitment,
your encouragement, your advice, and of course your time over the past years. I
am certainly lucky to have supervisors who cared so much about my work, were so
prompt in responding to my questions, and were so enthusiastic about science.

I would also like to thank my collaborators, especially Dave, Aaron and Lizzie,
for your advice and support. I am grateful to the entire UDS crew for providing
invaluable discussions of various topics ranging from confusing plots, to women in
astronomy, to time management. Amelia, Ulli, and Dave, thank you very much for
your career advice. Many thanks also to Alfonso and Meghan for your journal club
talks, which had a big impact on my relationship with my work.

I'm very grateful for all the science (and non-science) discussions with my aca-
demic sibling, Miguel. I'm eternally indebted to you and Mehdi for your support
whilst T was on crutches at the Garching conference. Thanks to Fahad, Berta,
Rachana, Felipe, Miguel, Lizzie, Mehdi, Jake and Rachel for tea/coffee breaks. Next
up, I’d like to thank my officemates for creating a lively environment, with special
credit to Finlay (+Tom), Jake, Fahad, Roan, and Amy. As promised, “Finlay is my
proof-reader and he is great. Thanks Finlay.”

Many thanks to my wonderful school friends Nivy, Sharanya, Sunila, and Silpa
for being yourselves and for being part of my support network. Nishith, I will always
be grateful that the University of Nottingham sent me your forms by accident and
worked as a conversation starter between us. Mandeep, thank you for the many
many cups of Masala Chai you have made over the years.

Finally, Amma and Achan, thank you so much for being so wonderful to me. I
know everyone says this, but you are truly the best parents ever! My grandparents
have played a huge role in shaping who I am today, even if only one of you remains.

Thank you.

X1



Published work

Much of the work in this thesis also appears in the following papers:

I Krishnan C., Hatch N. A., Almaini O., Kocevski D., Cooke, E. A., Hartley
W. G., Hasinger G., Maltby D. T., Muldrew S. 1., Simpson C., 2017, “Enhance-
ment of AGN in a protocluster at z = 1.67, MNRAS, 470, 2170

II Krishnan C., Almaini O., Hatch N. A., Wilkinson A., Maltby D. T., Conselice
C. J., Kocevski D., Suh H., Wild, V., 2019, “The clustering of X-ray AGN at 0.5
i 2 4.5: host galaxies dictate dark matter halo mass”, MNRAS, resubmitted.

Paper I contains much of the work detailed in Chapter 3 of this thesis. Paper 11
describes the work presented in Chapter 4.

The vast majority of the work presented in this thesis was performed by the
author, with advice from the paper co-authors listed above. Where the material
presented is the result of more collaborative work, this is mentioned at the beginning

of the relevant chapter.

xii



Chapter 1

Introduction

1.1 Galaxy evolution

1.1.1 The field of extragalactic astronomy

The field of extragalactic astronomy was a late-bloomer compared to other branches
of astronomy such as the study of the solar system, stars and our own Galaxy. Back
in the early 1700s, it was still widely believed that the Milky Way was the extent of
our Universe. It all began with Immanuel Kant’s suggestion of “island universes” or
galaxies external to the Milky Way, which gave rise to the hypothesis that observed
galaxies are more than “nebulae of an unknown nature”. The debate as to whether
or not these systems were part of our Galaxy was the hot topic of the era. A major
breakthrough took the form of Edwin Hubble’s calculations of distances to candidate
“spiral nebulae” galaxies using Cepheid variable stars (Hubble 1925). This placed
some of these nebulae at distances over 200 kpc, well outside the boundaries of
our own Galaxy. It was thus concluded that these astronomical objects were indeed
“extragalactic” in nature. Like all exciting discoveries, this opened up more scientific
questions than it solved. The field of extragalactic astronomy was only in its infancy,
and researchers to this day continue their attempts of understanding fundamental

questions such as:

e What are the different types of observed galaxies?
e Why are galaxies distributed throughout the Universe the way they are?
e How do galaxies form and evolve?

e What physical processes are responsible for the differences in galaxy types?

Hubble made rapid progress on the first question and managed to classify over
400 galaxies based on their morphology and complexity (Hubble 1926, 1936). He also

created a classification scheme now known as “the Hubble Sequence”, which remains
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Hubble’'s Galaxy Classification Scheme

Sb

igure l.1. Lhe Hubble sequence galaxy classllcatlons are SHown acCcording to their mor-
phology into spiral, elliptical (E), and lenticular (S0) galaxies (Hubble 1925). The spirals
branch out into “normal” spirals on the top, and “barred” spirals on the bottom. This
image was produced using the Sloan Digital Sky Survey (SDSS, York et al. 2000) galaxies,
classified by participants of the GalaxyZoo project (Lintott et al. 2008).

widely used today (see Figure 1.1). The galaxies on the left of the diagram are known
as ellipticals or “early-types” although it must be stressed that this nomenclature
does not reflect the evolutionary stage of the galaxy. Lenticulars are found in the

middle, and the spirals or “late-types” are found branching out on the right side.

1.1.2 Galaxy environments

It was clear to the pioneers of extragalactic astronomy that galaxies are not dis-
tributed randomly in the Universe, and hence a question that has long been pon-
dered is: Why are galaxies distributed throughout the Universe the way they are?
Since the 1930s, it has been observed that galaxies are typically found to be in close
proximity to other galaxies (Hubble & Humason 1931; Shapley 1933; Abell 1965).
Observations of this “clustering” and of interacting galaxies thus led to the interest-
ing hypothesis that galaxies may be influenced by their surrounding environments.

The terminology of “galaxy environments” generally refers to local galaxy den-
sities. These environments can take several forms, such as cosmic voids, the field
(isolated galaxies), galaxy groups, and massive galaxy cluster cores, in increasing
order of local galaxy density. These galaxy environments originated from structure

formation, which we review in the next section.

1.1.3 Structure formation

Before reviewing the theory of structure formation, we must first take a step back

and consider the cosmology of the Universe, since this governs the formation and
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evolution of galaxies.

Cosmology

The currently favoured standard cosmological model of the Universe, the ACDM
paradigm, describes the Universe dominated by a cosmological constant (A) and
cold dark matter (CDM). This model successfully reproduces several observed prop-
erties of the Universe, such as the large scale structure of the Universe (Springel,
Frenk & White 2006), the power spectrum of the Cosmic Microwave Background
(CMB; remnant blackbody radiation from the Big Bang that permeates the Uni-
verse; Peebles et al. 1991), and the abundances of common elements (Peebles et al.
1991).

The Universe is thought to be spatially flat since the density of the Universe is
observed to be equal to the critical density (Planck Collaboration et al. 2018). The
ratio of these is defined by the density parameter for species i, ); = %. The value

of this parameter today {2y is given by the sum of its parts:
Qo = Qy 0+ Qa0 + Qs (1.1)

where (), is the radiation density, 25 is the dark energy density, (2, is the matter
density of the Universe, and the subscript 0 indicates that the values correspond
to the present epoch. The radiation density is negligible today (€2,,0 ~ 0), but the
model predicts it to have dominated at early times. The most up-to-date measure-
ments of cosmological parameters are 2, = 0.311 £ 0.006 and 2, = 0.689 + 0.006
(Planck Collaboration et al. 2018). The dark energy density o represents the
most mysterious component of our Universe. The favoured explanation of its nature
is a form of vacuum energy that is the expected driver of the accelerated expansion
of the Universe (Riess et al. 1998; Perlmutter et al. 1999).

The matter density €, 0 of the Universe is the sum of two types of matter:
baryonic and dark matter. Baryonic matter refers to the observable matter of our
Universe, including the matter we detect from its interactions with light, such as
stars and galactic and intergalactic gas. The latest estimates are that ~ 5% and
~ 26% of the density of the Universe correspond to these observable components
and dark matter respectively (Planck Collaboration et al. 2018). There is a plethora
of indirect evidence for dark matter such as the flat rotation curves of disk galaxies
(Zwicky 1933; Rubin, Ford & Thonnard 1978), mass measurements of galaxy clusters
(Zwicky 1933, 1937), and gravitational lensing (e.g., Clowe et al. 2006). Nevertheless,
direct detection of dark matter particles has not been possible, despite numerous

attempts from the cosmology community (Bertone, Hooper & Silk 2005).
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Hierarchical assembly

Under the ACDM paradigm, dark matter is assumed to govern the formation of
structures such as galaxies and galaxy clusters. The seeds of structure formation
are thought to be primordial density fluctuations in the early Universe, observed as
temperature anisotropies in the CMB. These primordial fluctuations are then ampli-
fied during inflation, after which they collapse due to gravitational instabilities and
evolve through the accretion of dark matter (Peacock 1999). Under the standard
model, dark matter is cold (i.e. non-relativistic), and hence structures form in a
bottom-up manner (Davis et al. 1985). The first structures to form are dark matter
clumps on small scales, followed by low-mass dark matter halos. As the Universe
evolves, these halos merge and collapse into more massive halos through a process
known as hierarchical aggregation (Lacey & Cole 1993). This process is demon-
strated by Figure 1.2. These models have been found to successfully reproduce the
observed dark matter halo distribution (e.g. Springel, Di Matteo & Hernquist 2005).
On the other hand, simulators have been able to rule out “monolithic collapse” mod-
els with relativistic hot dark matter, where the largest structures would have formed
first in a top-down approach. This is due to inconsistencies between observations
and predictions of structure in the Universe (White, Frenk & Davis 1983).

Clustering

The large scale distribution of galaxies in the Universe as observed by galaxy sur-
veys is well reproduced by the distribution of dark matter as modelled by N-body
simulations (Springel, Frenk & White 2006). The striking similarity between the
distributions of observed galaxies and those from dark matter based simulations
is evident in Figure 1.3, suggesting that the distribution and evolution of galaxies
closely follows that of dark matter. It is commonly assumed that galaxies are en-
cased in the central regions of dark matter halos, and that galaxies are a “biased”
tracer of the underlying dark matter distribution (Kaiser 1984; Bardeen et al. 1986).

The spatial distribution of a galaxy population can be statistically described
by its “clustering”. The study of how galaxies are distributed in the Universe is
one of the first scientific questions explored in extragalactic astronomy, and galaxy
clustering is a well-studied technique in this field (e.g. Coil 2013). While there are
a number of techniques used to study the clustering of a given population, the 2-
point correlation function remains the most commonly used statistical estimator,
and traces the amplitude of galaxy clustering as a function of scale.

As shown by the following equation, the 2-point correlation function £(r) is de-
fined as the excess probability (above random) of finding two galaxies in infinitesimal
volume elements, 6V} and §Va, separated by a distance r (Groth & Peebles 1977;
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Figure 1.2. Schematic illustrating the dark matter halo merger tree (Lacey & Cole 1993).
The growth of dark matter halos as a result of a series of mergers is depicted from a formation
time ¢ (top) to the present epoch ty (bottom).

Peebles 1980):
§°P = n2[1 4 £(r12)]6V16V5. (1.2)

&(r) can be estimated numerically from the data by comparing counts of pairs of
galaxies to randoms, making use of a random catalogue sampling the same volume
and same selection function as the galaxy catalogue. The simplest form of such an

estimator is:
DD(r)

~ RR(r)

&(r) -1, (1.3)

where DD(r) and RR(r) are the (normalised) pairs of galaxies and randoms as a
function of separation r, such that £ = 0 indicates a random distribution of galaxies.

However, this requires knowledge of the 3D positions of galaxies. The angular
version of the 2-point correlation function allows for the measurement of clustering
based on the 2D projected sky. The equivalent excess probability 52Pang of finding
two galaxies in solid angle elements 02, as a function of angular separation 0 is given
by:

0” Pang = n[1 + w(612)]0216Q, (1.4)
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Figure 1.3. A direct comparison between the distribution of galaxies in observational

spectroscopic surveys (including CfA2, 2dFGRS, and SDSS) and that of galaxies predicted
by dark-matter-only simulations. The top and left sectors (blue and purple) show the
large scale structure observed by the 2dFGRS and the Sloan Great Wall respectively. This
figure displays the striking similarity of the simulated large scale structure in the Millenium
simulation, shown bottom and right sectors (red). Figure credit: Springel, Frenk & White
(2006).

and the equivalent estimator measuring pair counts as a function of angular sepa-
ration (as opposed to a physical separation) is:
w(®) = gg((g)) Y (1.5)
This clustering technique has been widely used in the field to study the link
between galaxy evolution and large scale structure, and we provide details on our
implementation in Section 4.3. Measuring the clustering of galaxy populations in
this way allows for the estimation of dark matter halo masses for typical galaxy
populations, since the two are intimately related. We know that galaxies form in
the centres of dark matter halos, and that dark matter halos are more clustered (i.e.
a more biased tracer of) than the underlying dark matter distribution (forming its
densest peaks; Bardeen et al. 1986). The clustering strength (bias) of a given galaxy
population thus determines its typical dark matter halo mass. As shown by Mo &

White (1996), this “bias” increases with redshift (at early times galaxies collapsed
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in the most overdense regions of space, whereas galaxies start forming in less dense
regions as the Universe evolves) and halo mass (since more massive dark matter
halos form the densest peaks in the dark matter distribution). Therefore, clustering

analyses are invaluable in the study of galaxy evolution and large scale structure.

Galaxy formation

There has been much progress on the question: How do galaxies form and evolve?
Galaxies are thought to form as gas collapses due to the gravitational potential well
of dark matter halos. As halos accrete, shock heating gives rise to temperatures
> 10%K in the gas within halos, in turn leading to ionisation. This ionised gas has
the pressure required to support itself against gravitational collapse. As the gas
cools however, it collapses under its own gravity and fragments to form stars, and
eventually galaxies. As the Universe evolves, the dark matter halos hosting these
galaxies can merge such that multiple galaxies are encased in the same parent halo,
leading to galaxy groups and clusters (Lacey & Cole 1993; De Lucia et al. 2006).
The galaxies themselves can also merge (revisited in Section 1.1.6), resulting in the
formation of ever more massive galaxies such as Brightest Cluster Galaxies (BCGs,
Lidman et al. 2013).

This simple picture alone, however, is insufficient to accurately describe galaxy
formation and evolution. This is evident from comparisons of the observed and
CDM-motivated predicted mass/luminosity function (i.e. the number densities of
galaxies as a function of mass/luminosity), as shown by the schematic in Figure 1.4
from Silk & Mamon (2012). As shown by this schematic, it appears that simulations
and models allow gas to over-cool, leading to the creation of higher numbers of
galaxies at both high and low masses. To overcome this issue, feedback mechanisms,
such as stellar processes at low masses (Efstathiou 2000) and active galactic nuclei
(AGN) feedback (Croton et al. 2006) at high masses, are invoked in order to heat gas
and regulate star formation. Applying these feedback mechanisms, the latest semi-
analytical models of galaxy formation and evolution have managed to successfully
reproduce the observed stellar mass function at z = 0 (e.g., Guo et al. 2011; Bower,
Benson & Crain 2012), although it appears that inconsistencies still exist at higher
redshift (Fontanot et al. 2009; Guo et al. 2011; Asquith et al. 2018).

While the nature of dark matter remains a mystery, its physics is somewhat
understood and so is easier to model (as collisionless particles following Newtonian
gravity). On the other hand, there is no clear explanation for the physics of the
visible but elusive baryonic matter. Nevertheless, the complexity of baryonic pro-
cesses leads to the formation of galaxies with drastic variation in properties such as

morphology, size, colour, and spectral energy distribution (SED).
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Galaxy luminosity

Figure 1.4. Diagram from Silk & Mamon (2012), demonstrating the discrepancy between
the observed luminosity function and that predicted from dark matter simulations. To
overcome this discrepancy, feedback processes are invoked to prevent over-cooling. At low
masses, stellar feedback regulates star-formation to prevent over-production of galaxies,
while AGN feedback does the same job at high masses.

1.1.4 Galaxy bimodality

Since Hubble’s work in classifying galaxies by their morphologies, astronomers have
gone on to study various properties of galaxies. The distributions of these galaxy
properties tend to be bimodal in nature. The majority of galaxies in the local
Universe fall into one of two broad categories: the more numerous “blue cloud”
galaxies and the secondary peak of “red-sequence” galaxies, named after their fea-
tures on the colour-magnitude diagram (red/blue and cloud/sequence based on scat-
ter/tightness). The most studied galaxy properties that show bimodality corre-

sponding to these two populations are:

1. Star-formation activity: Galaxy bimodality is clearly shown by the star-forming
main sequence, which is a diagram of star-formation rate (SFR) vs stellar
mass. Star-forming galaxies lie on the expected line (e.g., Brinchmann et al.
2004). Those that fall roughly an order of magnitude below (forming far fewer
stars than expected for their mass) fall into the category of passive galaxies.

These passive galaxies are typically more massive than star-forming galaxies.
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Figure 1.5. Distribution of galaxy colour showing bimodality of galaxies. Colours are

chosen to somewhat reflect reality. Plot created using > 180, 000 SDSS galaxies from Blanton
et al. (2003). Figure credit: Markus Possel.

A linked galaxy property that also shows bimodality is galaxy colour, defined as
the difference between the magnitudes of two wavelength bands. The presence
of hot, young O and B stars leads to the blue colour of star-forming galaxies.
Conversely, passive galaxies are red in colour because of the long time since
star-formation and the dominance of the old and low-mass stars. An important
caveat is that dusty star-forming galaxies appear red due to dust absorption

of high energy photons, followed by re-emission at longer wavelengths.

2. Colour: Galaxy colour bimodality can be seen in the example colour distri-
bution of > 180,000 SDSS galaxies shown by Figure 1.5. The primary and
secondary peaks correspond to the blue cloud (star-forming) and red-sequence
(passive) galaxy populations respectively. Colour-mass diagrams show that
there is a strong bimodality corresponding to the two populations, with a
clear “red-sequence” and a “blue cloud” (with slightly more scatter). It can
also be seen that blue galaxies tend to be less massive than red galaxies. This
colour bimodality is well-established at z = 0 and has been found to exist out

to z ~ 2, albeit less distinctively (e.g., Bell et al. 2004; Faber et al. 2007).

3. Morpoholgy & structure: Galaxies can be separated based on the complexity

of their morphology. A strong morphological bimodality has been observed
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where featureless and smooth “early-type” morphologies tend to correspond
to the massive, passively evolving galaxies, whereas complex, spiral, barred, or
irregular “late-type” galaxies make up the lower mass, star-forming population
(e.g., Strateva et al. 2001). Visual morphologies have also been parametrised
using structural parameters such as the Sérsic index n (Sérsic 1963), and struc-
tural bimodality appears to exist out to z ~ 2 (Ravindranath et al. 2004; Bell
et al. 2004; Nair & Abraham 2010; Buitrago et al. 2013; Mortlock et al. 2013).

Thus the blue cloud consists of galaxies with low stellar masses, high star-
formation rates, bluer colours, and late-type morphologies. In contrast, the red
sequence is made up of massive, passively evolving galaxies with low SFRs, redder
colours, and early-type morphologies. This is a broad generalisation, however, as
studies have shown the existence of blue ellipticals (Schawinski et al. 2009) and red
spirals (Masters et al. 2010). Dusty star-forming galaxies also appear red due to

dust absorption.

1.1.5 Galaxy properties vs environment

Having introduced the concept of galaxy environments and discussed galaxy bi-
modality, in this section we review the correlations between the properties of galaxies

and their environments.

1. Morphology-density relation: Since the early days of extragalactic astronomy,
it has been noted that there is a clear contrast between the galaxy morphologies
of high density cluster cores (early-types) and low density field environments
(spirals, Hubble & Humason 1931; Abell 1965). This relationship was first
quantified at z = 0 by Dressler (1980), as shown by Figure 1.6. He showed that
the fraction of early type galaxies (E and S0 in the figure) steadily increases as
a function of galaxy density, while the fraction of late-type galaxies (S + Irr

in the figure) falls steeply.

2. Colour-density relation: The colours of galaxies have also revealed a strong
correlation with environment (e.g., Kodama et al. 2001; Blanton et al. 2005;
Baldry et al. 2006). While the significance of this result decreases with redshift,
it has been detected out to z ~ 1.5 (e.g., Cooper et al. 2007; Chuter et al. 2011).

3. SFR-density relation: Similarly, a distinct correlation has been observed be-
tween the SFR of galaxies and their local galaxy density in the low-redshift Uni-
verse: high density environments have galaxies with much lower star-formation
rates than low density environments (e.g., Lewis et al. 2002; Gémez et al. 2003).
This relationship has been found to exist out to z ~ 1.5, and clustering stud-

ies suggest that passive galaxies are more clustered than star-forming galaxies
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Figure 1.6. The morphology-density relationship, showing the fraction of elliptical (E),
lenticular (S0), and spiral and irregular (S + Irr) galaxies as a function of galaxy density at
z = 0. The fraction of early-type galaxies (ellipticals and lenticulars) increases with local
galaxy density, while the fraction of late types (spirals and irregulars) decrease. Figure
credit: Dressler (1980).

out to z ~ 3 (e.g., Hartley et al. 2013; Wilkinson et al. 2017). In addition,
curious correlations have been observed between the star-formation activity
of galaxies that are at the centre of their groups (“centrals”), and that of the
surrounding galaxies (“satellites”, Wirth 1983; Ramella et al. 1987; Weinmann
et al. 2006; Ann, Park & Choi 2008; Kawinwanichakij et al. 2014; Hartley et al.
2015). This effect, also known as “galactic conformity”, was first detected in
a systematic manner by Weinmann et al. (2006), where red central galaxies
were found to have a higher fraction of red satellites. We investigate the role
that AGN play in this picture in Chapter 5.

4. AGN-density relation: In the local Universe, the AGN fraction appears to be
suppressed in galaxy clusters (Dressler, Thompson & Shectman 1985; Kauff-
mann et al. 2004) with respect to low-density field environments. However,
the relationship between AGN activity and galaxy environment is far from
certain and hotly debated to date. This is explored further in Section 1.3.2

and motivates the three projects presented in this thesis.
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Figure 1.7. Transformation of galaxies from the blue cloud into the red sequence. A
variety of physical processes may be responsible for this, including secular processes (mass
quenching) and environmental processes (environmental quenching). Figure adapted from
(Faber et al. 2007).

These correlations between galaxy properties and environment suggest an evo-
lutionary link: are environmental processes responsible for the transformation of

galaxies from the blue cloud into the red sequence?

1.1.6 Quenching of star-formation

The bimodality of galaxies, and the strong correlations between galaxy properties
and environment, raise the fundamental question: what physical processes are re-
sponsible for some galaxies to become old, red, passive, early-type galaxies as opposed
to young, blue star-forming late-type galaxies?

Astronomers have come to believe that galaxies are transformed from the blue
cloud to the red sequence via a variety of “quenching” mechanisms, as discussed in
the following subsections. A schematic representing the journey of galaxies between
the two distinct populations is shown in Figure 1.7. These can be classified into
two broad categories: environmental processes (“nurture”) and secular evolution

(“nature”).
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Environmental processes

Several quenching mechanisms have been proposed to account for the observed cor-
relations between galaxy properties and environment. These mechanisms include
galaxy-galaxy interactions such as galaxy mergers and tidal interactions, but also
interactions with the intra-cluster medium (ICM) of galaxy clusters, such as ram-

pressure stripping, strangulation, and thermal evaporation:

1. Galaxy mergers result in the merging of stellar distributions of two galaxies
(Icke 1985), and are most common in small galaxy groups with low velocity
dispersions (Ostriker 1980). Major mergers occur where the two participant
galaxies have similar masses, resulting in significant modification of the struc-
ture of both galaxies (Toomre & Toomre 1972). Minor mergers, on the other
hand, occur where galaxies of mass ratio 4:1 or higher merge, resulting in total
disruption of the smaller galaxy, and minor structural changes to the more
massive galaxy (Younger et al. 2007). These mergers are able to disrupt the
star-formation processes that take place in the galaxies, resulting in quench-
ing. Wet mergers refer to the merging of two gas-rich galaxies, where the
interaction of gas causes a significant fraction of kinetic energy to be dissi-
pated (Mihos & Hernquist 1996). It is thought that gas is funnelled into the
central regions of the galaxy, leading to quenching following a starburst or
AGN feedback (see next section).

2. Tidal interactions refer to gravitational interactions between galaxies. These
are most severe in galaxy groups, as galaxies interact with other galaxies with
low relative velocities, leading to tidal stripping. On the other hand, galazy
harassment occurs as repeated galaxy interactions with high relative velocities
(Moore et al. 1996) result in the quenching of star-formation due to long-term

disturbance of the gas content.

3. Ram-pressure stripping occurs when the cold gas reservoir of a galaxy is re-
moved by the ram pressure exerted by the ICM (Gunn & Gott 1972), resulting
in the deprivation of fuel necessary for star-formation. Strangulation comes
into play when this ram pressure is not sufficient to remove the cold gas reser-
voir, but is enough to drive the circumgalactic medium (which replenishes this
cold gas reservoir) away, eventually leading to quenching once the cold gas
reservoir is used up (Larson, Tinsley & Caldwell 1980). For example, tidal
truncation of outer galactic regions can occur due to the potential well of the

cluster, leading to the removal of the outer hot gas reservoir (Merritt 1983).

4. Thermal evaporation can also take place due to the heating of the interstellar

medium of a galaxy upon interaction with the hot ICM, such that gas does
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not collapse into stars (Cowie & Songaila 1977).

Secular processes

The star-formation properties of galaxies have been found to correlate strongly with
stellar mass (Peng et al. 2010), leading to the common nomenclature of “mass
quenching”. This secular channel includes mechanisms such as hot halo quench-

ing, disk instabilities, and stellar and AGN feedback processes.

1. Hot halo quenching of intergalactic gas occurs due to the conversion of grav-
itational energy into heat (Birnboim & Dekel 2003; Keres et al. 2005). Such
infalling gas is unable to cool in dark matter halos more massive than 1012 M),
resulting in shock heating of any further cold gas accretion. However, the hot
halo hypothesis alone cannot explain quenching as these halos are expected to

cool eventually, thus restarting the process of star formation.

2. Disk instabilities have also been proposed to develop as gas-rich disks grow
above a certain mass threshold (Dekel, Sari & Ceverino 2009). These unstable
disks could then trigger a starburst followed by rapid depletion of cold gas,

leading to quenching of star formation.

3. Stellar feedback processes may regulate star formation in the form of strong
outflows that inject large amounts of energy to surrounding cold gas (e.g.,
Chevalier & Clegg 1985). In models of galaxy formation and evolution, stellar
feedback processes from supernovae explosions and stellar winds are invoked
in order to prevent the over-formation of low-mass galaxies (e.g., Efstathiou
2000). These processes are also thought to play a part in regulating star

formation in more massive systems (e.g. Diamond-Stanic et al. 2012).

4. AGN feedback comes into play as the energetic jets and outflows of gas from
the supermassive black hole in the galactic centre are able to inject immense
amounts of heat into (and even expel) the interstellar medium. This can lead
to the quenching of star formation (Silk & Rees 1998), or to the maintenance
of the quenched state of a galaxy (typically known as “radio-mode feedback”,
e.g. Croton et al. 2006).

1.2 Active galactic nuclei

Although the fields of neither active galactic nuclei (AGN) nor extragalactic astron-
omy were born at the time, the evidence for AGN dates back to 1908, when Edward
Fath obtained spectra of star clusters and “spiral nebulae” and found that the spec-
trum of source NGC 1068 exhibited strong emission lines (Fath 1909). This did
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not receive much attention, until 1943 when Carl Seyfert obtained optical spectra
for twelve galaxies with a high central concentration of light similar to NGC 1068.
He discovered that six of these galaxies had strong, broad emission lines indicative
of typical velocities between 500 — 4000 km s—! (Seyfert 1943), which led to the
nomenclature of “Seyfert galaxies” to refer to similar objects. However, the field
was still moving at a very slow pace until the discovery of radio-loud quasars two
decades later (Schmidt 1963), when a whole new branch of extragalactic astronomy
opened up. Over the next decade an interesting hypothesis started to take root:
that quasars were the higher redshift, higher luminosity analogues of local Seyferts.
Although this idea suffered much debate, it has eventually become the accepted
paradigm, such that the umbrella term of AGN now encompasses both Seyferts and
quasars, along with several other classes of interesting populations.

Today, the astronomical community is in consensus that essentially all massive
galaxies host super-massive black holes (SMBHs), that are observed as AGN during
their phases of intense mass accretion. This section reviews our understanding of
black holes and AGN.

1.2.1 Black holes

The idea of black holes originated from a geologist and clergyman John Michell in
1783, who was the first to show using Newtonian physics that the escape velocity
from the surface of a massive enough star would be greater than the speed of light.
For a while the prospect of giant but invisible stars lurking in plain sight raised
excitement, but this died down over time as light started to become understood as
wave-like, since it was uncertain whether gravity could influence these light waves
from escaping.

More than a century later, Einstein showed that gravity does influence the motion
of light and published his theory of general relativity (Einstein 1916). Only a few
months later, Karl Schwarzchild found the first modern solution of general relativity
(Schwarzschild 1916). However, it was only in 1958 that David Finkelstein presented
the interpretation that a black hole was a region of space from which no particle
could ever escape (Finkelstein 1958). In the following decade it was shown that
black holes were in fact a prediction of general relativity. It was in this era that the
term “black hole” was coined.

There is much evidence for the existence of black holes, a few examples of which

are outlined below:

1. The recent news (10th April 2019) of the first ever image of a black hole has
prompted a wave of excitement through the astronomical community. The
black hole in the centre of the M87 galaxy was captured by the Event Horizon

Telescope, in the act of accreting hot gas with its strong gravitational influence
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igure 1.8. € Supermassive e nearby elliptical galaxy )
as depicted in the first ever image of a black hole, released by the Event Horizon Telescope
on 10th April 2019 (Event Horizon Telescope Collaboration et al. 2019).

(Event Horizon Telescope Collaboration et al. 2019). This hot gas can be seen

as the “ring” around the central black hole in Figure 1.8.

2. A similar wave of excitement was experienced during the first ever direct obser-
vation of gravitational waves in 2015 (Abbott et al. 2016). With comparisons
to theoretical predictions, the signal was found to be consistent with a merger
of two black holes of approximately 30 M each. From the inferred separation
of the two objects prior to the merger of only 350km, it was concluded that
the objects must have been extremely compact, rendering black holes as the

most plausible explanation.

3. There is also strong evidence for the black hole in our own Milky Way, Saggi-
tarius A*. High resolution observations of the proper motions of stars in the
Galactic centre show that the central light day contains a mass of ~ 4 x 10% M,
(Gillessen et al. 2009).

4. The nuclei of many nearby massive galaxies (e.g. M87, M84) also reveal Ke-
plerian gas motion, implying central objects with masses of 107-10° Mg, (e.g.,
Ford et al. 1994; Bower et al. 1998).

Formation and growth into SMBHs

It has been proposed that the collapse of very massive stars in the early Universe
resulted in “stellar mass” black holes (Madau & Rees 2001; Volonteri 2010). These

black holes grow via the continuous accretion of matter such as gas and interstellar
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dust, or merging with stars or other black holes (e.g. Volonteri, Haardt & Madau
2003). Hence it has been proposed that these stellar mass black holes were the initial
seeds of supermassive black holes that are now thought to lurk in the centres of all
massive galaxies (Park et al. 2016; Pacucci et al. 2017). These SMBHs also provide
strong evidence for black holes as they can be observed as AGN with characteristic

observational properties.

1.2.2 Observational characteristics of AGN

Rapidly accreting SMBHs share some common observational properties, that drive

our physical understanding of AGN and survey designs:

1. Broad continuum emission: “Normal galaxies” emit most of their radiation
over a relatively narrow range of frequencies, and their spectral shape is typ-
ically dominated by the superposition of stellar blackbody spectra. On the
other hand, as shown by Figure 1.9, most AGN display a fairly flat continuum
shape (in terms of vf,) throughout much of the electromagnetic spectrum,
from infrared wavelengths to hard X-rays. AGN can therefore outshine typi-
cal galaxies by an order of magnitude (or more). At X-ray wavelengths, the
light from AGN can be up to four orders of magnitude brighter than non-active

galaxies.

2. Emission lines: Significant line emission due to high excitation transitions has
also been classed as a key characteristic of AGN. Common lines include ionised
lines of H, He, C, O, Ne, Mg, Si, and Fe in optical and UV wavelengths, and
the 6.4 keV Fe line in X-rays. Flux from broad-band filters can be significantly
dominated by the strong nature of the line emission. These observed lines may
be narrow and/or broad depending on the class of AGN (see Section 1.2.3),

including permitted, semi-forbidden, and forbidden transitions.

3. Variability of the continuum and line emission across multiple wavelengths is
one of the most characteristic traits of AGN. The timescales of the aperiodic
flux variability of AGN ranges from minutes to years, with faster variability
in shorter frequency wavebands. For example, at X-ray wavelengths, AGN
display significant variability on minute scales whereas at optical /near-infrared

wavelengths, AGN vary on monthly or yearly timescales.

4. Compact, luminous nucleus: AGN generate an immense amount of power in an
extremely compact central region. AGN luminosities typically vary between
102 < L < 108 erg s™!, outshining a typical non-AGN galaxy by up to a
factor of 10 in X-rays. Studies of variability suggest that the upper limit on
the size of the emitting region of 107410 pc.
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Figure 1.9. Schematic representing the relatively flat continuum emission from AGN. The
black solid curve denotes the total spectral energy distribution and the coloured lines (offset
for clarity) show the constituent components. Figure credit: Harrison (2014).

1.2.3 Basic model

The most widely accepted model of AGN structure, consistent with these observa-
tional characteristics of AGN, is presented in this section. In the currently accepted
paradigm (Antonucci 1993; Urry & Padovani 1995), AGN are powered by mass ac-
cretion on to the growing central black hole. Less efficient processes such as nuclear
burning in stars are not as likely due to the enormous amounts of fuel required
and the tensions with observations such as luminosities, sizes, and lifetimes. The
luminosity due to accretion is given by Lagn = nM c?, where 7 is the conversion
efficiency of mass to energy, M is the rate of mass accretion, and ¢ is the speed of
light.

A theoretical maximal limit on this Lagn can be derived (Rybicki & Lightman
1979), assuming isotropic accretion on to a black hole, and balancing the inward
force of gravity and the radiation pressure from the emitted luminosity of accretion.

This upper limit, known as the FEddington luminosity, is given by
Ligd = 1.26 x 10%(Mpp /M) erg s 1, (1.6)

for spherically symmetric accretion onto a black hole of mass Mpgy.
The Eddington ratio Agqq is often used to relate the AGN luminosity to the
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Figure 1.10. Schematic presenting the currently mose accepted physical model of AGN
(adapted from Urry & Padovani 1995). The accretion disk that surrounds the central engine
(SMBH) is shown in pink. An optically thick dusty torus surrounds the accretion disk, and
the gaseous envelope above and below the accretion disk is known as the “corona”. The
“Broad Line Region” refers to the region with observable broad line emission (due to the
gravitational effects from the black hole). The “Narrow Line Region” extends over much
larger scales and is not so sensitive to this gravitational influence. Thin radio jets can launch
near the accretion disk, as observed in radio-loud quasars.

Eddington limit as follows,

L
AEdd = LAGN . (1.7)
Bdd

Unified model

The physical model of AGN structure is demonstrated by the schematic in Fig-
ure 1.10, adapted from Urry & Padovani (1995). In this figure, the accretion disk
that surrounds the central engine (SMBH) is shown in pink. The gaseous envelope
above and below the accretion disk is known as the “corona”, and an optically thick
dusty torus surrounds the accretion disk. As suggested by its name, the “Broad Line
Region” refers to the region with observable broad line emission, due to the grav-
itational influence of the SMBH. The “Narrow Line Region” is not so sensitive to
the gravitational effects of the black hole, and extends over much larger scales. This
model also explains radio-loud quasars as a result of thin radio jets being launched

near the accretion disk.
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Type 1 Seyfert galaxies (or Type 1 AGN) are those with significantly broader per-
mitted emission lines than forbidden emission lines. In contrast, Type 2 sources have
permitted and forbidden emission lines of similar strength. The unified model (An-
tonucci 1993; Urry & Padovani 1995) explains that these two classes of AGN merely
represent different viewing angles, thus dictating whether or not the dusty torus
obstructs the broad emission lines from being observed. While it has been suggested
that this model requires modifications, it has been largely successful in explaining
the observational characteristics, the types of AGN, and the multi-wavelength and

line emission of AGN.

1.2.4 Emission and observations of AGN

Having described the key observational characteristics of AGN and introduced the
standard model of AGN, we draw these together in this section to explain the phys-
ical origin of nuclear emission, as well as discussing the observation (and selection)
of AGN in different methods. These selection methods have different selection bi-
ases and key capabilities (e.g., Padovani et al. 2017). We note that these different
types of AGN have significant variation in the relative contributions of emission
to the broad-band continuum. A schematic representation of the SED of a typical

radio-quiet AGN is shown in Figure 1.9.

UV /optical continuum

Emission: Under the assumption that the accretion disk is optically thick, the spec-
trum of the continuum is expected to reflect thermal blackbody emission that peaks
in the ultraviolet (UV). Consistent with this prediction, the UV /optical spectrum is
characterised by the “big blue bump” and broad continuum emission from ~ 4000 A
through to at least 1000 A.

Observations: Since a significant fraction of the bolometric luminosity of the AGN
is expected to be in the UV, it is unfortunate that this part of the electromagnetic
spectrum cannot easily be observed from Earth due to the stratospheric ozone layer.

Since the 1980s, optically selected AGN have been identified using colour diag-
nostics in photometric surveys (Schmidt & Green 1983; Boyle et al. 1990), using
the UV excess (caused by the “big blue bump”), as determined by e.g. U-B colour.
Since optical diagnostics are disadvantaged by significant non-AGN contamination,
cleaner samples can be obtained by following up using spectroscopy or other selection

techniques.
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X-ray continuum

Emission: Above and below the optically thick accretion disk, it is proposed that
there is an optically-thin hot corona of gas. Optical/UV continuum photons that are
produced in the accretion disk are inverse-Compton scattered by the hot electrons
in this corona. The boost in the energies of the photons leads to the power-law
spectrum of hard X-ray continuum. To first order, this power law can be modelled

@ where the energy index oo = 1.

as S, x v~

There is often an additional X-ray continuum feature known as the “soft excess”,
when fluxes are seen at lower X-ray energies. Inverse Compton scattering of the
UV /optical photons have been proposed to account for this soft excess, but the
origin of this emission is subject to much debate, as it has also been interpreted as
a blend of X-ray emission lines (Turner et al. 1991).

Intervening gas in the circumnuclear torus can modify the X-ray spectra of AGN
due to photoelectric absorption. The number of surviving soft photons in the spec-
trum thus depends on the optical density of this gas absorbing column. The optical
depth depends on the number density of hydrogen atoms Ng. Therefore, by com-
paring the flux of an AGN in the hard and soft bands, we can obtain a measure of
the gas obscuration of the circumnuclear torus using the hardness ratio (HR), given
by:

_h—s
 h+s

HR (1.8)
Observations: Since the 1970s, significant numbers of AGN have been found to emit
energetically in X-rays (Elvis et al. 1978). It is now evident that luminous X-ray
selected AGN (Lx 2 10*2 erg s7!) dominate source counts in deep X-ray surveys
(over other sources such as stars and X-ray binaries). X-ray surveys are thus an
invaluable tool in providing clean, uniform samples of AGN, especially at higher
redshifts. AGN are typically matched to near-infrared/optical counterparts at the
same position within some search radius, depending on the resolution of the X-ray
imaging. This thesis primarily concerns X-ray selected AGN, and we discuss the

relevant X-ray surveys in Chapter 2.

Infrared continuum

Emission: A second broad bump marks the infrared (IR) continuum as vF, starts
to rise at ~ 1um and has a steep decline at longer wavelengths (where the emission
is dominated by star-formation in the host galaxy and little AGN contribution). As
the dust in the torus around the accretion disk is heated from the absorption of

photons, it re-emits thermal radiation in the infrared region of the spectrum.
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Observations: IR-selected AGN are frequently identified using mid-IR to near-IR
colour diagnostics from photometric surveys. The most advantageous facet of IR-
selected AGN is its lack of sensitivity to obscuration and orientation effects, allowing
for the detection of the most obscured AGN out to high redshift. On the other hand,
it is disadvantaged by its susceptibility to contamination, since the signal of thermal
re-radiation from AGN could be mixed with the signal from dusty star formation.
Extensive multi-component SED fitting is often required to independently model
the relative contributions from AGN and the host galaxy (Mullaney et al. 2011).

Radio

Emission: In radio-loud objects, radio emission is thought to originate from rela-
tivistic jets that are launched near accretion disk (Merloni & Heinz 2007; Best &
Heckman 2012; Heckman & Best 2014). Approximately 10-20% of all quasars are
radio-loud (Kellermann et al. 1989; Urry & Padovani 1995; Ivezié et al. 2002). In
radio-quiet objects, the processes that drive the more compact radio emission are
less clear, although proposed mechanisms include simply more compact radio jets

and a corona close to the accretion disk (e.g. Polletta et al. 2000).

Observations: Radio-selected AGN represent one of the oldest selection techniques
and radio surveys have been widely used to identify AGN. The main advantages of
this selection method are that: (a) radio AGN are mostly missed by other techniques
(Heckman & Best 2014; Alexander & Hickox 2012), and (b) the orientation of AGN
may not play a significant role in the detection of radio emission. Radio AGN
have been suggested to represent active black holes with relatively low radiative
efficiencies, with host galaxies that are characteristically more massive and passive
(Hickox et al. 2009; Goulding et al. 2014). However, it has also been found that
“high-excitation” radio AGN sample host galaxies similar to AGN selected at other
wavelengths, and seem to have higher radiative efficiencies (Hardcastle, Evans &
Croston 2007; Smolcié¢ 2009).

Broad and narrow lines

Emission: Broad line emission comes from permitted transitions in highly dense
(ne ~ 109 cm™3), photoionised clouds very close to the black hole (between the
central engine and the dusty torus). These transitions are Doppler-broadened due
to the direct gravitational influence of the SMBH. Forbidden lines are not observed
in the broad-line region because the de-excitation occurs due to collision rather than
emission of a photon.

In the narrow line region, the photons that escape the inner regions within the

torus are able to ionise gas in low density regions with far lower electron densities
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(ne < 10% cm™3) at much larger radii. The emission lines in this region are narrow,

and both forbidden and permitted emission lines are observed in this region.

Observations: From observations of their spectra, AGN can be classified into type 1
or type 2 depending on the presence or absence of broad permitted emission lines in
addition to narrow (forbidden and permitted) emission lines.

The presence of high-excitation emission lines in the infrared regime (Weedman
et al. 2005; Goulding & Alexander 2009) enables the use of IR spectroscopy to
successfully select AGN. Optical spectroscopic surveys allow for the selection of
AGN using (a) extremely luminous or broad emission lines and (b) emission-line
ratio diagnostics, i.e. comparing the relative strengths of different emission lines.
At low redshift, a common diagnostic is the “Baldwin, Phillips & Telervich” (BPT)
diagram, which distinguishes (different types of) AGN from star-forming galaxies
(Baldwin, Phillips & Terlevich 1981).

1.3 AGN and galaxy evolution

Several lines of observational evidence point towards a close relationship between
the evolution of AGN and that of galaxies, such as the correlation between the
mass of SMBHs and those of host galaxy bulges (e.g., Ferrarese & Merritt 2000;
Gebhardt et al. 2000) and the similar evolution in the cosmic star-formation rate
and accretion rate densities (e.g., Boyle et al. 1998). These connections are reviewed

in the following subsection.

1.3.1 Co-evolution of black holes and galaxies
Mgy — o relationship

It is now widely accepted that in the local Universe, the masses of SMBHs (M)
are tightly connected to the velocity dispersion of their host galaxy bulges (o). Re-
markably, this relationship holds over four orders of magnitude (Ferrarese & Merritt
2000; Gebhardt et al. 2000). Similarly, there is an intimate relationship between
SMBH mass and the mass of the bulge, shown by Figure 1.11. This is surprising
given that accretion onto the SMBH takes place on scales < 0.1 pc while the for-
mation of galaxy bulges occurs on scales of kiloparsecs. The likely interpretation
was that there must be some intrinsic physical connection between the formation of

black holes and that of galaxy bulges.

Cosmic star formation vs black hole accretion

In addition to the M—o relation at low redshift, the global density of black hole

growth and star-formation appear to follow a common trend throughout cosmic
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Figure 1.11. Remarkably tight relationship between the mass of the black hole (M,) vs the
mass of the bulge (Myuige) spanning several orders of magnitude. Figure credit: Kormendy
& Ho (2013).

time. A representative model of cosmic black hole growth (Aird et al. 2010) is
depicted in Figure 1.12 (reproduced from Harrison 2014). As shown by this figure,
Aird et al. (2010) found that scaling the SMBH mass accretion density by ~ 5000
(blue shaded region) matches observations of cosmic SFR density out to cosmic
dawn (z ~ 6). Both cosmic star formation and black hole accretion were evidently
increasing as the Universe was evolving at early times, until the peak at z = 1-2.
After this epoch, both global SFR and BH growth slow down rapidly. This striking
similarity between the growth of star-formation and black hole accretion therefore
suggests that there may have been a causal connection between the two.
Furthermore, there is an apparent preferential association of AGN with star-
forming galaxies. Several studies find that optical, X-ray, and infrared selected AGN
are preferentially located in star-forming galaxies (Kauffmann et al. 2003; Alexander
et al. 2005; Mullaney et al. 2012; Rosario et al. 2013). Using a Bayesian analysis,
Aird, Coil & Georgakakis (2017) find that the probability of a quiescent galaxy

hosting an AGN is generally lower than that of a star-forming galaxy out to z ~ 2.
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Figure 1.12. The similar shapes of the evolution of densities of cosmic star formation and
black hole accretion. The orange points show the redshift evolution of the volume averaged
cosmic SFR density as compiled by Madau & Dickinson (2014). The blue shaded region
denotes the model of cosmic black hole growth from Aird et al. (2010), which shows the
mass accretion density scaled by ~ 5000. Figure credit: Harrison (2014).

While there is significant evidence suggesting that AGN activity is intimately linked
to star formation, we note that there are several exceptions, such as radio-selected
AGN, that have much lower star formation rates (Heckman & Best 2014). In addi-
tion, the flat relationship between X-ray luminosity and star-formation rate (Stanley
et al. 2015) may suggest that global star formation is decoupled from AGN activity,
although it has been proposed that large X-ray variability on short timescales can

dilute intrinsic correlations (Hickox et al. 2014).

1.3.2 AGN host galaxy environments

Given the apparent evolutionary connection between AGN host galaxies and their
central SMBHSs, the study of AGN as a function of host galaxy environment is well-
suited to constraining the parameters that govern the physical triggering of AGN, as
well as the links of AGN with star formation and galaxy evolution. If the availability
of cold gas drives both star formation and AGN activity, one might expect the
correlations between host galaxy environment and AGN to mimic the observed SFR-
density relationship (e.g., Gisler 1978). Indeed, it has been known for over three

decades that only 1% of massive galaxies in local galaxy clusters show spectroscopic
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signatures of AGN activity, compared to 5% of the corresponding population in
the field (Dressler, Thompson & Shectman 1985). More recently, larger samples
have allowed for the confirmation of this trend to higher significances, for example,
Kauffmann et al. (2004) found that twice as many galaxies host AGN with strong
[OIII] emission in low-density regions as in high density regions. Therefore, there
appears to be anti-correlation between galaxy density and AGN activity, parallel to
the SFR-density relationship.

Along with the availability of cold gas, however, there are additional physical
processes that could affect the rate of accretion onto the SMBH. For instance, in
the cluster environment, gas may be removed through environmental processes such
as ram-pressure stripping (Gunn & Gott 1972), and tidal effects due to the cluster
potential (Farouki & Shapiro 1981) and other galaxies (Richstone 1976). On the
other hand, processes such as harassment (Moore et al. 1996) may perturb the
galaxy and lead to AGN triggering. From a theoretical viewpoint, less massive
groups have been proposed as the ideal environment for AGN activity due to an
increased likelihood of mergers (Hopkins et al. 2008a,b). However, observational
evidence that mergers are linked to AGN triggering remains mixed (Ellison et al.
2013; Kocevski et al. 2015; Villforth et al. 2017; Hewlett et al. 2017).

1.3.3 Motivations for this work

While much progress has been made in the study of AGN, the fundamental question
of how exactly they are triggered remains unanswered. There are apparent connec-
tions between AGN activity and host galaxy environment, but clear explanations,
both for AGN triggering and the interplay between SMBHs and their host galaxies,
remain elusive. To complicate matters further, literature suggests that the suppres-
sion of AGN in low redshift clusters reverses at high redshift (Lehmer et al. 2009;
Digby-North et al. 2010), although these studies were based only on star-forming
galaxies, which could bias the results if there is a strong dependence of AGN activ-
ity on host galaxy type. The study of AGN activity in high redshift (proto)clusters
has been stunted due to the challenges of identifying them while minimising biases
at high redshifts. Once protocluster samples are identified, additional requirements
are a clean method of selecting AGN within these protoclusters, and a comparable
control field galaxy sample at similar redshift.

The astronomy community has also attempted to study the connection between
AGN activity and typical (large-scale) environments from a statistical viewpoint
using clustering techniques, as touched upon in Section 1.1.3. Previous cluster-
ing studies suggest that X-ray AGN are associated with group-like halo masses of
10'2=13 M, across a wide range of redshifts (Croom et al. 2005; Ross et al. 2009;
Shen et al. 2009; Krumpe et al. 2012; Allevato et al. 2016; Powell et al. 2018), con-
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sistent with the interpretation that mergers, which are enhanced in groups, trigger
AGN activity. However, recent literature suggests that host galaxy properties play
a key role (Mendez et al. 2016; Powell et al. 2018) in driving the clustering signal.
There is also much debate on whether AGN triggering is dependent on environment
at all and instead stochastically triggered (Aird, Coil & Georgakakis 2017). This
ambiguity motivates the need for clustering studies of AGN as a function of redshift,
taking into careful consideration the impact of host galaxies.

Additionally, the study the nearby neighbours of AGN is well-motivated, as it
could facilitate the disentanglement of AGN triggering scenarios of stochasticity vs
environmental triggering. AGN host galaxies are in a unique and complex position
in that it has been proposed both that they influence their neighbours via feedback
(Croton et al. 2006), as well as be influenced by their neighbours via environmental
triggering (Hopkins et al. 2008a,b). Finally, the star-formation properties of the
small scale neighbours of AGN have not been given much attention to date. While
the star-formation properties of satellite galaxies have been found to “conform” to
those of centrals, the role that AGN plays in this picture remains untested.

To tackle the potential connection between AGN activity and host galaxy envi-
ronments, we identify three outstanding questions that motivate the work presented

in this thesis:

e What happens to AGN activity in dense structures at high redshift?

e What role do host galaxies play in the connection between AGN and large

scale structure?

e What can the small scale environments of AGN tell us about triggering?

1.4 Thesis structure

This thesis investigates AGN activity in different galaxy environments using three
complementary methods: a detailed case study of a dense structure at high redshift,
statistical clustering analyses to identify their larger scale structure, and aperture
techniques to study the neighbours of AGN within 500 kpc.

e In Chapter 2, we describe the data catalogues used in this thesis, the major-
ity of which were not produced by me. These include the UDS and COSMOS
multiwavelength galaxy catalogues, protocluster galaxy catalogue, galaxy clas-
sification catalogues, and X-ray catalogues from Chandra and XMM-Newton

observatories.

e In Chapter 3, we explore the prevalence of AGN in the high-redshift proto-
cluster C10218.3-0510 at z = 1.62. Using imaging from the Chandra X-ray
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Telescope, we find a large overdensity of AGN in the protocluster. We study
the AGN fraction in massive protocluster galaxies and compare this to the
field, and investigate the radial profiles of the AGN overdensity. We also com-
pare the properties of AGN in the protocluster to the field. This work is
published in Krishnan et al. (2017).

e In Chapter 4, we study the relationship between AGN and dark matter halo
mass using statistical clustering techniques. Our study is based on a cross-
correlation analysis applied to X-ray selected AGN in the COSMOS and UDS
fields, spanning redshifts from z ~ 4.5 to z ~ 0.5. We investigate the role of
host galaxy properties by measuring the clustering signal of inactive (i.e. non-
AGN) galaxies closely matched to the AGN in spectral class, stellar mass and
redshift. We also investigate the link between AGN luminosity and clustering.

This work is submitted for publication (Krishnan et al. submitted).

e In Chapter 5, we present a preliminary analysis of the properties of galaxy
neighbours within 500kpc of X-ray AGN between z ~ 2.5 and z ~ 0.5 in the
UDS and COSMOS fields. We investigate the number densities and passive
fractions of AGN compared to a closely matched sample of control galaxies.

This preliminary work is as yet unpublished.

o We summarise our results, present our conclusions, and suggest relevant future

work in Chapter 6.

All magnitudes throughout this thesis are in the AB magnitude system.



Chapter 2

Description of the data

In this chapter, we describe the data catalogues that made possible the work pre-
sented in this thesis. The structure of the chapter is as follows. In Section 2.1, we
describe the UKIDSS Ultra Deep Survey (UDS), and its galaxy catalogues. This
includes two K-band selected catalogues based on the 8th and 11th data releases
(DR8 and DR11). Also included in this section are details of a well-identified proto-
cluster catalogue, and of the X-ray surveys (Chandra and XMM-Newton) providing
coverage of the field. Both the UDS DR11 catalogue and Chandra UDS catalogue
have been made available during the course of my PhD, allowing us to use state-
of-the-art data to probe the scientific questions outlined in Chapter 1. The DRI11
catalogue is used in Chapter 4 and Chapter 5. In Section 2.2, we outline the Cosmic
Evolution Survey (COSMOS), along with X-ray observations of the field from the
COSMOS Chandra-Legacy Survey. We discuss the comparability of these two fields
in Section 2.3. Section 2.4 presents our galaxy classification technique, and finally,
Section 2.5 describes our determination of stellar mass completeness limits.

I did not carry out the majority of this work presented in this chapter, but the
catalogues described provide the fundamental basis for the work presented in this

thesis. We accredit the relevant authors in each section.

2.1 Ultra Deep Survey

The UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007) Ultra Deep
Survey (UDS) is a deep photometric survey centred on RA = 02:17:48, DEC =
-05:05:57, covering a survey area of 0.8 deg? after removing masked regions such as
bright stars and image artefacts. The UDS is the deepest K-band survey over such
a large, contiguous area. UKIDSS uses the UKIRT Wide Field Camera (WFCAM,
Casali et al. 2007). Please see Hewett et al. (2006) and Hodgkin et al. (2009) for
details on the photometric system and the calibration respectively. The UDS is
a mosaic comprised of 16 sub-regions corresponding to four pointings of the four
detectors of WFCAM. The full details of the UDS stacking and optimisation will

29
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be provided in Almaini et al. (in prep). For the DR11, additional deep Y -band
observations are provided by the VISTA Deep Extragalactic Observations (VIDEO)
survey (Jarvis et al. 2013), reaching a 50 depth of 24.4 mag. The UDS also benefits
from deep optical observations from the Subaru XMM-Newton Deep Survey (SXDS,
Furusawa et al. 2008), with 50 depths of 27.8, 27.2, 27.0, 27.0 and 26.0 in B, V, R,
', 2’ in 2 apertures, as well as IRAC 3.6um and 4.5um coverage from the Spitzer
UDS Legacy Program (SpUDS, PI:Dunlop) to a depth of 24.2uJy and 24.0uJy,
respectively. The unmasked area with 12-band photometric coverage is 0.62 deg?.
K-band selected galaxy catalogues were created because the observations were

optimised for this wavelength band (in the interest of optimally selecting high red-

shift galaxies by stellar mass).

2.1.1 UDS DRS

In Chapter 3, we use the 8th data release of the Ultra Deep Survey (UDS DRS).
The near-infrared data were the deepest over such a large area at the time, reaching
AB magnitude depths of J =24.9, H = 24.2 and K = 24.6 (see e.g., Hartley et al.
2013; Simpson et al. 2013).

Stellar masses and photometric redshifts in the UDS DR8 catalogue have been
determined by fitting the Spectral Energy Distributions (SEDs) of templates to
observed photometry. The publicly available code EAZY was used to do so, and
further details can be found in (Simpson et al. 2013). Bruzual & Charlot (2003)
stellar population templates were used, assuming a Chabrier (2003) initial mass
function (IMF). These photometric redshifts have a normalised median absolute

deviation of onpmap = 0.027.

2.1.2 UDS DRI11

In Chapter 4 and Chapter 5, we use the 11th data release of the UDS (UDS DR11).
The 50 limiting depths in 2” diameter apertures are 25.6, 25.1 and 25.3 mag in the
J, H, and K-bands, respectively (Almaini et al. in prep).

Improvements from DRS8

Beyond the fainter depths that are probed by the UDS DRI11 catalogue, several
aspects of catalogue preparation have been significantly improved compared to the

DRS8. We outline these most important systematic effects below:

e DRI11 benefits from deep Y-band imaging from VIDEO, allowing for more

accurate photometric redshifts at z > 1.

e TRAC masks were included, in addition to improved masking of the remaining

wavebands.
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e Deeper IRAC data were added from the Spitzer Extended Deep Survey (SEDS;
Ashby et al. 2013).

e Background sky levels were more carefully determined and subtracted, result-

ing in more accurate photometry for faint objects.

e The WFCAM zeropoint was recalibrated according to each of the four detec-

tors to account for variation across the field.

Photometric redshifts and stellar masses

Photometric redshifts were determined using the method outlined in Simpson et al.
(2013), by fitting 12-band photometry using a library of templates built from the
Bruzual & Charlot (2003) models with ages of 30 Myr to 10 Gyr, a range of metallic-
ities, and three templates dust-reddened using a Small Magellanic Cloud extinction
law. These photometric redshifts have a normalised median absolute deviation of
onMAD = 0.019 as compared to ~ 7000 secure spectroscopic redshifts. Spectroscopic
redshifts are used when available.

Stellar masses were also calculated using the method described in Simpson et al.
(2013) using SED-fitting of a much finer grid of synthetic SEDs. We refer the reader
to Almaini et al. (in prep) for further details on the UDS DR11 catalogue.

Completeness simulations

Statistical studies of galaxies must take into account the Malmquist bias (Malmquist
1922, 1925), since astronomical objects at fainter magnitude are less likely to be
detected due to survey limits. Monte Carlo simulations, where test images are
populated with fake galaxies, are used in order to quantify the “completeness” as
a function of galaxy magnitude. Running source detection software (SExtractor;
Bertin & Arnouts 1996) on these images allows us to compute completeness curves
as a function of magnitude. The magnitude completeness limit corresponding to 2c
or 30 can then be derived.

I have played a role in the completeness simulations of the UDS DR11 catalogue
preparation. I contributed to the investigation of issues such as the effect of placing
fake sources at random positions on the real DR11 image as opposed to the typically
used blank image (since blending may play a role in recovering galaxies), the influ-
ence of galaxy type in the completeness simulations (since passive galaxies tend to
have a more compact morphology leading to an increased SExtractor detectability),
and the optimisation of SExtractor parameters (to maximise the counts of galaxies

while minimising spurious sources).
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Figure 2.1. SED fits to the observed fluxes from multi-wavelength imaging for a star-
forming galaxy (upper panel) and passive galaxy (lower panel). The solid black circles
denote the photometric measurements in bands used to derive photometric redshifts and
galaxy properties. Corresponding filter transmission curves are plotted on the bottom. The
grey line depicts the best-fitting template assigned to the galaxy. Figure credit: Hatch et al.
(2016).

2.1.3 Cl10218.3-0510 protocluster at z = 1.6233

Chapter 3 details our case study of AGN in a high-redshift protocluster. For this
study we made use of the Cl10218.3-0510 protocluster at z = 1.6233 in the UDS
field (Papovich et al. 2010; Tanaka, Finoguenov & Ueda 2010). In addition to
the photometry available in the UDS DR8 catalogue, Hatch et al. (2016) obtained
multiwavelength imaging for this protocluster, including doubly sampled J and K
imaging, as well as imaging in two narrow-band filters (ESO/VLT FORS [SIII]465
and HAWK-I 1.06pm NB1.06). The two narrowband filters were chosen such that
they bracketed the Balmer break and the 4000 A break of the protocluster galaxies.
This enabled the calculation of accurate photometric redshifts and stellar masses.
Exemplary fits of the modelled spectral energy distribution (SED) to the observed

fluxes from multi-wavelength imaging are shown in Figure 2.1.
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Figure 2.2. Galaxy density map of the C10218.3-0510 protocluster (shown by background

colour scale), with protocluster galaxy candidates shown by white circles, and dashed circles

marking where 80, 70 and 60% of the galaxies are likely to become cluster members by
z = 0. Figure credit: Hatch et al. (2016).

Hatch et al. (2016) found that, for 16 protocluster members with existing spec-
troscopic redshifts, the dispersion of zphot — Zspec Was Az/(1 + z) = 0.013. This
high-precision redshift data enables the accurate selection of protocluster members
using photometry. The “Goldilocks” sample from Hatch et al. (2016) consists of
protocluster member galaxies that have been optimised to minimise contamina-
tion from field galaxies, as well as maximise completeness of protocluster members.
Protocluster members in this sample were defined out to 5 arcmin (2.6 physical
Mpc) from the central Brightest Cluster Galaxy (BCG) at RA = 2h 18m 21.5s,
Dec = —5°10"19.8"” . Beyond this radius, the probability of Goldilocks protocluster
candidates becoming cluster members is below 50% and decreases rapidly with ra-
dius (Hatch et al. 2016). A galaxy density map of this protocluster annotated with
the probability that galaxies become cluster members is illustrated in Figure 2.2.

Protocluster galaxy properties such as redshifts and masses have been determined
through SED-fitting using Bruzual & Charlot (2003) stellar population templates
and assuming a Chabrier (2003) initial mass function (IMF), as described in Hatch
et al. (2016). The comoving volume of the full protocluster volume probed by these
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observations is 10.2 x 10.2 x 34.0 Mpc? (Hatch et al. 2016).

2.1.4 UDS Chandra

X-ray source catalogue

In Chapter 3, we select AGN using the UDS Chandra X-ray source catalogue, as
described in this section. We make use of Chandra X-ray imaging from the X-UDS
program (PI: G. Hasinger; Kocevski et al. 2018), which covers the central 0.33 deg?
of the UDS field (Almaini et al. in prep; described in Section 2.1). The coverage
includes the section of the UDS field that was observed as part of the Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey (CANDELS) with the Hubble
Space Telescope (Grogin et al. 2011; Koekemoer et al. 2011). The X-UDS survey
consists of 25 ACIS-I pointings with a total integration time of 1.25 Ms (Kocevski
et al. 2018). The observations are tiled in a mosaic to achieve an average depth
of ~ 600 ksec in the central CANDELS region and ~ 200 ksec in the remainder of
the field. The final X-ray point source catalog contains 868 unique detections. A
threshold was applied to avoid false point source detections and to select only sources
detected in any band with a false detection probability less than 1 x 10™%, corre-
sponding to 3.7¢ detections and above. Further details are provided in (Kocevski
et al. 2018).

In Chapter 3 we assume that optical/infrared sources within 1 arcsec of X-ray
point sources are AGN. We compare the AGN to the X-UDS optical counterparts
catalogue and find that this method is robust; 6/6 protocluster AGN and 20/20 field
AGN within the CANDELS region are identical to the counterparts catalogue.

X-ray AGN counterpart catalogue

In Chapter 4 and Chapter 5, we use AGN catalogues that identify optical/NIR
counterparts for X-ray sources using a maximum likelihood approach.

As mentioned in the previous section, the final UDS Chandra X-ray source cat-
alogue amounts to 868 sources (Kocevski et al. 2018). Counterparts to these X-ray
sources were matched to the CANDELS H-band and UDS DR10 K-band catalogues
using the likelihood ratio technique of Sutherland & Saunders (1992), following the
method outlined in Civano et al. (2012). Spectroscopic redshifts are available for
~ 400 sources. See Hasinger et al. (in prep) for further details on the counterpart

matching procedure.
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2.1.5 UDS XMM-Newton
X-ray source catalogue

The UKIDSS UDS survey is also observed by the Subaru-XMM-Newton Deep Sur-
vey (SXDS), centred at RA=02:18:00, DEC=-05:00:00, which is mapped by seven
pointings with XMM-Newton covering the 0.2-10 keV band. Combined images from
European Photon Imaging Camera (EPIC) pn and MOS cameras on XMM-Newton
allows the detection of 866, 1114, 645, and 136 sources in the 0.5-2, 0.5—4.5, 2—-10, and
4.5-10 keV bands, respectively. The X-ray source catalogue in the Subaru/XMM-
Newton deep survey is presented in Ueda et al. (2008), amounting to 1245 unique

sources.

X-ray AGN counterpart catalogue

XMM counterparts have been obtained using the likelihood ratio method to R-band,
3.6pum, near-UV, and 24um source catalogues. Spectroscopic observations allow
the identification of 597 out of 896 total AGN. The remaining AGN have redshifts
derived using 15 band photometry, where separate SED templates of QSOs and
galaxies are applied to each counterpart. See Akiyama et al. (2015) for further
details.

2.1.6 Combining UDS Chandra and XMM-Newton

As described above, the UDS field has wide but shallow XMM-Newton observa-
tions, as well as deep Chandra coverage of a smaller fraction of the field. Therefore
we use the counterparts to the Chandra point sources, but supplement this with
XMM-Newton point source counterparts outside the Chandra covered region (see

Section 2.1.5), taking into account the flux limits of the surveys.

2.2 Cosmic Evolution Survey

The Cosmic Evolution Survey (COSMOS) field (Scoville et al. 2007) is a comparable
survey to the UDS that reaches shallower depths but covers a larger area of 1.5 deg?
in the UltraVISTA-DR2 region centred on RA = 10:00:28, DEC = +02:12:21. We
draw our galaxy sample from COSMOS2015 published in Laigle et al. (2016), with
PSF-matched photometry from Subaru SuprimeCam reaching 50 limiting depths in
2" diameter apertures of 26.6, 27.0, 26.3, 26.4, 26.3 and 25.8 mag in the u™, B,
V, 7,4, and 2t bands. UltraVISTA (McCracken et al. 2012) using the VIRCAM
instrument on the VISTA telescope provide NIR photometry in the Y, J, H, and
K, bands. In addition to the “deep” coverage of the full field, there are “ultra-

deep” stripes of the survey with deeper near-infrared observations. However, we
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limit our sample with K-band completeness limits corresponding to “deep” regions
to maximise number statistics while selecting galaxies uniformly across the field.
The UltraVISTA observations in the deep field have 50 limiting depths in 2 diam-
eter apertures of 24.7, 24.6, 24.3 and 23.9 mag, respectively. Additionally, Y band
imaging is included from Subaru Hyper Suprime-Cam (HSC) with a depth of 24.3
mag. Also included are Spitzer IRAC observations in 3.6um and 4.5um bands, with
50 limiting depths of 24.9 mag in 2” diameter apertures.

The object selection method in this field was a y? sum of the combined Y JH Kg
and z*t" images, in order to maximise the completeness for blue and high redshift
(z > 2) galaxies.

We use photometric redshifts from Laigle et al. (2016), which are derived using
the LEPHARE code (Arnouts et al. 2002; Ilbert et al. 2006) following the method
of Ilbert et al. (2013). An array of 31 templates was used in the fitting, including
spiral and elliptical galaxies from Polletta et al. (2007) and a set of 12 templates of
young blue star-forming galaxies using Bruzual & Charlot (2003) models. Extinc-
tion was implemented as a free parameter (E(B — V') < 0.5) following a variety of
prescriptions. The uncertainty of the photometric redshifts is onyvap = 0.021. We
use spectroscopic redshifts when available.

This code also allowed for the determination of stellar masses using a Chabrier
(2003) IMF. The reader is referred to Laigle et al. (2016) for further details on
COSMOS2015.

2.2.1 Chandra COSMOS-Legacy
X-ray source catalogue

The Chandra COSMOS-Legacy is the product of 4.6 Ms of Chandra observations
over the 2.2 deg? COSMOS area. The X-ray source catalogue is described in Civano
et al. (2016) and amounts to 4016 unique sources. Each source was detected in at
least one of three bands (full; 0.5-7 keV, soft; 0.5-2 keV, or hard; 2-7 keV) down to
a threshold corresponding to a background fluctuation probability of P ~ 5 x 1075,
Fluxes have also been calculated in the hard band corresponding to 2-10 keV for

comparison with other surveys.

X-ray AGN counterpart catalogue

Marchesi et al. (2016) identify counterparts to the X-ray sources using the approach
of Civano et al. (2012), making use of three different bands: i band (~ 7600 A)
from the Subaru photometric catalogue (Capak et al. 2007), K¢ band (2.15 pm)
from UltraVISTA (Laigle et al. 2016), and 3.6 pm, and the Spitzer IRAC catalog
from Sanders et al. (2007). Of the 4016 sources, ~ 97% have optical /near-infrared
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counterparts, and ~ 54% have spectroscopic redshifts. See Marchesi et al. (2016)

for further details on the counterpart catalogue.

2.3 Combining UDS and COSMOS

2.3.1 Multiwavelength observations

In Chapter 4 and Chapter 5, we combine results from the UDS and COSMOS fields
to increase our number statistics. These two fields are comparable in their multi-
wavelength imaging. While the UDS achieves fainter K-band limiting magnitudes,
the COSMOS is larger and dominates number statistics. Some (not all) of the fil-
ters used in the derivation of photometric redshifts and stellar masses are shown
in Figure 2.3. For clarity we only plot the comparable filters between UDS and
COSMOS (excluding narrow-band and broad-band imaging). Flux measurements
in these wavebands are used in the classification of galaxies, as described in the next
section.

Throughout this thesis, we take care to ensure uniformity in magnitude and mass
completeness limits when combining these two datasets. We note that the UDS has
deeper near-infrared data leading to more accurate photometric redshifts at z > 1.5
in comparison to COSMOS. On the other hand, COSMOS has additional optical
bands, leading to more accurate redshift determination at z < 1 than the UDS. We
take care to ensure that this does not affect our results by making consistency checks
using the surveys independently (such as the correlation functions in Chapter 4)

before combining the results.

2.3.2 X-ray observations

We note that the X-ray surveys described in previous sections (UDS Chandra and
XMM-Newton & COSMOS Chandra) are comparable in the hard band (2 —10 keV)
and we thus only study AGN detected in this band in Chapter 4. The flux limit
maps of these X-ray images are shown in Figure 2.4, where colours are comparable
between the three surveys.

In Chapter 4 and Chapter 5, photometric and spectroscopic redshifts of the X-
ray sources were provided by the most likely counterpart. We note that we use the

spectroscopic redshift when available, in all cases.

2.4 Galaxy classification

In order to classify galaxies into star-forming and passive in Chapter 4 and Chapter 5,

we make use of the principal component analysis (PCA) technique outlined in this
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Figure 2.3. Transmission response curves for the filters used in the UDS (top) and COS-
MOS (bottom) data sets. For clarity we only plot the comparable filters used in our galaxy
classification technique, as described by Section 2.4. Figure credit: Aaron Wilkinson.
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section. Using this technique, Wild et al. (2014) and Wild et al. (2016) showed that
galaxies can be reliably classified using the shape of the SED.

The PCA technique identifies the features of the SED that vary the most between
modelled galaxies, and then derives the principal components (“eigenvectors”) that
produce the variance of these features. The eigenvectors for the PCA are built from
a library of Bruzual & Charlot (2003) spectral synthesis models with a variety of
ages, metallicities and star formation histories. As outlined in Wild et al. (2014)
and Wild et al. (2016), the PCA is applied to the differences of these model SEDs
from the mean spectrum (m)). They find that linear combinations of only three
eigenvectors (e;)) can represent > 99.9% of the variance in the model SED library.
As shown by the following equation, a normalised galaxy SED (%) can be accurately

reproduced by linear combinations of these three eigenvectors:

3

X

% =my + Z a;€ix, (2.1)
=1

where a; are the amplitudes of the eigenvectors, called “super-colours” (SC). There-
fore each galaxy can be represented using a combination of weights of each of the

eigenvectors (SC1, SC2, and SC3). These eigenvectors, along with the mean spec-
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panel) showing the boundaries used to classify galaxies as red, star-forming, and post-
starburst (PSB). Galaxies with spectroscopy are overplotted in red, blue, and yellow respec-
tively, with photometrically selected samples in grey. Figure credit: Wilkinson et al. (in

prep).
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Figure 2.6. The mean and first three eigenvectors derived from the PCA of a library of
Bruzual & Charlot (2003) models, for UDS (black) and COSMOS (blue). The addition of
the mean and these eigenvectors enables the construction of galaxy SEDs of varying shapes.
Figure credit: Aaron Wilkinson.

trum, for both UDS and COSMOS, are shown in Figure 2.6. The first eigenvector
(SC1) parameterises the red-blue slope of the SED, while the remaining two eigen-
vectors (SC2 and SC3) determine the strength and shape of the 4000 A /Balmer
break region. The SC3 is mostly used for singling out low-metallicity candidates.
Galaxies can be split into passive (red and post-starburst), and star-forming (in-
cluding dusty systems) depending on the where they lie on the supercolour diagram
(SC1-SC2). Wilkinson et al. (in prep) present updated super-colour boundaries
based on those in Wild et al. (2014) and Wild et al. (2016), primarily to extend the
methodology to z > 2 using the deeper optical/near-infrared photometric data in
the UDS and COSMOS fields. As the broadband filters are slightly different between
the UDS and COSMOS fields, the PCA technique is applied separately on each field,
resulting in different eigenvectors. Wilkinson et al. (in prep) ensure consistency in
the classification boundaries in SC space between the two fields, as shown in Fig-
ure 2.5. We make use of these updated classifications in the UDS and COSMOS to
classify our galaxies and AGN hosts as either passive or star-forming. These galaxy
classifications are hereafter referred to as “spectral class”. Stacked spectra from the

red, PSB, and SF regions of the supercolour diagram are shown in Figure 2.7.
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Figure 2.7. Stacked spectra from red, PSB and SF regions of the supercolour diagram.
Figure credit: David Maltby.

2.5 Stellar mass completeness limits

As discussed in Section 2.1.2, K-band magnitude limits can be obtained from com-
pleteness curves. By removing sources that are fainter than this limit, we avoid bi-
ases due to incomplete samples. Since the mass-to-light ratio is not constant across
galaxy types, this K-band magnitude limit translates to various stellar mass limits
for different galaxy populations. In this thesis, several galaxy samples are subject
to an additional stellar mass completeness limit, such that incomplete samples of
low mass objects are not included.

To calculate the 90% stellar mass completeness limit, we use the method de-
scribed in Pozzetti et al. (2010). At a given redshift, the limiting mass My, is

defined as the stellar mass a galaxy would have if its magnitude was that of the
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limiting magnitude of the survey, Kjn:
log(Myin,) = log(M,) + 0.4(K — Kym), (2.2)

where M, and K are the stellar mass and K-band magnitude of the galaxy, re-
spectively. To obtain a representative limit for our sample as a function of red-
shift, we follow the methodology of Pozzetti et al. (2010) and use the My, of
the faintest 20% (in K) of galaxies within the catalogue in a given redshift slice.
The 90% stellar mass completeness limit is then defined as the 90th percentile
of the resulting Mj;,, distribution. Using this method we obtain (second order
polynomial) curves for the redshift-dependent stellar-mass completeness limits for
our galaxy catalogues. Applying this method to galaxies in the COSMOS field
at a limiting magnitude of Ky, = 23.7 yields stellar mass completeness limits of
log(M,) > —0.1122 4+ 1.04z + 8.32 (as used in Chapter 4).



Chapter 3

Enhancement of AGN in a protocluster
at z =1.6

In this chapter we investigate the prevalence of AGN in the high-redshift protocluster
C10218.3-0510 at z = 1.62. Using imaging from the Chandra X-ray Telescope, we
find a large overdensity of AGN in the protocluster; a factor of 23 + 9 times the
field density of AGN. Only half of this AGN overdensity is due to the overdensity
of massive galaxies in the protocluster (a factor of 11 £2), as we find that 17Jjg% of
massive galaxies (M, > 1019 My,) in the protocluster host an X-ray luminous AGN,
compared to 84+1% in the field. This corresponds to an enhancement of AGN activity
in massive protocluster galaxies by a factor of 2.1 £0.7. We also find that the AGN
overdensity is centrally concentrated, located within 3 arcmin and most pronounced
within 1 arcmin of the centre of the protocluster. Our results confirm that there
is a reversal in the local anti-correlation between galaxy density and AGN activity,
so there is an enhancement of AGN in high-redshift protoclusters. We compare the
properties of AGN in the protocluster to the field and find no significant differences
in the distributions of their stellar mass, X-ray luminosity, or hardness ratio. We
therefore suggest that triggering mechanisms are similar in both environments, and
that the mechanisms simply occur more frequently in denser environments.

The entirety of the work presented in this chapter is published in Krishnan et al.
(2017).

3.1 Introduction

There is plenty of evidence supporting a correlation between the growth of super-
massive black holes (SMBHs) and the formation of their host galaxies. For instance,
there is a well known M- relation in the local Universe (Ferrarese & Merritt 2000;
Gebhardt et al. 2000; Tremaine et al. 2002), and a similar rate of evolution in the
emissivity from AGN and star formation from z ~ 2 to z ~ 0 (Boyle et al. 1998;

Franceschini et al. 1999; Silverman et al. 2008). In addition to the correlation be-

44
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tween SMBHs and host galaxies, there is also a connection between AGN activity and
larger-scale environment. In the local Universe, Dressler, Thompson & Shectman
(1985) found that the AGN fraction in local massive field galaxies is 5%, while only
1% of local cluster galaxies show such nuclear activity. More recently, Kauffmann
et al. (2004) found that twice as many galaxies host AGN with strong [OIII] emis-
sion in low-density regions as in high-density regions. This anti-correlation between
galaxy density and AGN activity in the local Universe mimics the anti-correlation
between galaxy density and the fraction of star forming galaxies.

In dense environments, there are several physical processes that could affect the
rate of accretion onto the SMBH. Both the availability of cold gas and the mecha-
nisms that funnel the gas into black holes may differ between a galaxy cluster and
the field. For instance, in the cluster environment, gas may be removed through
environmental processes such as ram-pressure stripping (Gunn & Gott 1972), and
tidal effects due to the cluster potential (Farouki & Shapiro 1981) and other galaxies
(Richstone 1976). These processes, as well as the absence of new infall of cold gas
(Larson, Tinsley & Caldwell 1980), could lead to a shortage of cold gas reservoirs
(Giovanelli & Haynes 1985), resulting in the suppression of AGN activity (Kauff-
mann et al. 2004), reduced star formation activity (Gisler 1978), and the abundance
of post-starburst galaxies (Dressler et al. 1999) in local galaxy clusters.

Studies of AGN as a function of galaxy density and redshift are important as
they give insights into the fuelling mechanisms behind AGN triggering. Models and
simulations of galaxy formation currently require AGN feedback as an important
mechanism for quenching star formation (e.g., Croton et al. 2006), but the connec-
tion between AGN activity and large-scale galaxy environment is not fully under-
stood. Recent studies show that clusters at high redshift appear to host more star
formation and AGN activity compared to the local Universe (e.g., Martini, Sivakoff
& Mulchaey 2009; Galametz et al. 2009; Alberts et al. 2016; Bufanda et al. 2017).
In addition, X-ray selected AGN are strongly clustered at z ~ 1 (e.g., Miyaji et al.
2007; Bradshaw et al. 2011), and radio loud AGN (RLAGN) preferentially reside
in denser environments at high redshift, compared to similarly massive non-active
galaxies (Hatch et al. 2014).

Previous studies have found an increasing AGN fraction in clusters with redshift
up to z ~ 1.25 (Martini et al. 2013; Kocevski et al. 2009). However, studies at z > 1.5
have been limited to investigating X-ray emission from protocluster galaxies selected
based on techniques using rest-frame UV light, such as the BX/MD colour-colour
methods (see e.g., Adelberger et al. 2004; Steidel et al. 2003, 2004), Lyman-alpha
emitters (LAEs), and Lyman-break galaxies (LBGs, Lehmer et al. 2009; Digby-
North et al. 2010; Lehmer et al. 2013; Saez et al. 2015). This means that only
limited (star-forming) protocluster galaxies were investigated, potentially biasing

the AGN fraction if there is a strong dependence of AGN activity on host galaxy
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type. In addition, most of these studies cannot readily be compared to cluster AGN
fractions at lower redshifts, as the X-ray observations are not deep enough to match
the lower luminosity cuts in lower redshift studies.

In this chapter, we present a comparison of the AGN fractions and AGN prop-
erties in the C10218.3-0510 protocluster at z = 1.6233, and a control field sample.
The C10218.3-0510 protocluster (Papovich et al. 2010; Tanaka, Finoguenov & Ueda
2010) is an ideal high-redshift structure to probe AGN activity due to the deep mul-
tiwavelength data available. This protocluster benefits from 14 band photometry
and a clean yet highly complete sample of protocluster members (Hatch et al. 2016),
as well as sensitive Chandra data allowing us to probe X-ray luminosities as faint as
10%% erg s~! at z ~ 1.6.

The outline of the chapter is as follows. We describe the sample selection in
Section 3.2. In Section 3.3, we calculate AGN fractions and spatial distributions
using uniformly selected X-ray AGN in cluster and field samples. In Section 3.4,
we compare the properties of protocluster AGN and field AGN. A discussion of the
evolution of the AGN fraction in (proto)clusters from z ~ 3.09 to z ~ 0.25 follows in
Section 3.6. We adopt a WMAP9 cosmology (Hinshaw et al. 2013), with £, = 0.29,
Qx = 0.71, and h = 0.69. All X-ray luminosities quoted are calculated in rest-
frame bands using a power-law model with a photon index I' = 1.7 to be consistent
with comparison work (Martini et al. 2013). We note that the effect of Galactic

absorption on our fluxes is negligible.

3.2 Sample selection

3.2.1 X-ray selected AGN

We have selected our AGN using X-ray point source matching and a full band (0.5—
7keV) X-ray luminosity cut of Lx > 10*? erg s™!. We make use of Chandra X-ray
imaging from the X-UDS program (PI: G. Hasinger; Kocevski et al. 2018; described
in Section 3.2.1). This deep catalogue enables us to identify X-ray selected AGN at
faint X-ray luminosities (Lx < 10** erg s71), at the redshift of the protocluster.

In this work we assume that optical/infrared sources within 1 arcsec of X-ray
point sources are AGN for both cluster and control field samples (described in Sec-
tion 3.2.2 and Section 3.2.3 respectively). We compare the AGN to the optical
counterparts catalogue and find that this method is robust; 6/6 protocluster AGN
and 20/20 field AGN within the CANDELS region are identical to the counterparts
catalogue.

We adopt a full band (0.5-7keV) X-ray flux limit of 6 x 1076 erg s7! em™2,
defined using the flux limit map for the corresponding band. We choose this con-

servative value because the protocluster lies towards the edge of the Chandra field,
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so we take care to ensure a uniform flux limit for the control field and protocluster
region. Figure 3.1 shows that the protocluster lies in a region of varying flux limit,
and we find that the flux limit of 6 x 10716 erg s™' ¢cm™2 maximises both the depth
of the data, and the coverage area available for the both cluster and control field
samples. We test all the results presented in this chapter using various flux limits

and find that the results are consistent within quoted uncertainties.

3.2.2 Protocluster sample

For our protocluster sample, we use the C10218.3-0510 protocluster at z = 1.6233
in the UDS field (Papovich et al. 2010; Tanaka, Finoguenov & Ueda 2010). We use
the protocluster catalogue detailed in Chapter 2. The field of view in which proto-
cluster members were defined is marked by the diamond in Figure 3.1. Protocluster
members in this sample were defined out to 5 arcmin (2.6 physical Mpc) apertures,
shown by the circle centred on the protocluster core.

The comoving volume of the full protocluster is 10.2 x 10.2 x 34.0 Mpc? (Hatch
et al. 2016). Adopting the flux limit defined in Section 3.2.1 results in a comoving
volume of 2600 Mpc? for the protocluster sample.

To define our protocluster sample, we use only the most massive members (M, >
10'° M) of the Goldilocks sample. We account for two effects before defining this
mass cut. Firstly, we calculate the limiting mass of a galaxy starting from the X-ray
flux, assuming that accretion on to the SMBH is at the Eddington rate, and that the
bolometric correction from X-ray to total light is a factor of 10. We find that this
is ~ 10°M, assuming that the mass of the black hole is equal to 0.15% of the mass
of the host galaxy (Kormendy 2000). Secondly, the 99% flux completeness limit for
red galaxies at z = 1.62 corresponds to M, > 10%7 M, (Hatch et al. 2017).

The final protocluster sample contains 46 massive protocluster galaxies, which
are shown as red points in Figure 3.1, where AGN are highlighted with black squares.
We find 8 X-ray selected AGN in the protocluster sample, out of which 6 AGN have
secure spectroscopic redshifts. We note that a further possible AGN is located at
RA = 2h 18m 21.0s, Dec = —5° 10/ 20.1”, the detection of which depends sensitively
on the X-ray source detection parameters. We discard this source from our AGN
sample, however, as this object was not detected a-priori in our Chandra source
catalogue. There is also a further AGN at RA = 2h 18m 21.8s, Dec = —5° 14’ 55.3",
that has been spectroscopically identified as a protocluster member (Hasinger et al.
in prep). As this galaxy is outside the narrowband field of view, it is not part of the

Goldilocks sample and, as a consequence, this AGN is not included in our analysis.
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3.2.3 Control field sample

The data used are from the 8th data release of the Ultra Deep Survey (UDS DRS),
described in Chapter 2. We ensure that the field sample is not affected by the
presence of the protocluster by excluding a circular region within 5 arcmin (corre-
sponding to 6.80 comoving Mpc) of the protocluster centre. The Brightest Cluster
Galaxy (BCG), marked by the blue cross, and the corresponding circle, are shown in
Figure 3.1. The BCG, with co-ordinates RA = 2h 18m 21.5s, Dec = —5°10"19.8”,
is taken to be the highest mass galaxy in the protocluster member sample.

To create a similarly selected field comparison sample, we select galaxies more
massive than 10'° M, with photometric redshifts in the range 1.5 < z < 1.7. We note
that masses and photometric redshifts in the UDS DR8 and protocluster catalogues
were both determined using SED fitting (Simpson et al. 2013), also using Bruzual &
Charlot (2003) stellar population templates and assuming a Chabrier (2003) IMF.
The selected field sample is as complete as the protocluster sample, and contains 550
galaxies that are shown in cyan points in Figure 3.1, with the 46 AGN depicted as
black squares. The size of the field region (0.146 deg?) was kept as high as possible
to maximise the sample size, while ensuring uniform X-ray coverage. The comoving
volume of the field sample, taking into consideration the flux limit, is ~ 350,000
Mpc3.

3.3 AGN activity in protocluster and field

3.3.1 AGN overdensity in protocluster

We first investigate the abundance of AGN in the C10218.3-0510 protocluster. Plot-
ted in Figure 3.2 is the photometric redshift distribution of AGN (within the flux
limit region) in the control field (blue dashed line) and in the narrowband field
around the protocluster (red solid line), normalized by the total number of AGN in
their respective samples. There is a clear excess of AGN at the redshift of the proto-
cluster (z ~ 1.62), in the protocluster field compared to the control field, suggesting
that there is indeed an overdensity of AGN associated with the protocluster.

The AGN density in the protocluster is (3.1341.11) x 10~3 Mpc~3, and that of
the field is (1.3340.20) x 10~* Mpc~3. Errors are calculated using Poisson statistics.
Thus the overdensity in the protocluster is 23+9 times the field density. We perform
a robustness check on this result as described in Section 3.5.

As seen in Figure 3.1, the AGN are concentrated around the BCG (marked by
the blue cross). We plot the AGN surface density as a function of distance from the
BCG in Figure 3.3. The field value has been normalised to account for the difference
in comoving volumes between the control field and the protocluster. We find that

the AGN overdensity is present in the protocluster up until 3 arcmin, although it is
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Figure 3.2. Photometric redshift distribution of protocluster field AGN (in red) and control
field AGN (in blue), normalised by the total number of AGN in their respective samples.
At the redshift of the protocluster, z = 1.62, there is a clear excess of AGN.

most significant within the central arcmin of the protocluster.

3.3.2 Fraction of AGN in M, > 10" M, galaxies

We find an overdensity of AGN by a factor of ~ 23 in the protocluster relative
to the field. This overdensity could be because there is a higher AGN fraction in
protoclusters, or simply because protoclusters contain a higher fraction of massive
galaxies, which are more likely to host AGN (Hatch et al. 2011; Cooke et al. 2014).
Therefore, we calculate, in both protocluster and field environments, the fraction
of massive galaxies (M, > 10'° M) that are AGN. We find that the AGN fraction
in the protocluster is 0. 17+8 8?, while that of the field is 0.08 + 0.01, meaning that
the fraction of massive galaxies that host AGN in the protocluster is double that of
the field. The errors are obtained using Wilson intervals, where the uncertainty ¢ f;

(fi = N;i/Niot) is determined using the Wilson (1927) binomial confidence interval

NZ' + I€2/2 m f K2
Niot + K2 Ntot + K ‘ 4Nt0t

fitdfi= (3.1)

where £ is the 100(1 — «/2)th percentile of a standard normal distribution (« is
the error percentile corresponding to the 1o level; see Brown, Cai & DasGupta 2001

for further details). We obtain an AGN enhancement in the protocluster at 1.60
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Figure 3.3. Radial plot of AGN surface density in the field (blue dashed line), and pro-
tocluster (red circles). There is a significant surface density of AGN in the central arcmin
of the protocluster. The field value has been normalised to account for the difference in
comoving volumes between the control field and the protocluster.

significance, and the errors are large as the sample size is small.
We also investigate whether the central concentration of AGN we find in Fig-
ure 3.3 could be attributed to the distribution of massive galaxies within the proto-

cluster. In Figure 3.4, we plot the surface overdensity,

Protocluster Surface Density (3.2)

Surface Overdensity —
urlace Lverdensity Field Surface Density

of both AGN and galaxies in the protocluster, as a function of the radius from the
BCG. The green circles show the density excess of protocluster AGN as a function
of radius from the BCG, and the black squares show the density excess of massive
protocluster galaxies (M, > 10'°Mg). This figure shows that there is indeed a
higher number of massive galaxies in the core of the protocluster relative to the
field, but there is a slightly greater enhancement in the AGN fraction. However,
as the number statistics are low, a larger sample of clusters is required to test the
significance of this result.

In conclusion, there is an enhancement of AGN activity in this protocluster
by a factor of 2.1 4+ 0.7, above and beyond the overdensity of massive galaxies.

This enhancement lies within 3 arcmin and mainly within the central arcmin of the



CHAPTER 3. AGN ACTIVITY IN A Z =1.6 PROTOCLUSTER 52

Distance from protocluster centre (comoving Mpc)

0.00 1.36 2.72 4.08 5.44 6.80
3000 B B I I I I i
@® Protocluster AGN
2500 - B Protocluster Galaxies .
2000F @ .
1500 |- i
1000 | i

Surface Overdensity

500 | * i

0 | | | . | .
0 1 2 3 4 5

Distance from protocluster centre (arcmin)

Figure 3.4. Radial plot of the surface overdensity of protocluster AGN and protocluster
galaxies. The green circles indicate the protocluster AGN surface density divided by the
field AGN surface density, and the black squares indicate the protocluster galaxy surface
density divided by the field galaxy surface density for massive galaxies (M, > 1019 Mg).
There is a slight relative excess of AGN surface density compared to massive galaxy surface
density, particularly in the central arcmin of the galaxy protocluster.

protocluster (1 arcmin corresponds to 1.36 comoving Mpc).

3.4 Comparison between properties of protocluster and
field AGN

We compare the properties of protocluster AGN to field AGN to see if the excess
of AGN we find in the protocluster is correlated with differences in their properties,
and to investigate whether environment affects the properties of these AGN. We test
the null hypothesis that the distributions of the properties of field and protocluster
AGN are sampling the same underlying distributions using Kolmogorov-Smirnov
(KS) tests.

Firstly, X-ray luminosity functions were produced in order to compare the X-
ray properties of field and protocluster AGN. X-ray luminosities were calculated
using the X-ray fluxes in the full band (0.5-7keV). The luminosity functions, as
shown in Figure 3.5, were computed using the number of AGN corresponding to

each luminosity bin within the comoving volume of the sample. Comparing AGN
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Figure 3.5. Full band (0.5-7keV) X-ray luminosity function for AGN in the protocluster
(red squares) and field (blue circles). Errors are calculated using Poisson statistics.

number densities at different X-ray luminosities allows us to compare the accretion
rates in the two populations. The number density of protocluster AGN is, on average,
28 + 6 times higher than that of the field AGN in the range of 10%3 to 10*® erg s™*,
confirming the level of overdensity found in Section 3.3.1. We observe that the X-ray
luminosity functions of protocluster and field AGN appear to have the same shape.
We test the null hypothesis that the individual X-ray luminosities are sampling the
same underlying distribution using a KS test, resulting in p = 0.82. Therefore, we
find that the shapes of the X-ray luminosity distributions are indistinguishable, and
we find no evidence to suggest that the distributions of accretion rates of field and
protocluster AGN are different.
Secondly, we examined the hardness ratio (HR), defined by,

h—s
T hts’
where h is the flux in the hard band (2-10keV)and s is the flux in the soft band
(0.5-2keV). This was done in order to compare the obscuration by gas in field and
protocluster AGN; more obscured AGN result in soft X-rays being absorbed. A KS

HR

(3.3)

test on the HR of the two populations does not show a significant difference; with

p = 0.22. Therefore, this implies that the obscuration by gas within AGN does not
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significantly differ between AGN in field and protocluster environments.

Thirdly, we investigated the X-ray luminosity to stellar mass ratio of protocluster
and field AGN. A lower ratio might imply that the AGN are running out of fuel, or
that they are accreting less efficiently. The probability that the populations sample
the same underlying distribution is p = 0.93. Therefore, we find no evidence that
protocluster and field AGN are at different stages of fuel consumption.

The observed z—J colour corresponds to the rest-frame U — B colour, bracketing
the 4000 A break (Papovich et al. 2010). It is thus a proxy for mean stellar age
of the galaxies, although it is also affected by dust obscuration. Using a colour
cut of z —J > 1.4 to define red galaxies, Figure 3.6(a) shows that the colours
of protocluster AGN (red squares) are significantly redder than field AGN (blue
circles). The probability that the colours of protocluster AGN and field AGN are
drawn from the same distribution is p = 0.03 as given by a KS test.

The protocluster galaxy population as a whole, however, is redder than the field,
so the difference in colour between AGN in the protocluster and AGN in the field
could be due to the environment and not the AGN. In Figure 3.6(b), we plot the
colour—mass diagram of galaxies within the protocluster that do not host AGN and
field galaxies that do not host AGN. We find that 100% of our protocluster AGN
are red, whereas only 57% of protocluster non-AGN are red. However, a KS test
on the z — J colours of protocluster AGN and non-AGN results in p = 0.14, and
on field AGN and non-AGN results in p = 0.35. Therefore, with the current data,
we find no significant evidence that the z — J colours differ from those of normal
galaxies, in both environments. Hence, although the colours of AGN are redder
in the protocluster as compared to the field, this is possibly due to the fact that
protocluster galaxies are redder than field galaxies.

In conclusion, we find that the environment does not appear to impact most of
the properties of AGN. We find no evidence that the properties of field and proto-
cluster AGN differ significantly in terms of stellar mass distribution, hardness ratio,
and X-ray luminosities. We find that colour is the only property affected by the dif-
ferent environments, as we find a significant difference between the colours of AGN
in the protocluster and the field. However, we also find that the colours of field and
protocluster AGN are not significantly different from typical field and protocluster
galaxies, so these properties appear to randomly sample their parent distributions.
In summary, by comparing the properties between field and protocluster AGN, we
find no significant evidence that they are different. As there is no compelling theo-
retical reason to assume that the processes responsible for triggering/fuelling AGN
activity are different in these two environments, we suggest that these processes
simply occur more frequently in dense environments. Our study is based on a small
AGN sample within a single protocluster, however, so larger sample sizes will be

required to verify these interpretations.
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Figure 3.6. Left: (a) z— J colour-mass diagram for field AGN (blue circles) vs protocluster
AGN (red squares). Right: (b) z — J colour-mass diagram for field non-AGN (blue circles)
vs protocluster non-AGN (red squares). The black dashed line shows z — J = 1.4.
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3.5 Robustness

It is important to consider that our analyses are affected by the issue of completeness
of protocluster membership. This is a result of the selection technique used to define
the “Goldilocks” sample, which depends on both galaxy magnitude and colour.
Redder galaxies are fainter than bluer galaxies of the same mass, resulting in broader
redshift probability functions due to higher fractional flux errors. Hence, fainter and
redder galaxies are less likely to be selected as protocluster galaxies (Hatch et al.
2017). As described in Section 3.4, we found that protocluster AGN are redder
than field AGN, with 100% of protocluster AGN being red (z — J > 1.4), and the
probability of sampling the same underlying colour distributions being p = 0.03 as
given by a KS test. Although these red AGN host galaxies are less likely to be
selected as part of the “Goldilocks” sample, we still see an excess of protocluster
AGN over the field AGN.

However, we perform a robustness check, disregarding the “Goldilocks” sample,
to test the AGN enhancement in the protocluster. We define the test protocluster
sample to be massive galaxies (M, > 1019 M) in the UDS field with redshifts at
1.5 < z < 1.7, within a circle of radius 5 arcmin centred on the BCG. We find
14 AGN in this protocluster region (within the flux limit area), and subtract off
the number of AGN in the field corresponding to the same area. We find a formal
excess of 8.04 AGN, and assume that this is associated with the protocluster. This
is consistent with the 8 AGN found using the “Goldilocks” sample in Section 3.2.2.
Therefore, we conclude that our result of the AGN enhancement in the protocluster
is robust to the protocluster member selection technique used in Hatch et al. (2017).

We find an AGN fraction of 0.17f8:8§ in massive protocluster galaxies, as de-
scribed in Section 3.3.2. This fraction is likely to be robust as there are no significant
differences in the z — J colours of protocluster galaxies and protocluster AGN, as
found in Section 3.4.

We also find that the AGN picked out as part of the test protocluster sample,
and not the “Goldilocks” sample, are either massive and red, or blue. They all lie
within the region of the colour-mass diagram where > 75% of protocluster members
would be correctly identified (Hatch et al. 2017). It is therefore unlikely that we
are missing any protocluster AGN due to the protocluster membership selection

criterion.

3.6 Discussion

In summary of our results, we find that the AGN fraction in the z ~ 1.62 protocluster
is twice that of the field, and that the AGN enhancement lies within the central 3
arcmin (4.08 comoving Mpc) region of the protocluster. We find that the properties
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of field and protocluster AGN are not significantly different. As there is no significant
evidence suggesting that they are triggered/fuelled in different ways, we infer that
the processes responsible for triggering/fuelling AGN are possibly more frequent in
denser environments.

To frame our results in the context of recent literature on (proto)clusters at
higher and lower redshifts, we plot the AGN fraction and the ratio of cluster AGN
fraction to field AGN fraction as a function of redshift in Figure 3.7 and Figure 3.8

1 except for the two highest

respectively. The cut in X-ray luminosity is 1043 erg s—
redshift studies at z = 2.30 and z = 3.09, in which the cuts are 4.6 x 10%3 erg s~!
and 3.2 x 10*3 erg s~! respectively. Figure 3.7 shows that there is an increasing
cluster AGN fraction with redshift. It rises to ~ 17% at z ~ 1.6 and then flattens;
it is uncertain beyond z ~ 2, however, because of the different luminosity limits
applied. This increase in the cluster AGN fraction with redshift has also been
found by several recent studies (e.g., Galametz et al. 2009; Martini, Sivakoff &
Mulchaey 2009; Alberts et al. 2016; Bufanda et al. 2017). The AGN fraction in the
field, however, also increases with redshift (e.g., Merloni & Heinz 2013). To study
the influence of environment we compare the cluster AGN fractions to field AGN
fractions. Figure 3.8 shows that the relative AGN activity in clusters compared to
the field increases with redshift. The AGN fraction in clusters is lower than the field
at z < 1, but we find a larger AGN fraction in the z ~ 1.62 protocluster compared
to the field. We therefore find evidence for a reversal in the local anti-correlation
between galaxy density and AGN fraction, confirming the results of Martini et al.
(2013).

The AGN fraction in the z ~ 1.62 protocluster is slightly higher than those of
two protoclusters at z = 2.30 (Digby-North et al. 2010) and z = 3.09 (Lehmer et al.
2009), even though it is consistent within error-bars. This is possibly because they
use different techniques to select the protocluster members, such as Lyman-alpha
emitters (LAEs), Lyman-break galaxies (LBGs), and BX/MD. These techniques will
result in incomplete protocluster membership as they are biased towards strongly
star-forming galaxies, and are likely to miss quiescent galaxies. In addition, their cuts
in X-ray luminosities are higher than ours, possibly contributing to the (marginally)
lower AGN fraction. We adopt their cuts in X ray luminosity, recalculate the pro-
tocluster AGN fraction, and plot these in Figure 3.7. Figure 3.8 shows that despite
the lower cluster AGN fraction in these two protoclusters, the relative enhancement
of cluster AGN over field AGN still increases with redshift. This may be because the
luminosity cuts and the methods used for identifying galaxies are the same in the
cluster and the field within each sample, and so studying the relative enhancement
may be more appropriate for comparison between different studies.

The AGN fraction in clusters at z > 1.5 is 10-20%. This could mean that each

massive protocluster galaxy is frequently “switched on” in terms of AGN activity,
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Figure 3.7. Cluster AGN fraction (Ly > 10*3 erg s7!) as a function of redshift. Data
points from literature at z < 1.5 are represented as green circles, and our work is repre-
sented as the red filled square. We plot the AGN fraction (0.13070051) using the hard
band X-ray luminosity (2-10keV) here to be consistent with other works. The data at
redshifts 0.25,0.75,1.25,2.23,2.30 and 3.09 are from Martini et al. (2013), Martini, Sivakoff
& Mulchaey (2009), Martini et al. (2013, total AGN sample), Lehmer et al. (2013, HAE
AGN sample), Digby-North et al. (2010, BX/MD AGN sample), and Lehmer et al. (2009,
LBGs AGN sample) respectively. The three higher redshift studies are in grey as they do
not sample the full protocluster galaxy population. The two highest redshift points are in
open symbols as they use different luminosity cuts. We also calculate the AGN fraction
at z ~ 1.62 according to the luminosity limits used by the two higher redshift studies and
plot them as red points with symbols corresponding to the studies. These have been offset
slightly in redshift for clarity.
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Figure 3.8. Cluster AGN fraction relative to field AGN fraction as a function of redshift.
There is a reversal in the local anti-correlation after z > 1.25. The magenta dashed line
indicates an equal cluster and field AGN fraction. As with Figure 3.7, data points from
literature at z < 1.5 are represented as green circles, and this work (using the hard band
X-ray luminosity) is represented as the red filled square. The three higher redshift studies
are in grey as they do not sample the full protocluster galaxy population; Lehmer et al.
(2013, HAE AGN sample), Digby-North et al. (2010, higher and lower points are BX/MD
AGN and emission line AGN respectively) and Lehmer et al. (2009, mean AGN fraction
among LBGs and LAEs). Open symbols denote that the luminosity cuts are different to
Lx > 10% erg s

or that the phenomenon happens once but lasts for a longer time in the protoclus-
ter compared to the field. In Section 3.4, we found that there are no significant
differences in the properties of AGN between the two different environments and
interpreted that there is no evidence suggesting that the mechanisms responsible
for triggering/fuelling AGN are different in the protocluster compared to the field.
Therefore, the mechanisms responsible may simply be more frequent in the proto-
cluster environment than the field.

Mergers and interactions such as galaxy harassment (Moore et al. 1996) have
been suggested as the mechanisms responsible for triggering AGN activity (Springel,
Di Matteo & Hernquist 2005). These processes may provide the instabilities required
to funnel gas towards the SMBH. The decrease in the overall AGN fraction over
cosmic time could be due to a decrease in frequency of fuelling mechanisms or due

to a decrease in the amount of fuel available. It has been found that the frequency
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of mergers involving massive galaxies (M, > 10'©Mg) decreases as the Universe
ages (Conselice, Rajgor & Myers 2008). The cold gas supply is also depleted as
the Universe ages as it forms stars and accretes on to black holes. The suppression
of AGN activity in mature clusters relative to the field in the local Universe may
be due to virialization, as this has been suggested to halt merger rates (Lotz et al.
2013). It has been found by van Breukelen et al. (2009) that AGN are triggered
by galaxy interaction and merging events during the pre-virialization evolutionary
stage.

Lotz et al. (2013) explore the frequency of mergers in the C10218.3-0510 pro-
tocluster, and find that the merger rate for galaxies in the protocluster is ~ 2—4
mergers per Gyr per galaxy, as compared to ~ 0.5 mergers per Gyr per galaxy in
the field. This increased merger rate may be responsible for the increase in AGN
rates.

To test whether mergers and interactions are more frequent in the protocluster
AGN compared to the field AGN, we used CANDELS-UDS visual classifications to
calculate merger fractions using both the fraction of galaxies classed as “irregular”,
and those classed as “disturbed” (i.e. mergers or interactions). These morphologies
were visually identified by a team of astronomers within the CANDELS collaboration
(Kartaltepe et al. 2015). We impose that > 50% of classifiers must agree in order
to accept the classification. We find that 4/6 protocluster AGN are “disturbed”,
compared to 3/18 field AGN (6758% in the protocluster AGN as opposed to 17f%0%
in the field AGN). The “irregular” fraction is 2/6 in the protocluster AGN and
0/20 in the field AGN (33f%g% in the protocluster AGN and an upper limit of
5% in the field AGN). Errors are calculated following Wilson (1927) as described in
Section 3.3.2. We note that morphologies may be subjective, and thus conclude that
there is tentative evidence that mergers and interactions are fuelling AGN in the
z ~ 1.62 protocluster. However, we also find that among the inactive galaxies in the
protocluster, 18f£1,4% were classified as “disturbed”, and an upper limit of 8% were
classified as “irregular”. This provides more evidence to support the hypothesis that
the enhancement in AGN correlates with mergers and environmental interactions.
We also find that, among the “disturbed” galaxies, 4/6 are AGN in the protocluster
(67730%), while 3/28 are AGN in the field (1177%). This may suggest that the
protocluster environment enhances the probability that a merger /interaction triggers
an AGN.

We find that the AGN enhancement in the z ~ 1.62 protocluster lies mainly in
its central regions. An excess of AGN has also been found by Galametz et al. (2009)
in the central regions of clusters at lower redshifts. We find a larger excess in our
study, however this is expected as the cluster AGN fraction increases with redshift
as shown in Figure 3.7. Star formation in clusters also increases with redshift, and

this could point towards a co-evolution between star-formation activity and AGN
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activity. This may be expected because they share the same gas source that becomes
depleted as the Universe ages. However, Hatch et al. (2017) find that the central
regions of the same protocluster at z ~ 1.62 have suppressed sSFR compared to
outer regions, and one of many possibilities is that AGN feedback quenches star
formation. We note that at higher redshift (z ~ 3), an enhancement of SFR has
been reported in a protocluster instead (Umehata et al. 2015; Alexander et al. 2016).

The high AGN fraction in protoclusters at high redshift may have important
implications for our understanding of galaxy evolution. A key ingredient in regulat-
ing star formation in current galaxy formation models is feedback from AGN (e.g.,
Croton et al. 2006). Therefore, the high protocluster AGN fraction at z ~ 1.62
could imply more rapid quenching of star formation in dense environments at high
redshift. Yet in models of galaxy formation, no direct prescription for environmental
dependence is applied to AGN feedback. Prescriptions of AGN feedback in some
semi-analytic models do indirectly depend on environment, since (a) clusters have
larger halo masses so there is more gas mass available for fuelling AGN, and (b) there
is an environmental dependence of mergers, which stimulate accretion onto SMBHs
(Henriques et al. 2016). However, environmental interactions such as harassment
(Moore et al. 1996) could also disturb protocluster environments to funnel gas onto
the SMBH (without a merger), and subsequently mass-quench galaxies in denser
environments. It has been proposed that “mass quenching” (e.g. AGN feedback)
and “environmental quenching” (e.g. mergers) are mechanisms that extinguish star
formation independent of each other (e.g., Peng et al. 2010). However, in this work
we find evidence for environmental dependence of AGN activity, consistent with
recent work (Darvish et al. 2016) that finds an environmental dependence on mass
quenching efficiency. This may therefore be evidence that a more direct environmen-
tal dependence of AGN feedback must be applied in galaxy formation models, as

quenching mechanisms are crucial in determining galaxy formation and evolution.

3.7 Summary

In this work we study the prevalence of X-ray AGN in the C10218.3-0510 protoclus-
ter at z = 1.6233, and compare them to a control field sample at 1.5 < z < 1.7. We
investigate the properties of field and protocluster AGN, and study the evolution
of AGN activity in dense environments over cosmic time. We confirm a reversal of
the local anti-correlation between galaxy density and AGN activity, as suggested by

Martini et al. (2013). To summarise our findings:

1. We find an overdensity of AGN in the protocluster relative to the field; 23 +9
times the number of AGN per unit volume. The AGN fraction of massive

galaxies in the protocluster is 2.1 £ 0.7 times that of massive galaxies in the
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control field.

2. The AGN excess lies within 3 arcmin and mainly within the central arcmin of
the protocluster. Therefore AGN activity is enhanced in the region of massive

groups, where the sSFR of the galaxies is suppressed.

3. We find that the properties of field and protocluster AGN are not significantly
different in terms of stellar mass distribution, hardness ratio, and X-ray lu-
minosity. In terms of colours and stellar masses, field and protocluster AGN
are not significantly different to typical field and protocluster galaxies, respec-
tively. We conclude that there is no evidence suggesting that AGN in different
environments are triggered/fuelled in different ways, and infer that the pro-

cesses that trigger/fuel AGN are simply more frequent in denser environments.

4. We use CANDELS visually classified morphologies to test whether environ-
mental interactions could be triggering AGN. The morphologically classified
disturbed and irregular fractions are higher in cluster AGN than field AGN.
The more frequent mergers and environmental interactions in the protocluster

could explain the enhancement of AGN activity.

5. We combine our study with recent literature and find that the overall AGN
fraction decreases with cosmic time. We find that the relative enhancement of
cluster AGN and field AGN decreases as the Universe ages.



Chapter 4

The clustering of X-ray AGN at 0.5 <
2z < 4.5: host galaxies dictate dark mat-

ter halo mass

In this chapter we investigate the relationship between AGN and dark matter halo
mass using statistical clustering techniques. We present evidence that AGN do not
reside in “special” environments, but instead show large-scale clustering determined
by the properties of their host galaxies. Our study is based on a cross-correlation
analysis applied to X-ray selected AGN in the COSMOS and UDS fields, span-
ning redshifts from z ~ 4.5 to z ~ 0.5. Consistent with previous studies, we find
that AGN at all epochs are on average hosted by galaxies in dark matter halos
of 102 — 10'3 M), intermediate between star-forming and passive galaxies. These
form some of the most overdense environments at high redshift, suggesting that
AGN activity may shift to overdense environments at high redshift, consistent with
our smaller-scale findings in Chapter 3. We find that the same clustering signal can
be produced by inactive (i.e. non-AGN) galaxies closely matched to the AGN in
spectral class, stellar mass and redshift. We therefore argue that the inferred bias
for AGN lies in between the star-forming and passive galaxy populations because
AGN host galaxies are comprised of a mixture of the two populations. Although
AGN hosted by higher mass galaxies are more clustered than lower mass galaxies,
this stellar mass dependence disappears when passive host galaxies are removed.
The strength of clustering is also largely independent of AGN X-ray luminosity. We
conclude that the most important property that determines the clustering in a given
AGN population is the fraction of passive host galaxies. We also infer that AGN
luminosity is likely not driven by environmental triggering, and further hypothe-
sise that AGN may be a stochastic phenomenon without a strong dependence on
large-scale environment.

Most of the work presented in this chapter is submitted for publication (Krishnan
et al. submitted).
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4.1 Introduction

Numerous lines of observational evidence point towards a tight correlation between
the evolution of galaxies and that of their SMBHs. For instance, the total star
formation rate density and the total AGN accretion density appear to follow similar
trends from z ~ 2 to z ~ 0 (e.g. Boyle et al. 1998; Franceschini et al. 1999;
Silverman et al. 2008; Kormendy & Ho 2013 for a recent review), implying a link
between the mass growth of SMBHs and their host galaxies. The properties of
galaxies are also correlated with their environment (e.g., Gisler 1978; Dressler et al.
1999; De Lucia et al. 2006; Conselice 2014), which suggests that supermassive black
holes may also be linked to their large-scale environment. Indeed, several studies
have found correlations between the abundance of AGN and their environment. For
example, Kauffmann et al. (2004) showed there is an enhancement of AGN in low-
density regions compared to high-density regions in the local Universe, whilst at
higher redshift the opposite is found, with an enhanced fraction of AGN in high-
redshift protoclusters relative to the field (Lehmer et al. 2009; Digby-North et al.
2010; Krishnan et al. 2017).

A useful tool to examine the possible connection between AGN and the large
scale environment in a statistical manner is the angular and spatial clustering of
AGN. As SMBHs populate collapsed dark matter halos in the ACDM paradigm,
they can be assumed to reflect the peaks in the spatial distribution of dark matter
in the Universe. The 2-point correlation function (2pcf) is the most commonly used
tool for large-scale clustering analysis (Peebles 1980). The 2pcf of galaxies expresses
the excess probability of finding pairs of galaxies, above a random distribution.
Comparison of the observed 2pcf to that of dark matter from the outputs of detailed
dark matter simulations allows the determination of the dark matter halo masses of
galaxies hosting AGN. In theory, the typical large-scale environments of AGN can
then be inferred as a function of cosmic time, providing potential insights into the
connection between AGN and their large-scale environments.

The 2pcf of quasars has been studied extensively in the literature and are found
to reside in 1027127 Mg, halos out to z ~ 4 (e.g., Croom et al. 2005; Shen et al.
2007; Ross et al. 2009; Eftekharzadeh et al. 2015; Tkeda et al. 2015; Garcia-Vergara
et al. 2017). Similarly, lower-luminosity broad line AGN out to z ~ 0.5 are hosted
by dark matter halos of 10'3 My (Miyaji et al. 2011; Krumpe et al. 2012), and
X-ray AGN across a wide range of redshifts (z ~ 0.05, z ~ 0.1, z ~ 0.98, z ~
1.25, z ~ 3.4) inhabit halos of ~ 10'3 My (Powell et al. 2018; Mountrichas &
Georgakakis 2012; Koutoulidis et al. 2013; Bradshaw et al. 2011; Allevato et al.
2016, respectively). Many of these studies interpret the 10'2~!3 Mg halo mass as
evidence that groups are the ideal environment in which AGN are triggered through

galaxy-galaxy interactions (e.g., Miyaji et al. 2011; Ikeda et al. 2015). Inconsistent
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with this interpretation, however, is the lack of evidence for an enhancement of AGN
in groups relative to the field (Shen et al. 2007; Arnold et al. 2009; Oh et al. 2014;
Tzanavaris et al. 2014) at low redshift.

Interpretation of the halo mass derived from clustering is complicated because it
may not necessarily represent the environments of AGN, unless AGN are a consis-
tent population inhabiting a single environment. If AGN are comprised of different
populations of galaxies, each inhabiting a different environment, then the clustering
of AGN will indicate the average of these environments. In fact, recent studies at
z < 1 suggest that host galaxies play a major role in clustering measurements of
AGN. For example, at z ~ 0.7, Mendez et al. (2016) find significant differences in
the clustering measurements of X-ray, mid-IR and radio AGN, and that these dif-
ferences are driven by differences in host galaxy properties (such as stellar mass and
star-formation rate). Furthermore, at z < 0.1, Powell et al. (2018) find that, when
accounting for host galaxy properties, AGN occupy dark matter halos consistent
with the overall inactive galaxy population.

Drawing a consistent picture of the clustering of AGN is difficult because previous
studies select AGN in various methods with different surveys and telescope sensitiv-
ities, thus sampling different distributions of host galaxy properties. Furthermore,
the clustering is quantified using differing methods (e.g. angular, projected, real-
space correlation functions) and a diverse range of models to estimate halo masses.
While several works derive bias values of AGN/quasars using a broad redshift range,
it has not been possible as yet for a single study to measure the evolution of the
AGN bias with redshift from z ~ 4.5 to z ~ 0.5, due to the large samples required
to obtain reliable bias measurements from the AGN auto-correlation function. In
this work, we are able to use the cross-correlation function using the more numerous
underlying galaxy sample from UDS and COSMOS, as these surveys provide the
unique combination of depth and area required to detect large numbers of galaxies
out to z ~ 4. This cross-correlation technique allows us to then reliably infer the
auto-correlation functions of AGN, affording us the opportunity to split our X-ray
AGN sample into several redshift intervals. In this study we are also able to inves-
tigate potential interpretations of the clustering signal of AGN by considering the
influence of host galaxy properties such as mass and star-formation characteristics.

This chapter is structured as follows. We describe our sample selection in Sec-
tion 4.2. Section 4.3 explains the methodology of our clustering analysis, and we
present our results in Section 4.4. A discussion of our results is presented in Sec-
tion 4.5. We adopt a WMAP9 cosmology (Hinshaw et al. 2013), with Q,, = 0.3,
Qa = 0.7, and h = 0.7. All X-ray luminosities quoted are calculated in rest-frame
bands using a power-law model with a photon index I' = 2. We note that the effect

of Galactic absorption on our fluxes is negligible.
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Figure 4.1. Stellar mass of AGN and galaxy samples (for which supercolour classifications
are available) as a function of redshift, highlighting the different galaxy types as classified by
the PCA technique, including PSBs (green), star-forming galaxies (blue), red galaxies (red)
and AGN (black). The stellar mass completeness limit as derived by the Pozzetti method
(see Section 2.5) is denoted by the white dashed line.

4.2 Sample selection

In this section we describe our sample selection. We make use of two deep and
wide near-infrared surveys for our galaxy samples (UDS and COSMOS described
in Chapter 2 in Section 2.1 and Section 2.2 respectively) with Chandra and XMM-

Newton X-ray coverage.

4.2.1 Spectral class

We determine the spectral class of our AGN and galaxy samples using supercolour
classifications that utilise the principal component analysis (PCA) technique out-
lined in Section 2.4, which separates galaxies by spectral class (such as star-forming,
passive, post-starburst). Due to deeper data in the UDS field, galaxies can robustly
be classified to z = 3, but galaxies in COSMOS are limited to z = 2.5 so we adopt
a uniform cut in redshift when investigating the role of host galaxy properties. Fig-
ure 4.1 shows the stellar mass of the galaxy and AGN samples as a function of
redshift.
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4.2.2 Galaxy samples

To study the evolution of clustering of AGN as a function of cosmic time, we split
our AGN and galaxy samples in redshift intervals of 0.5 < z < 0.8, 0.8 < z < 1.3,
1.3 <z < 2.1, 2.1 < z < 4.5 corresponding to equal cosmic time intervals of 1.8 Gyr.
In order to maximise the quality of our galaxy sample, we apply a maximum limit to
the minimum y? values associated with fitting photometric redshifts. We also apply
a K-band magnitude limit of K = 23.7 to our galaxy sample. After applying these
quality cuts, our galaxy sample consists of ~ 60000 and ~ 170000 galaxies between
0.5 < z < 4.5 in the UDS and COSMOS fields, respectively. In addition, we use
the methodology from Pozzetti et al. (2010) to apply redshift-dependent 90% mass
completeness limits to the galaxy sample. We do not apply a mass completeness cut
to our AGN sample to maximise the sample size, but we note that 95% of our AGN
are above the 90% mass completeness limit of 10192 M, at z = 2.5. The clustering
measurements are robust to more conservative cuts in the K-band magnitude and
mass completeness, as results are consistent within error-bars, albeit with larger
uncertainties. The redshift distribution of the galaxy samples are shown by the

solid lines in Figure 4.2.

4.2.3 AGN samples

It is important to select AGN detected to a uniform flux limit to ensure that the
clustering measurements are not biased by the varying source density with exposure.
We select our hard band AGN to a flux limit of 3.55 x 10715 erg s~! cm™2. AGN
outside the area corresponding to this flux limit are removed, as well as AGN within
the region that have fainter fluxes than the flux limit. This limit was chosen to
maximise the number of AGN, and applied to AGN in both the UDS and COSMOS
fields. In the UDS, the X-UDS coverage is deeper but limited to the central ~ 0.33
deg?.
data with XMM-Newton data.

While the UDS achieves greater depths in both K-band and X-rays, the larger
number of AGN in the COSMOS field effectively dictates our flux limit. To ensure a

consistent depth, we therefore discard the fainter data in the UDS and adopt a shal-

Outside this Chandra-covered region, we therefore supplement our X-UDS

lower X-ray flux limit and K-band magnitude limit. We also make maximum use of
the UDS field by computing the optimum flux limit for the UDS field independently
(1.25 x 1071% erg s7! em~2) and measuring the clustering of AGN in this field. The
results are consistent with the measurements using a flux limit of 3.55 x 1071 erg
s~ em ™2, with smaller uncertainties. The redshift distributions of the AGN selected
to the latter flux limit are shown in Figure 4.2. Figure 4.3 and Figure 4.4 show the
respective spatial distribution of the AGN in the UDS and COSMOS fields. The
flux limit contours optimised for UDS and COSMOS are overlaid in green and light
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blue respectively. AGN selected to these flux limits are highlighted by the respective
colours.

In our study of the links between clustering and AGN luminosity, we divide AGN
into X-ray luminosity and redshift bins (see boxes in Figure 4.5). To the AGN in
each bin, we apply a flux limit computed with the lower end of the luminosity bin
and median redshift of the AGN within the bin. The diagonal lines traced out by
missing points in the bottom right hand corners of the boxes in Figure 4.5 correspond
to the sources that have been removed as their fluxes were lower than the applied

flux limit.

4.3 Clustering methods

In this section, we describe the clustering methods used. We first measure the angu-
lar two point correlation function of AGN (Section 4.3.1) and that of the underlying
dark matter (Section 4.3.1). We then measure the strength of clustering, using the
“bias” parameter we describe in Section 4.3.2, by scaling the dark matter CF to the
AGN CF and minimising x?. In this section we also derive the dark matter halo

masses of AGN as a function of redshift.

4.3.1 Two point correlation functions
AGN correlation functions

The most commonly used statistical estimator of galaxy clustering uses the two-
point auto-correlation function (ACF). The angular ACF, w(#), measures the excess
probability, above a random distribution, of finding a galaxy at an angular separation

0 from another galaxy. We use the Landy & Szalay (1993) estimator, described by

DD(6) — 2DR(6) + RR(0)
RR(0) ’

w(f) = (4.1)
where DD(0), DR(0) and RR(0) are the galaxy-galaxy, galaxy-random and random-
random normalised pair counts, respectively. We choose this estimator because it is
more robust to effects that can affect clustering measurements, such as the size of
the random catalogue and edge corrections (Coil 2013).

While the clustering of AGN and quasars have been studied using the ACF, this
method requires large sample sizes to provide tight constraints on AGN host halo
masses. As our AGN sample sizes are limited, we can make use of a close cousin of
the ACF; the two-point cross-correlation function (CCF). We measure the CCF of
the AGN with respect to K-band selected galaxy samples provided by the UDS and
COSMOS surveys.
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Figure 4.3. Hard-band X-ray AGN in UDS Chandra and XMM-Newton. All X-ray sources with optical/near-infrared counterparts are shown as black
points, AGN with a flux limit of > 1.25x 107 erg s~ cm™2 and > 3.55 x 107! erg s~! cm ™2 are highlighted in green circles and blue squares, respectively.
The contours corresponding to these flux limits are also shown in the respective colours. For reference, the red arrows in the bottom left corner of the plot
shows a scale of 10’.
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Figure 4.4. Hard-band X-ray AGN in COSMOS. All X-ray sources with optical/near-infrared counterparts are shown as black points, AGN with a flux
limit of > 3.55 x 1071% erg s~ cm™2 are highlighted in blue squares, respectively. The contour corresponding to this flux limit is also shown in blue. Note
that the larger size of the COSMOS field may give an appearance of a higher density of sources, but this does not reflect reality. For reference, the red
arrows in the bottom left corner of the plot shows a scale of 10’.
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We cross-correlate our AGN (Dy) with a full volume-limited 90% mass-complete

tracer galaxy population (Dg), using:

_ DADg(0) — DARG(0) — DgRA(0) + RaRG(0)

w(f) RaRa(0) ,

(4.2)

where each term is normalised by the total pair counts. Ra and Rg denote the
random source catalogues that populate the regions from which we select AGN
(see Figures 4.3 and 4.4) and tracer galaxies respectively. For the tracer galaxy
catalogues, we populate random catalogues corresponding to the “good” regions of
UDS and COSMOS with artefacts such as stars and cross-talk masked out. For
our AGN catalogues in UDS and COSMOS, we mask for the bad regions of the
relevant optical /near-infrared images, as well as the regions of the X-ray image for
which the flux limit is shallower than 3.55 x 10~ erg s~ cm™2. For the study of
luminosity-dependent clustering, we compute different random catalogues for each
of the flux limits derived from the different luminosity and redshift bins.

In order to ensure that our clustering measurements are reliable, we impose a
lower limit of 30 AGN in a given sample to qualify for our analysis. We ensure that
the sample size of the random points is at least 10 times larger than that of the
tracer population, and that these random catalogues map out the same regions as
each of our galaxy catalogues.

As the clustering measured using the CCF is underestimated due to the limited
observed field size, we apply a correction factor for the integral constraint C' following

Roche & Eales (1999),
> RaRg(0)w(0)
Y. RaRc(0)

The integral constraint for the ACF of our tracer sample is similarly defined as,

Coor = (4.3)

> RoRa(9)w(0)
> RcRa()

Cacr = (4.4)
We assume that w(#) of AGN traces the angular correlation function of the under-
lying dark matter distribution, following the method of Hartley et al. (2013) and
Wilkinson et al. (2017).

Dark matter correlation functions

In order to interpret our angular correlation functions, we compute the angular
correlation function of the matter distribution (dominated by dark matter) over the
same volume as our tracer sample. We do this following the formalism of Smith et al.
(2003) to compute the non-linear dark matter power spectrum at the mean redshift
of the sample. This is then Fourier transformed to obtain the 3D non-linear dark

matter angular correlation function; i.e. the sum of the correlation functions in the
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1-halo regime (pair counts within the same halo) and the 2-halo regime (pair counts
in different halos). Finally, we project this onto 2D using the redshift distribution
of the sample and the Limber equation (Limber 1953). This routine therefore allows
us to obtain synthetic wgy, (0) from the halo model that can be fit to the observed

AGN correlation functions.

4.3.2 Bias fitting and halo masses

Galaxies are biased tracers of the underlying dark matter density field. The linear
galaxy bias parameter b, defined as the ratio of the overdensity of galaxies to the

(04) to the mean overdensity of matter,
b=44/9, (4.5)

where ¢ is the overdensity, given by 6 = p/p — 1 where p is in turn the mean mass
density (e.g., Peebles 1980). Therefore galaxies with higher bias have a higher degree
of clustering and are more likely to be found near the highest density peaks in the
dark matter mass distribution.

We therefore use the bias b to indicate how strongly clustered our AGN sample
is with respect to the underlying dark matter distribution. On linear scales, we
can compute this parameter as the square root of the measured observed galaxy
correlation function divided by the 2D dark matter correlation function following
the definition,

Wops () = b* X wam(9), (4.6)

where weps denotes the observed AGN cross-correlation function and wgy,, denotes
the projected correlation function of the dark matter distribution (e.g., Benson et al.
2000).

We therefore fit the dark matter correlation functions multiplied by b to the
observed AGN correlation function, and calculate the optimum value of b using x>
minimisation with weights corresponding to the inverse of the uncertainties on the
observed correlation function. These uncertainties are calculated using the boot-
strap method with 50 repetitions. We therefore resample the tracer/target sample
with replacement 50 times, and evaluate w(#) for each of the 50 bootstrap samples.
The uncertainties are then given by the standard deviation of resampled values of
w(#). To obtain a combined bias measurement using two separate fields (UDS and
COSMOS), we obtain individual x? measurements of the two fields (using two in-
dependent AGN and dark matter correlation functions) and minimise the total y2.

We assume that both AGN and tracer galaxy populations trace the dark matter
distribution, and that both populations are linearly biased. This implies that we

expect the correlation function to be well described by linear gravity theory. This
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assumption holds true at large scales where both the linear (wjinear) and non-linear
(Wnon—linear) correlation functions are mutually consistent. However, the two CFs
deviate at small scales, (Zehavi et al. 2005), so it is no longer appropriate to assume
that the galaxy population traces the dark matter distribution. We therefore adopt
a lower limit to 6 corresponding t0 Wnon—_linear < 3 X Wiinear Petween the linear and
non-linear regimes in order to accurately constrain our bias measurements, following
Wilkinson et al. (2017). We choose this limit as a trade-off between minimising the
non-linear effects on small scales as well as maximising the scales over which we can
use the correlation functions. We also employ an upper limit and do not consider
pair counts at scales larger than 6 = 0.4 degrees as the finite field of view results in
unreliable w(#) measurements at large 6.

We thus determine the absolute bias of the AGN cross-correlated with tracer
galaxies (CCF bias, bag) and of the tracer galaxy auto correlation function (ACF
bias, bg) with respect to the dark matter. These two absolute bias measurements
can then be used to infer the relative bias of the target AGN sample by following
ba = b3 /bG.

The ACF of the target AGN sample can be inferred by multiplying the cross-
correlation functions by (b3 /b%). The inferred ACFs of UDS and COSMOS X-ray
AGN are plotted in Figure 4.6 along with their fitted bias.

Finally, we obtain dark matter halo mass estimates using the formalism of Mo
& White (2002). The bias of dark matter halos is dependent on its mass and given
epoch. We thus assign dark matter halo masses to our AGN samples by matching
our bias measurements at a given redshift to the bias of dark matter halos of various

masses.

4.4 Results

4.4.1 Interpreting the bias of X-ray AGN

We calculate cross-correlation functions in the UDS and COSMOS fields to obtain
measurements of the bias and infer the dark matter halo masses of galaxies hosting
X-ray AGN as a function of redshift. We plot our measurements in Figure 4.7, where
the individual COSMOS and UDS measurements are presented, in addition to the
combined estimate of the bias. As shown by Figure 4.7, the clustering of X-ray AGN
suggest that they preferentially reside in “group-like” environments of 10'2~13 M,
irrespective of redshift, in agreement with previous studies (Croom et al. 2005; Ross
et al. 2009; Shen et al. 2009; Krumpe et al. 2012; Allevato et al. 2016; Powell et al.
2018).

In Figure 4.8, we compare the bias of AGN to that of star-forming and passive

galaxy populations in the UDS and COSMOS fields, selected using the supercolour
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Figure 4.6. Inferred auto-correlation functions of X-ray AGN in the UDS (green) and COSMOS (light blue), as a function of redshift. We present the
bias measurement with a flux limit optimised separately for each field. Uncertainties are derived from the standard deviation in resampled w(f). We note
that low number statistics can formally lead to negative w(6) in certain bins, resulting in an underestimation of the bias. The combined measurements in
these cases will not be affected by this problem as these points will have larger uncertainties and hence lower weights in the y? minimisation. The dashed
lines represent the fits of the dark matter correlation functions to the observed correlation functions (scaled by the square of the bias), and the over-plotted
solid lines highlight the scales over which the observed correlation function is used in the fitting routine.

SV >Z>90N0YHAd NOV AVH-X HO ONIHALSNTO ¥ HALdVHO

9.



CHAPTER 4. CLUSTERING OF X-RAY AGN FROM 0.5 < Z < 4.5 7

B COS
'l ¢ Comb
® UDS

bias

Figure 4.7. Redshift evolution of AGN bias in the UDS (green) and COSMOS (light
blue). We present the bias measurement with a flux limit chosen to maximise the number
of AGN in each field separately, as well as the combined measurement in red optimised
for both fields. If fewer than 50 AGN are present in the sample, we plot them in open
symbols as these points are potentially less reliable. The redshift evolution of dark matter
halos corresponding to given masses are shown by the solid black lines, and are annotated
by their corresponding halo masses in solar mass units. The dotted black lines show the
evolution of 5 x 1012 Mg and 5 x 103 Mg. On average, therefore, AGN appear to inhabit
102713 M, halos with no evolution in redshift.

technique (see Section 2.4 and Wilkinson et al. in prep for more details), matched

1. As this technique is

in mass and redshift distributions to the AGN population
only reliable out to z ~ 2.5, we truncate our final redshift bin to z = 2.5. We find
that AGN are more clustered than star-forming galaxies, but less clustered than
passive galaxies of the same mass. As it is well known that AGN are a composite
population of star-forming and passive galaxies (e.g., Aird, Coil & Georgakakis 2017),
the clustering signal may indicate this is a mixed population, or possibly a population
transitioning from star-forming to passive.

To explore this issue, we compare the clustering of AGN to the clustering of
an analogous mixed population of star-forming and passive inactive galaxies. To

construct this matched control sample, for each AGN we find an inactive (i.e. non-

"We note that Wilkinson et al. (in prep) use the full redshift probability distribution to project
the 3D dark matter correlation function, whereas we use a top hat redshift probability distribution
for consistency with the method we use for our AGN sample.
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Figure 4.8. Redshift evolution of the bias of AGN (black), along with SF (blue) and passive
(red) galaxies, as defined by the supercolour technique, matched in mass and redshift. X-ray
AGN inhabit intermediate halo masses relative to star-forming and passive galaxies of the
same mass distribution. The solid lines denote the evolution of dark matter halos, as in
Figure 4.7.

AGN) “pair” that is the closest inactive galaxy in terms of redshift, spectral class as
determined by its supercolours (SC1, SC2 and SC3), and stellar mass. We present
the bias of this mixed galaxy population in Figure 4.9 and find that the AGN bias
measurements in all redshift bins are entirely consistent with inactive galaxies of
similar mass and spectral class.

The clustering of the non-AGN control galaxy population is intermediate between
passive and star-forming galaxies (see Figure 4.8), as expected for a mixed sample,
with an average clustering signal consistent with “group” mass halos. It is therefore
possible that the intermediate clustering signal of AGN (corresponding to a halo
mass of 1012713 M) is produced by an averaging of the clustering signal from the
mixed host galaxy population, and that the clustering of AGN predominantly reflects
the mix of passive and star-forming host galaxies that occupy a range of different

environments.
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Figure 4.9. Redshift evolution of bias of X-ray AGN (for which supercolour classifications
are available) in black triangles, compared to a control sample of inactive galaxies (in ma-
genta squares), matched in stellar mass, spectral class (from supercolours), and redshift.
The star-formation characteristics (i.e. spectral class) of star-forming galaxies in the non-
AGN sample matches that of Figure 4.8. The solid lines denote the evolution of dark matter
halos, as in Figure 4.7. The clustering of AGN is entirely consistent with the clustering of
inactive galaxies with similar host galaxy properties.

4.4.2 The role of host galaxy properties on AGN clustering

We now investigate which properties of AGN host galaxies have the dominant influ-
ence on the AGN clustering signal. To disentangle the effects of stellar mass and host
galaxy spectral class on clustering, we split our AGN into high and low host galaxy
stellar mass subsamples around the median mass (101%7 Mg). In Figure 4.10(a),
we plot our clustering measurements of the AGN and find that AGN in high mass
galaxies are more strongly clustered and appear to reside in halos that are almost
an order of magnitude (0.9 dex) more massive than AGN in low mass hosts out to
z ~ 2 (at 20). This is consistent with expectations from the galaxy stellar mass-halo
mass relation (e.g., Li et al. 2006; Meneux et al. 2008; Wake et al. 2011; Leauthaud
et al. 2012; Marulli et al. 2013; Conselice et al. 2018).

We next consider how host galaxy spectral class affects the clustering strength.
To do this, we define the passive fraction as the fraction of a given sample that
are classified as either post-starburst or red-sequence (based on super-colours). In

Figure 4.11 we plot the passive fractions of AGN and non-AGN galaxies, within our
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Figure 4.10. Left: (a) Redshift evolution of X-ray AGN bias in low (M, < 10'%7 M) and high (M, > 101975 M) mass host galaxies (blue squares
and orange circles respectively). The solid lines denote the evolution of dark matter halos, as in Figure 4.7. AGN in more massive hosts appear to reside
in more massive halos. Right: (b) Bias of X-ray AGN in low (M, < 10197 Mg, and high (M, > 101975 M) mass star-forming hosts (blue pentagons and
orange stars respectively). There is now no significant difference between the bias measurements of AGN in low and high mass galaxies, indicating that
star-forming activity is a more important driver of clustering than stellar mass.
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two mass bins. We only select galaxies above the highest-redshift 90% completeness
limit of 10192 Mg to construct the low mass galaxy sample. This plot shows that (a)
AGN have significantly lower passive fractions than galaxies of the same mass, and
(b) AGN in high mass hosts, like high mass galaxies, have higher passive fractions
than their low mass counterparts. Since passive hosts are more clustered than star-
forming hosts (see Figure 4.8, and Hartley et al. 2013, Coil et al. 2017), the difference
in the measured bias between AGN in low and high mass hosts may be due to
different host spectral class. There appears to be a general correlation between the
difference between the passive fractions and clustering signal of AGN in high and
low mass bins (e.g. the most significant difference between the passive fractions of
AGN in low and high mass galaxies is at z ~ 1, as is the most significant difference
in bias of the two samples).

To explore this further, we would ideally measure the clustering of star-forming
and passive AGN separately. Although we lack the sample sizes to explore the
clustering of AGN hosted by passive galaxies, we measure the clustering of AGN
in star-forming galaxies split around the same median mass, and plot our result in
Figure 4.10(b). We find tentative evidence for a shift in the environments of AGN
in star-forming host galaxies from higher halo masses at high redshift to field at
low redshift. This is consistent with the effect of galaxy downsizing, where star-
formation activity shifts from high mass halos to low mass halos as the Universe
ages (Wilkinson et al. 2017). Although the increasing X-ray luminosity limit with
redshift implies that we are only sensitive to higher mass black holes at higher
redshifts at a given Eddington ratio, we do not expect this to affect our results
significantly since we see no correlation between X-ray luminosity and halo mass
(see Section 4.4.3). Figure 4.10(b) also shows that we find no difference between
the dark matter halo masses of AGN in star-forming host galaxies in low and high
mass bins, so the excess bias in Figure 4.10(a) is likely driven by the higher passive
fractions in the high mass sample. We therefore find evidence that stellar mass is
not the fundamental parameter that drives the excess clustering of AGN in higher
mass host galaxies relative to AGN in lower mass host galaxies. Similar results have
been obtained for the galaxy population, such as Coil et al. (2017), who find that
galaxy clustering does not depend on stellar mass at a given sSFR. This may imply
that the stellar mass-halo mass relation is driven by the correlation between passive
fraction and stellar mass.

We caution that this analysis could be affected by the possibility that blue light
from the AGN contaminates the SEDs and leads to an incorrect star-forming as-
signment of a passive galaxy. However, this effect is not expected to be significant
as super-colour classifications are derived based on filters focussed on the rest-frame
4000 A break region. AGN light may also contaminate the mass measurements, but

our AGN have fairly low X-ray luminosities, while we only expect the most lumi-
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Figure 4.11. Passive fractions of AGN and galaxies split by stellar mass. AGN have
significantly lower passive fractions than galaxies of the same mass. AGN in high mass
galaxies (M, > 101075 Mg; filled orange circles) have higher passive fractions than those
in low mass galaxies (M, < 1075 Mg; filled blue squares). In general, the high mass
galaxy population (open orange circles) also has higher passive fractions than the low mass
counterparts (open blue squares). There is a lower passive fraction among AGN hosts than
the general galaxy population, so star forming galaxies are more likely to host AGN than
passive galaxies.

nous AGN to have a significant impact on galaxy classifications and stellar masses
(Almaini et al. in prep). In addition, Kocevski et al. (2017) report that color con-
tamination by lower luminosity AGN in their study is negligible, and Santini et al.
(2012) find that only 1.3% of their lower-luminosity sources had a difference in their
stellar mass larger than a factor of two. We have tested the results in Figure 7 by
removing the most luminous AGN (Lx > 10%*4) from our sample, creating a new
control sample, and repeating the clustering analysis. We find that the results are
consistent within error-bars, and thus conclude that any contaminating AGN light

does not have a major impact on our results.

4.4.3 Links between clustering and AGN luminosity

In this section we investigate whether the clustering of AGN is dependent on the
power of the AGN determined through the proxy of X-ray luminosity. We study

the correlation between the power of the black hole and the inferred dark matter
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Figure 4.12. Bias measurements of AGN with hard band (2-10keV) X-ray luminosities
measured in erg s~! in bins of 10%32? < Ly < 10%3:8, 1038 < Ly < 10*4, and 10*4 <
Lx < 10*9 in red circles, purple triangles, and green squares respectively. There is no
correlation between redshift or luminosity and dark matter halo mass. The solid lines
denote the evolution of dark matter halos, as in Figure 4.7.

halo mass by splitting our AGN into low, medium, and high X-ray luminosity bins,
corresponding to 10132 < Ly < 10%38 1038 < Lx < 10*4, and 104 < Ly <
1059 erg s71. We cross-check passive fractions and mass distributions between the
different luminosity bins and find no significant differences between the different
luminosity populations. Passive fractions vary between 5 — 20% at all redshifts and
luminosities.

While previous studies across a wide range of AGN luminosities have found
similar “group-like” halo masses, we are able to explore this in a robust manner by
splitting our AGN sample by X-ray luminosity and redshift to obtain self-consistent
estimates of the bias. In Figure 4.12, we show that there is no correlation between
the power of the black hole on the clustering of the AGN, which is consistent with
previous results (e.g., Magliocchetti et al. 2017). Since low, medium, and high X-
ray luminosity AGN occupy similar mass halos, this implies that there may not be
an environmental influence on the accretion rate of gas into the central black hole.
This also implies that the environments of AGN of all luminosities are driven by the

mixed population of their hosts.
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4.4.4 Clustering and Eddington ratio

In this section we investigate whether the clustering of AGN is correlated with
the efficiency of the radiative bolometric output of the black hole relative to the
Eddington limit. The Eddington ratio Agqq, relates the AGN luminosity to the

Eddington limit as follows,

Lacn
b
Lyaq

)\Edd = (4.7)

where Lagn is the total AGN luminosity and Lggq is the Eddington luminosity.
We assume that ~ 10% of the AGN’s luminosity is emitted in X-rays (i.e. Lagn =~
10Lx). We also make use of Lgqg = 1.26 x 1038(MM—%'{) erg s—! and assume that the
mass of the black hole, Mpy, is ~ 0.15% of the galaxy’s stellar mass M, (Kormendy
2000). It therefore follows that Agqq o Lﬁ)i

We normalise the power of each galaxy’s black hole (Lx) by its stellar mass, and
split our AGN around the Lx:M, median of 1033 erg s=* Mél (corresponding to
Agdd =~ 0.05). Figure 4.13(a) shows the bias of lower and higher Eddington ratio
objects (low Agqq and high Agqq respectively)Q. At 05 <z<08and 1.3 < z < 2.1,
the clustering results of the two sub-groups are mutually consistent. At z ~ 1
however, low Agqq objects appear to reside in slightly more massive dark matter
halos than high Aggqq objects, consistent with radio-mode AGN (Bradshaw et al.
2011).

Since we find significant differences between the passive fractions and mass dis-
tributions of AGN with low and high Agqq (see Figure 4.14), we use the technique
outlined in Section 4.4.2 to test whether the excess clustering in the low Agqq sample
seen at z ~ 1 is due to their significantly higher passive fractions. The clustering
of star-forming low Agqq and high Agqq objects is shown in Figure 4.13(b), where
a marginal excess at z ~ 1 still exists. We lack sample sizes to test whether this
excess is due to the difference in stellar mass distributions, although we note that
we do not find evidence for a significant stellar-mass dependence (see Section 4.4.2),
once the passive fraction is taken into account.

Similar to our findings, lower accretion rate radio AGN appear to reside in higher
mass halos (e.g. Bradshaw et al. 2011), and higher accretion rate infrared AGN
in lower mass halos (e.g. Hickox et al. 2009; Mendez et al. 2016). Although this
could be interpreted as a dependence of accretion rate on halo mass (e.g. more
massive structures at z ~ 1 heating cold accretionable gas and preventing efficient
accretion onto the black hole), Mendez et al. (2016) find that the excess clustering

?We note that we are able to probe lower luminosity AGN at low redshift since AGN at all
redshifts are selected to the same flux limit. This could imply that AGN in high mass galaxies
at low redshift are probing lower accretion rates than the AGN in high mass galaxies at high
redshift. We test this with a luminosity limited sample and find that the results are consistent
within error-bars of the flux-limited sample.
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Figure 4.13. Left: (a) Bias of X-ray AGN with low (green triangles) and high (purple squares) Agqq, in the UDS and COSMOS, as a function of redshift.
Right: (b) Bias of star-forming low and high Agqq AGN in green pentagons and purple stars respectively. The marginal excess at z ~ 1 still stands and is
unlikely to be due to a higher passive fraction. The solid lines denote the evolution of dark matter halos, as in Figure 4.7.
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Figure 4.14. Passive fraction of low (green triangles) and high (magenta squares) Agdq
AGN as a function of redshift. There is a higher passive fraction among low Agqq AGN at
low redshifts.

of low accretion rate objects could be due to a difference in the host galaxy stellar
masses and SFRs. We do not have sample sizes to disentangle whether the different
clustering properties are due to different host galaxy properties or an underlying

correlation with accretion rate, so more studies with larger samples are needed.

4.4.5 Clustering and hardness ratio

In this section we investigate whether there are correlations between AGN obscura-

tion and clustering measurements. We use the hardness ratio (HR), defined by,

h—s

h+s’

where h is the count rate in the hard band (2-10keV) and s is the count rate

in the soft band (0.5-2keV). We separate our AGN sample into hard (HR> 0) and
soft (HR< 0), and study the clustering properties of each sample as a function of

HR =

(4.8)

redshift. As shown by Figure 4.15, we find no significant difference in the bias of hard
and soft AGN between 1.3 < z < 4.5, and there is a slight excess in the clustering
of hard AGN at 0.5 < z < 0.8, and a slight excess in the clustering of soft AGN at

0.8 < z < 1.3. There are no significant differences in the passive fractions and mass
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bias

Figure 4.15. Redshift evolution of bias for hard (red circles) and soft (blue squares) X-ray
AGN. There is no distinct correlation between clustering and hardness ratio. The solid lines
denote the evolution of dark matter halos, as in Figure 4.7.

distributions of hard and soft AGN samples.

Previous studies on the clustering of obscured vs unobscured AGN have found
contradictory results. Some report that hard/obscured AGN are more clustered (e.g
Koutoulidis et al. 2018), while others suggest that soft/unobscured AGN are more
clustered (e.g., Allevato et al. 2014), or that there is no significant difference be-
tween the two populations (e.g., Mendez et al. 2016). While it has been proposed
that obscured and unobscured AGN have the same clustering in accordance with
unification theory, there is also literature in favour of the two populations residing
in different environments due to different accretion histories or different triggering
mechanisms (Powell et al. 2018). Overall we find no significant trends in the clus-
tering properties of hard and soft AGN, but more studies with larger sample sizes
are clearly needed in order to obtain a tighter grasp on the subject. Larger sample
sizes would also allow us to use a more physically motivated sample of hard and soft
AGN (separated by a given column density threshold) and study the clustering of

these samples in the different redshift bins used.
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4.5 Discussion

We have investigated the clustering of AGN with X-ray luminosities between 43.2 <
log Lx < 45.0 and redshifts between 0.5 < z < 4.5, and measured a bias corre-
sponding to dark matter halos of mass 102713 M. Similar results have previously
been interpreted to indicate a preference for AGN to reside in group-like environ-
ments (e.g., Ikeda et al. 2015), but we have shown (see Figure 4.9) that the same
clustering signal can be obtained from a mix of non-AGN star forming and passive
galaxies that populate a range of halo masses. Based on this evidence, we suggest
that AGN do not preferentially reside within a particular halo mass, and infer that
AGN triggering is not primarily driven by the large-scale environment.

We find corroborating evidence when we divide the AGN by host galaxy property.
The clustering of AGN hosted by star-forming galaxies (the dominant host type)
have a bias corresponding to only 10''=!2 My halos at z < 1.5, comparable to
the bias obtained for non-AGN star-forming galaxies of similar mass and redshift.
Although we do not have a sufficiently large sample to measure the clustering of
AGN in passive host galaxies, we note that the clustering of this minor component
of the AGN population must be significantly stronger than the AGN in star-forming
hosts, because the clustering strength of the combined population average to a halo
mass of 1012713 M. Thus AGN do not preferentially reside within halos of a certain
mass.

Our interpretation of the clustering signal is supported by other observational ev-
idence, such as the lack of enhanced AGN fractions in group-like environments (e.g.,
Shen et al. 2007; Arnold et al. 2009; Oh et al. 2014; Tzanavaris et al. 2014). Further-
more, if AGN preferentially reside in groups, we would expect the AGN host galaxy
properties to vary with redshift since the fraction of star forming group galaxies
increases with redshift (Butcher & Oemler 1978; Giodini et al. 2012; Popesso et al.
2012). Instead we find that the AGN host spectral class does not vary significantly
from z = 2.5 to z = 0.5. We therefore suggest that large-scale environment (e.g.
halo mass) is not the dominant factor in triggering an AGN, although it may play
a minor role. We also note that the richest and rarest cluster environments (of halo
mass ~ 105 Mg) are not probed by the UDS/COSMOS fields, so we are unable to
determine if AGN triggering is enhanced or suppressed in this specific regime.

Models of galaxy evolution, on the other hand, point to an important link be-
tween large-scale environment and triggering AGN activity. For instance, less mas-
sive groups have been proposed as the ideal environment for AGN activity due to
an increased likelihood of mergers (Hopkins et al. 2008a,b). Our finding is in ten-
sion with the expectation that AGN should be preferentially triggered in groups if
mergers trigger AGN activity. However, we also note that observational evidence

that mergers are linked to AGN triggering remains inconclusive (Ellison et al. 2013;
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Kocevski et al. 2015; Villforth et al. 2017; Hewlett et al. 2017).

Whilst AGN do not typically reside in a special environment, we find that AGN
populate special host galaxies. We have shown that the AGN hosts are not a random
subset of the underlying galaxy population within the UDS and COSMOS surveys.
Instead, the passive fraction of AGN is lower than the underlying galaxy population
at the same stellar mass (Figure 4.11), implying that AGN are preferentially hosted
by star forming galaxies, consistent with the findings of other studies (Kauffmann
et al. 2003; Alexander et al. 2005; Mullaney et al. 2012; Rosario et al. 2013; Aird,
Coil & Georgakakis 2018e.g.,). We infer, therefore, that the probability of triggering
an AGN is correlated with some properties of the host galaxy. Consistent with this
inference, Kocevski et al. (2017) find evidence for a relationship between compactness
and AGN triggering. We conclude that the triggering of AGN is likely not a simple
single process, but is in fact a complex set (or sets) of conditions.

The set of conditions that trigger AGN are not likely to change drastically across
z = 2.5 to z = 0.5 because we find that the stellar mass distribution and class
of AGN host galaxies remain approximately constant in this redshift range. On
the other hand, the Universe evolves drastically across this period, resulting in a
significant change in galaxy properties: star formation declines (Madau & Dickinson
2014), galaxies grow in mass, and the morphological mix of galaxies evolves from
predominantly irregulars to spirals and a larger fraction of early types (Mortlock
et al. 2013). The passive fraction of AGN and galaxies both increase by a factor of
2 — 3 from z = 2.5 to z = 0.5 (see Figure 4.11). This indicates that the fractions of
star-forming and passive galaxies that host AGN do not change significantly with
redshift (although we note that Aird, Coil & Georgakakis 2018 find evidence that
quiescent galaxies are more likely to host AGN at higher redshifts).

The lack of dependence of the clustering signal on AGN power, as probed by
the X-ray luminosity (Figure 4.12), suggests that the accretion rate of AGN does
not have a simple dependence or correlation with its large-scale environment. This
is in agreement with recent results from Yang et al. (2018). Furthermore, since we
have shown that the clustering signal of AGN is primarily driven by the clustering
properties of the AGN host population, and the mixture of host spectral classes, we
infer indirectly that there is also no strong link between host spectral class and the
AGN instantaneous accretion rate.

A correlation between host spectral class and AGN accretion rate is expected
because of the evidence for a correlation between the growth of stellar mass and
supermassive black holes (Boyle et al. 1998; Franceschini et al. 1999; Silverman
et al. 2008). Given that the growth of stellar and black hole mass both rely on
the availability of gas, we might expect to find higher accretion rates (through the
proxy of X-ray luminosity) for star forming galaxies compared to passive galaxies

of the same stellar mass. Since we find that the clustering strength of an AGN is
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primarily driven by its host spectral class, we would therefore expect the clustering
signal of more luminous AGN to be lower than less luminous AGN, in discord with
our findings.

We can explain the lack of variation in the clustering strengths for high and low
luminosity AGN with the same phenomenon behind the flat SFR-Lx relationship
for AGN found in previous work Stanley et al. (e.g., 2015). Hickox et al. (2014)
proposed that large X-ray AGN variability on short timescales (relative to that of
star-formation) dilutes the intrinsic correlation between SFR and Lx. To reproduce
the underlying relation we must average over the most variable quantity (Lx in
this case). High X-ray variability on short-timescales could also dilute any intrinsic
Lx-host spectral class correlation, which would then dilute any variation in the
clustering of AGN of different power. We note that a similar result may also be
obtained if star-formation and black hole accretion are not coeval (Wild, Heckman
& Charlot 2010).

Drawing our interpretations together, the triggering of AGN activity likely de-
pends on a complex set of conditions. We find a lack of correlation between AGN
power and clustering signal, and that a mix of non-AGN star-forming and passive
galaxies can reproduce the same clustering signal as AGN. Together these suggest
that large scale environment plays at most a minor role in triggering AGN activity.
Availability of fuel may be inferred to play a major role since star-forming galaxies
are more likely to host AGN at all epochs. This is supported by the well-known
increased prevalence of high luminosity AGN at high redshift compared to low red-
shift (e.g. Figure 4.12). However, environment may be a relevant factor if mergers
only trigger the most luminous AGN, as merger rates decline as the Universe ages
(Conselice, Rajgor & Myers 2008). Furthermore, disks and bars may trigger nuclear
activity (e.g., Knapen, Shlosman & Peletier 2000) as disk instabilities have been pro-
posed to enhance gas flow to the nuclei of galaxies (Dekel, Sari & Ceverino 2009).
Therefore, multiple mechanisms could be at play in the triggering of AGN, unlikely
to be defined by solely large-scale environment or availability of fuel.

We note that our work is limited to X-ray selection, which tends to select more
powerful and rapidly accreting AGN. Selection effects may play an important role in
the interpretations and conclusions from AGN clustering results. Previous studies
have found that X-ray and radio AGN are more clustered than mid-IR-selected
AGN (e.g., Hickox et al. 2009; Mendez et al. 2016). However, when each AGN
sample was studied using galaxy samples matched in stellar mass, star-formation
rate, and redshift, Mendez et al. (2016) find no significant differences between the
clustering properties of the AGN samples. They find that AGN selected in different
wavelengths appear to have different clustering properties simply because they are
sampling different host populations with different stellar mass and SFR distributions.

Therefore, the method of AGN selection introduces inherent biases in the host galaxy
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properties and likely determines the clustering signal. Our study could be repeated
using optical, near-infrared, and radio selected AGN with samples matched in mass,
(s)SFR, and redshift to obtain a clearer picture of the impact of host galaxies on
AGN clustering measurements. The implication for future AGN clustering studies
is that samples must be divided by host galaxy properties as the clustering signal
from AGN likely represents that of host galaxies.

To summarise our interpretations, the triggering of AGN activity likely depends
on a complex set of conditions that do not depend solely on large-scale environment
or availability of fuel. The parameters that define the triggering of AGN could
have important implications for our understanding of galaxy evolution, particularly
as our most sophisticated galaxy evolution models invoke AGN feedback as a key

ingredient in reproducing the stellar mass functions of galaxies.

4.6 Conclusions

In this work we study the clustering properties of a flux-limited sample of hard
X-ray selected AGN from z ~ 4.5 to z ~ 0.5, using the COSMOS and UDS multi-
wavelength surveys. We compare them to a control galaxy sample designed to have
similar distributions of stellar mass, spectral class, and redshift. We investigate the
role of properties of host galaxies (e.g. stellar mass) and of the central AGN (X-ray
luminosity) as a function of redshift. We find that the clustering properties of AGN
cannot be naively linked to large-scale environments as host galaxy properties play

a significant role in the clustering measurements. To summarise our findings:

1. We find that hard X-ray selected AGN in the UDS and COSMOS fields have

a bias parameter corresponding to a typical halo mass of 1012713 M.

2. We compare the clustering of AGN to star-forming and passive galaxy popula-
tions matched in mass and redshift distributions, and find that the clustering

of AGN lies in between the star-forming and passive populations.

3. We can reproduce the clustering signal of AGN with an inactive galaxy popu-
lation closely matched in spectral class, mass, and redshift distributions to the
AGN host galaxies. We thus find that the mixed population of star-forming
and passive AGN host galaxies drives the clustering properties of AGN.

4. We split AGN by host galaxy stellar mass and find an excess clustering in
the high mass sample. The stellar mass dependence of clustering disappears
once passive galaxies are removed from the samples, as we find no difference
in their clustering properties. Therefore, we conclude that AGN clustering
depends more strongly on the spectral class of the host galaxies than stellar

mass.
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5. We find no difference in the clustering properties of low, medium and high X-
ray luminosity AGN. The triggering of AGN activity is likely determined by a
complex set of conditions that do not depend solely on large-scale environment

or availability of fuel.



Chapter 5

The small-scale environments of X-ray
selected AGN at 0.5 < 2 < 2.5

In this chapter we present a preliminary analysis of the properties of galaxy neigh-
bours within 500 kpc of X-ray selected AGN between z ~ 2.5 and z ~ 0.5 in the UDS
and COSMOS fields. At all epochs, we find consistent number densities of neigh-
bours around AGN and control galaxies, suggesting that AGN do not live in special
environments, in agreement with our results from Chapter 4. We find evidence
that the neighbours of AGN are indistinguishable from those of control galaxies
at 1.5 < z < 2.5, since the properties of neighbours around AGN in passive/star-
forming hosts are consistent with control passive/star-forming galaxies. The results
at this epoch are thus consistent with the hypothesis that AGN are stochastically
triggered with no significant environmental influences. We do not find this to be
true at lower redshifts, however, since we find that the star-formation activity of
neighbours of AGN varies significantly across redshift, displaying opposite trends
below and above z = 1. At 1.0 < z < 1.5 we find that the star-formation activity of
the neighbours of AGN is enhanced (at 2.30) with respect to control galaxies, while
this is reversed at 0.5 < z < 1.0 (at 4.30). At 1.0 < z < 1.5, the suppression of the
passive neighbour fraction of AGN is found to be driven by that of AGN in passive
hosts (which is significantly lower than that of control passive galaxies), while at
0.5 < z < 1.0, the enhancement of the passive neighbour fraction of AGN is found
to be driven by that of star-forming hosts (which is significantly higher than that
of control star-forming galaxies). The drastic reversal of the trends between AGN
and control galaxies clearly needs further investigation. In order to understand the
trends further and draw robust conclusions, this study must be repeated in smaller
redshift intervals, calling for larger sample sizes.

The preliminary work presented in this chapter is unpublished.
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5.1 Introduction

There is growing observational evidence for the correlation between the star-formation
properties of central galaxies and those of their satellites. The correlation has been

reported since the 1980s (Wirth 1983; Ramella et al. 1987). With the advent of
wide-field imaging surveys such as the Sloan Digital Sky Survey (SDSS, York et al.

2000), it has been possible for the identification of this effect in a systematic manner,

as first discovered by Weinmann et al. (2006). They found that red central galaxies

have a higher fraction of red satellites and coined the term “galactic conformity”.

The SDSS has been widely used by several works to provide evidence for these
trends from multiple angles. Using a clustering analysis, Ross & Brunner (2009)
find that the fraction of late type satellites decreases as halo mass increases. Sim-
ilar correlations have been discovered, at separations well beyond the virial radius
(Kauffmann et al. 2013), in the alignment of the distribution of satellites within
halos with centrals (Wang et al. 2008), and even in spectroscopically confirmed sys-
tems (Phillips et al. 2014). Conformity also appears to exist in terms of morphology
since the morphologies of central and satellite galaxies appear to be correlated (Ann,
Park & Choi 2008), as well as gas content since neighbours of red galaxies are likely
deficient in star-forming gas (Papastergis et al. 2013). Deeper optical /near-infrared
surveys such as the UDS and COSMOS have allowed for the detection of this effect
out to z ~ 2-3 (albeit to a lower significance, e.g. Kawinwanichakij et al. 2014;
Hartley et al. 2015).

These correlations are curious because it implies a causal connection between the
centrals and satellites. The presence of satellite galaxies is unlikely to impact the
star-formation in the central galaxy, except in rare, close encounters. Satellites are
thought to stop forming stars due to gas removal processes such as tidal interactions
and ram-pressure stripping (e.g. Socolovsky et al. 2018), but these mechanisms
operate predominantly on smaller satellite galaxies and leave the interstellar medium
of the central galaxy largely undisturbed.

There are several proposed explanations for the conformity phenomenon. Yang,
Mo & van den Bosch (2006) suggest that galactic conformity is simply a direct result
of hierarchical structure formation. Also known as “assembly bias”, the argument
is that a halo that assembled a significant fraction of its mass at early times would
have accreted its satellites at higher redshifts than a similar halo that assembled at
a later epoch. Wang & White (2012) show that conformity in semi-analytic models
arises because red central galaxies inhabit more massive dark matter haloes than
blue galaxies of the same stellar mass.

There is also literature in favour of hydrodynamical effects playing a crucial role.
For example, Kauffmann, Li & Heckman (2010) suggest that conformity depends

on gas accretion, and that the ability of both satellites and centrals to form stars
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depends upon the underlying reservoir of ionised gas that spans large spatial scales.
Ann, Park & Choi (2008) propose that feedback processes (due to star-formation
or AGN) during the formation of the central galaxy has an impact on the star-
formation ability of nearby galaxies. Hartley et al. (2015) favour the latter scenario
following analysis out to z ~ 2, although there are observations in direct conflict
with this scenario, such as the abundance of passive dwarf galaxy satellites around
massive star-forming galaxies such as our own Milky Way and M31.

The role that AGN host galaxies play in the conformity picture has not been
tested thus far. Galaxies that host AGN are in a somewhat unique position in that
their relationship with nearby galaxies is complex; they can both influence their
neighbours via feedback, as well as be influenced by their neighbours via environ-
mental triggering. AGN feedback plays an integral part in reproducing the stellar
mass functions of galaxies in the latest models of galaxy evolution (e.g. Benson
et al. 2003; Croton et al. 2006). Models also suggest that AGN are triggered via
mergers and environmental interactions (e.g. Hopkins et al. 2006), although the
observational evidence remains mixed (Ellison et al. 2013; Kocevski et al. 2015; Vill-
forth et al. 2017; Hewlett et al. 2017). It is therefore unclear whether AGN are
environmentally triggered or stochastic as suggested by recent works (Aird, Coil &
Georgakakis 2019, Krishnan et al. submitted, see Chapter 4).

Studying the nearby neighbours of AGN would enable us to distinguish between
the scenarios of stochasticity vs environmental triggering. If AGN are stochastic
and do not influence their neighbours, we would expect to see that the relationship
between the star-forming properties of AGN and their neighbours to be consistent
with the expected conformity trends of control galaxies and their neighbours. If
AGN are not stochastic and indeed environmentally linked, then we would expect
a difference in the neighbour properties of AGN and control galaxies, such as the
radial distributions of their passive neighbour fractions.

In Chapter 4, we found that the large-scale clustering signal of AGN are iden-
tical to those of control galaxies precisely matched in stellar mass, star-formation
properties, and redshift. With this in mind one would expect that the conformity
trends continue, and that AGN would be consistent with the control sample. The
wealth of multi-wavelength and X-ray imaging of the square-degree scale fields of
UDS and COSMOS allow us to test this hypothesis for the first time.

This chapter presents a preliminary analysis on the neighbours of AGN as a
function of redshift, and is organised as follows. In Section 5.2 we describe our sam-
ple selection. Section 5.3 explains the methodology of our small-scale environment
analysis, and we present our results in Section 5.4. Our discussion is presented in
Section 5.5, and we summarise our results in Section 5.7. We adopt a WMAP9
cosmology (Hinshaw et al. 2013), with Q,,, = 0.3, Q, = 0.7, and h = 0.7.
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5.2 Sample selection

Please refer to Chapter 2 for details of the data sets used. We use the AGN and
galaxy catalogues with available supercolour classifications (Wilkinson et al. in
prep). Our sample selection is similar to Chapter 4, and we outline the differences

below.

5.2.1 Galaxy samples

To study the evolution of the neighbours of AGN as a function of cosmic time, we
split our AGN and galaxy samples in redshift intervals of 0.5 < z < 1.0, 1.0 < z <
1.5, and 1.5 < z < 2.5. We apply a K-band magnitude limit of K = 23.7 to our
galaxy sample to ensure high completeness. In addition, we use the methodology
from Pozzetti et al. (2010) to apply redshift-dependent 90% mass completeness limits
to the galaxy sample. Since passive galaxies are more incomplete at a given stellar
mass, we apply a conservative completeness cut corresponding to the passive galaxy
sample. After applying these quality cuts, our galaxy sample consists of ~ 19000
and ~ 54000 galaxies between 0.5 < z < 2.5 in the UDS and COSMOS fields,

respectively.

5.2.2 AGN samples

While there is very deep Chandra X-UDS coverage of the UDS field, it is limited
to the central ~ 0.33 deg?. Outside this Chandra-covered region, we supplement
our X-UDS data with XMM-Newton data. For our data in both fields (UDS and
COSMOS), we do not apply a flux limit to our X-ray sources. We do not apply a
mass completeness cut to our AGN sample to maximise the sample size, but we note
that 95% of our AGN are above the 90% mass completeness limit of 10!%9° M, at
z=1.5.

5.2.3 Control galaxies

As described in Section 2.4, the “spectral class” of our AGN and galaxy samples can
be determined using supercolour classifications that utilise a principal component
analysis (PCA) of the optical/near-infrared photometric data in the UDS and COS-
MOS fields (Wild et al. 2014; Wild et al. 2016). For example, the “spectral class”
of a given galaxy may be star-forming, passive, or post-starburst. We create a con-
trol galaxy sample that is precisely matched in host galaxy properties to our AGN
sample. For each AGN, we identify the closest matching galaxy in a 3-dimensional
space of stellar mass, spectral class, and redshift. In Figure 5.1 we plot the result-
ing distributions of mass, sSSFR and redshift, demonstrating the precise matching of

control galaxies to AGN.



1400 T T T T T T T 1000 T T T T
I Galaxies I Galaxies
1200 =1 AGN [ AGN
800
1000
> > L
& gool g 600
[5] [}
=] =]
g 600 g
13 i & 400f
400 |
200+
200}
0 k 0 ‘
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 -12 -11 -10 -9 -8 -7
log mass log ssfr

500 T

I Galaxies
[ AGN

400

Frequency
w
(=]
S

N
[=]
(=]

100

0.0 0.5 1.0 1.5 2.0 2.5 3.0
redshift

Figure 5.1. Distributions of mass, sSSFR and redshift of AGN (red) compared to control galaxies (black). The sSFR distributions do not match as perfectly
as mass and redshift, since the controls are matched to the AGN in spectral class (which correlates with sSFR).

G'C>7>90LV NOV AVYUX 10 SHNOIHOIAN ¢ H4.LdVHO

L6



CHAPTER 5. NEIGHBOURS OF X-RAY AGN AT 05< Z <25 98

5.3 Methods

In order to study their neighbours, we place apertures centred on AGN and control
galaxies. We count neighbours in annuli from 100 kpc to 500 kpc in bins of 100 kpc.
Since photometric redshifts have inherent uncertainties, we take into consideration
the accuracy of redshifts by selecting neighbours within +3¢ of the redshift disper-
sion (e.g. £0.1 at 0.5 < z < 1.0).

We reject neighbours within a certain physical aperture/annulus with stellar
masses below the redshift-dependent completeness limit (which correspond to passive
galaxies and the upper end of the redshift bin following the Pozzetti et al. 2010
method). Other works studying “galactic conformity” (e.g. Kawinwanichakij et al.
2014; Hartley et al. 2015) reject satellites more massive than a certain limit requiring
that the central object (on which apertures are placed) is the most massive object
within the radius and redshift tolerance. Since we are interested in neighbours, not
necessarily satellites, we do not impose this criterion.

Using this method, we essentially select neighbours within cylinders centred
around AGN/control galaxies. These cylinders therefore have physical radius of
the aperture and length of the redshift tolerance. In addition to the “true neigh-
bours”, however, we expect significant contamination from foreground and back-
ground galaxies that happen to lie along the line of sight within the cylinders. We
note that there can also be contamination in the form of contribution from 2-halo
(large-scale) clustering, but on such small scales (< 500 kpc), “true” neighbours are
likely to dominate the counts. This can be seen in halo occupation decompositions
of clustering data (Zheng, Coil & Zehavi 2007).

We subtract the background and foreground contamination in the following way.
For each AGN, we construct a random catalogue of 10 positions, assigned the redshift
of their parent AGN host galaxy. We count all neighbouring galaxies within 500 kpc
and within the redshift tolerance of these 10 random pointings. We then scale the
number of neighbours in the random pointing by the ratio of area of the annulus to
the area of the 500 kpc aperture. The choice of the number of randoms per AGN was
somewhat arbitrary, although we ensure that the uncertainties are dominated by the
real galaxy counts and not the background estimation. This method is demonstrated
in Figure 5.2.

It is important to account for the masked regions of the image (due to image
artefacts such as cross-talk). To do this we place an aperture on the mask image
at the location of each AGN/control galaxy/random pointing, with a pixel radius
corresponding to the aperture physical radius of interest. For each AGN/control
galaxy/random pointing, we then divide our neighbour counts by the “good” fraction
of pixels to obtain the mask-corrected number of neighbours.

Number densities are then calculated as the number of neighbours around cen-
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Figure 5.2. Figure from Kawinwanichakij et al. (2014) demonstrating the technique used to statistically estimate the contaminant foreground and
background objects. Neighbours are counted in annuli from the AGN/control galaxies and random pointings. The random field measurements are then
subtracted from those of the AGN/control galaxies to obtain the “true” distribution of neighbours around AGN and control galaxies.
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trals (after mask-correction), normalised by the number of centrals and by the area
of the annulus.

We use the spectral class from supercolour classifications to select passive neigh-
bours (galaxies with a spectral class of “red” or “post-starburst”), after which we
perform mask-correction and background-correction. We then divide this by the
total neighbours (after mask-correction and background-correction). We define this
ratio as the passive fraction of neighbours and study its dependence on radius for
AGN, control galaxies, and randoms. The passive fraction of neighbours, fp.ss is

thus given by,

1
Npass,mask,corr - (Nmnd) X Npass,mask,corr,rand

fpass = , (51)

1
Niot mask_corr — (Nmnd) X Ntot_mask_corr_rand

where N,qpq is the number of random pointings per central (10), N = Nyps+ Ncos
in all cases, mask_corr indicates mask corrected counts, pass indicates passive and
tot indicates total.

As expected, we find that the number densities and the passive fractions of
neighbours converge to that of randoms at large radii. We note that we study the

distributions of properties of neighbours truncated at 300 kpc.

5.4 Results

To gain insight into the small scale environments of AGN, we first investigate the
numbers of neighbours around AGN and control galaxies. We cross-check our anal-
ysis by computing these number densities for satellites of central galaxies following
the method of Kawinwanichakij et al. (2014), and obtain consistent results.

In Figure 5.3, we plot the radial dependence of the projected number densities
of neighbours around AGN, control galaxies, and measured in random pointings.
The panels (a), (b), and (c) represent the redshift evolution of the number densities
at 0.5 < 2 < 1.0, 1.0 < z < 1.5, and 1.5 < z < 2.5 respectively. Consistent with
expectations from galaxy clustering, there is a strong statistical excess of neighbours
around AGN and control galaxies over random positions, extending to 500 kpc and
beyond. These panels also show that we find no significant difference between the
projected number densities of neighbours around AGN and control galaxies, indepen-
dent of redshift. The projected number densities overall decrease by approximately
an order of magnitude from z ~ 0.5 to z ~ 2.5, although this effect is predominantly
due to the inclusion of fainter galaxies in the lower redshift bins. The small scale
galaxy densities of the neighbours around AGN are therefore similar to those of
galaxies matched in stellar mass, spectral class, and redshift. As galaxy properties

are correlated with environment and redshift, we can determine whether the typical
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small scale environments of AGN differ from non-active galaxies with similar masses
and star-forming properties, by comparing the properties of the neighbours of AGN

to those of control galaxies as a function of redshift.

5.4.1 Low redshift

We compute the passive fraction of passive and star-forming centrals in order to
compare to Hartley et al. (2015), and reproduce the “galactic conformity” trends,
where satellites of passive centrals have significantly higher passive fractions com-
pared to the field, and satellites of star-forming centrals have consistent passive
fractions with the field. We also reproduce the radial decline in the enhancement of
the passive satellite fraction of passive centrals. Having tested the reliability of our
method, we proceed to repeat the analysis for the neighbours of AGN.

We first investigate the spectral class of the neighbours of AGN vs control galax-
ies. We plot our 0.5 < z < 1.0 results in Figure 5.4, where panels (a) and (b) show
the passive fraction of neighbours in the UDS and COSMOS fields respectively, of
AGN, control galaxies, and random pointings. We note that the UDS has higher
average passive fractions than COSMOS. We combine the measurements from these
two fields and plot our results in Figure 5.5(a). As there are more AGN in the
COSMOS field, the combined measurements are more influenced by the COSMOS
data. These plots show that the passive fraction of neighbours is significantly (at
2.30 within 300 kpc) higher for AGN centrals at 0.5 < z < 1.0, compared to control
galaxies. In both COSMOS and UDS data sets, the passive fractions of neighbours
around AGN and control galaxies decrease with distance from the central. The en-
hancement of passive fraction in neighbours around AGN with respect to controls,
is most significant in the central 300 kpc.

To investigate the role of host galaxy spectral class in the fraction of passive
neighbours, we split our AGN and control galaxy samples into passive and star-
forming. Figure 5.5(b) shows the fraction of passive neighbours of AGN in passive
hosts and control passive galaxies, compared to neighbours of AGN in star-forming
hosts and control star-forming galaxies. It can be seen that the fraction of pas-
sive neighbours of AGN in passive hosts at 0.5 < z < 1.0 is slightly higher than
that of passive control galaxies. However, the fraction of passive neighbours around
AGN in star-forming hosts is significantly higher than control star-forming galaxies.
Therefore this excess in the star-forming AGN population likely drives the excess of
passive neighbours around AGN in Figure 5.5(a). This is in discord with usual galac-
tic conformity trends (Weinmann et al. 2006; Ann, Park & Choi 2008; Kauffmann
et al. 2013; Kawinwanichakij et al. 2014; Hartley et al. 2015). This may suggest
that AGN either affect, or are affected by, their neighbours. Alternatively, AGN

may correlate with the properties of their neighbours due to external factors (such
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as the availability of gas or the formation time of the halo).

To further determine whether the stellar mass and star-formation properties are
different between the neighbours of AGN and control galaxies at 0.5 < z < 1.0,
we investigate the mass, sSSFR and U — B colour distributions of neighbours within
300 kpc of AGN, control galaxies, and random positions in Figure 5.6 (a), (b), and
(c) respectively.

Figure 5.6(a) shows that the neighbours of both AGN and galaxies are more
massive than random apertures, as expected. There is no significant difference
between the masses of the neighbours of AGN and those of control galaxies.

Figure 5.6(b) shows that the neighbours of both AGN and galaxies have lower
sSFRs than random apertures, as expected due to their higher masses. The neigh-
bours of AGN appear to have slightly lower sSFRs than control galaxies, consistent
with Figure 5.5. Similarly, Figure 5.6(c) shows that the neighbours of both AGN
and galaxies have redder colours than random apertures, also expected from their
higher masses and lower sSFRs. The neighbours of AGN appear to have redder
colours than control galaxies, consistent with Figure 5.5 and Figure 5.6(b). There
is a small excess of redder neighbours around AGN as compared to those of control
galaxies. The properties of the immediate neighbours of AGN are thus different to

the neighbours of control galaxies.

5.4.2 Intermediate redshift

We now investigate the environments of AGN at slightly higher redshift of 1.0 < z <
1.5. We plot our passive fractions of neighbours of AGN and galaxiesat 1.0 < z < 1.5
in Figure 5.7. The panels represent UDS and COSMOS as in Figure 5.4. In both
UDS and COSMOS fields, control galaxies clearly have significantly higher passive
fractions of neighbours than AGN (at 4.30). The combined results are displayed in
Figure 5.8(a). We see that the neighbours of AGN have passive fractions similar to
random apertures. Therefore at 1.0 < z < 1.5 we find a reversal of the enhancement
of passive neighbours around AGN found at 0.5 < z < 1.0.

In Figure 5.8(b), we separate the AGN and control galaxy population into star-
forming and passive hosts and study the fraction of passive neighbours. At low
redshift, we found that the passive fraction of neighbours around AGN in passive
hosts and control passive galaxies are only slightly different, but this figure shows
the contrast between the passive neighbour fractions of AGN in passive hosts and
control passive galaxies at 1.0 < z < 1.5. Control passive galaxies show the expected
conformity trends (see Weinmann et al. 2006; Ann, Park & Choi 2008; Kauffmann
et al. 2013; Kawinwanichakij et al. 2014; Hartley et al. 2015). However, neighbours
around AGN in passive hosts are consistent with the field and AGN in star-forming

hosts and control star-forming galaxies. We would expect neighbours around AGN
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in passive hosts to have similar passive fractions to those of control passive galaxies,
but the neighbours are far more star-forming than expected. This may imply that
AGN trigger star-forming activity in a high fraction of the neighbours, or that star-
forming neighbours indicate a higher likelihood of triggering AGN in the central
galaxy.

We investigate the star-formation and stellar mass properties of the neighbours
around AGN and control galaxies at 1.0 < z < 1.5. We plot the mass, sSFR and
U — B colour distributions of neighbours within 300 kpc of AGN, control galaxies,
and random positions in Figure 5.9 (a), (b), and (c) respectively. Figure 5.9(a) shows
that the neighbours of AGN are similar to random apertures. The neighbours of
AGN appear slightly less massive compared to those of control galaxies, consistent
with expectations given the neighbour passive fractions.

Figure 5.9(b) shows that the neighbours of AGN have higher sSFRs than galax-
ies, as expected from their passive fractions. Similarly, Figure 5.9(c) shows that
the neighbours of AGN are very similar in colour to random apertures, consistent
with Figure 5.8(a). The neighbours of AGN have much bluer colours than control
galaxies, expected from their slightly lower masses and higher sSFRs. Therefore, the
comparison between the neighbours of AGN and control galaxies seems altogether
reversed at 1.0 < z < 1.5. Bradshaw et al. (2011) find slightly different results as
they find that the U — B colour distributions of the neighbours of X-ray selected AGN
and those of the general galaxy population are consistent with being drawn from the
same underlying distribution as checked with a KS test. However, we note that this
test was done on the unbinned mass distributions without background/foreground
subtraction, so the neighbour populations of both AGN and control galaxies would

be dominated by the randoms.

5.4.3 High redshift

Finally, we investigate our highest redshift bin of 1.5 < z < 2.5. We plot our results
for both UDS and COSMOS fields in Figure 5.10. In the first panel, the UDS data
points appear to show an enhancement in the passive fraction of neighbours around
AGN compared to control galaxies. However we find that the trend is opposite /non-
existent in the COSMOS field as shown by the second panel. We note that this
difference is not very significant, and could be due to cosmic variance.

The combined measurements from these fields are presented in Figure 5.11(a),
where there is no significant difference between the passive neighbour fractions of
AGN and control galaxies. The second panel (b) shows the AGN and control galax-
ies split by spectral type, which shows that the neighbours of AGN are consistent
with galaxies of the same type. The trend of “galactic conformity” is observed

where passive galaxies (and AGN in passive hosts) have higher passive fractions of
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neighbours than star-forming galaxies (and AGN in star-forming hosts). This plot
suggests that there is no significant difference between AGN and control galaxies of
the same type, consistent with Figure 5.11(a).

For completeness, we present the star-formation and stellar mass properties of
the neighbours around AGN and control galaxies at 1.5 < z < 2.5. We plot the
mass, sSFR and U — B colour distributions of neighbours within 300 kpc of AGN,
control galaxies, and random positions in Figure 5.12 (a), (b), and (c) respectively.
Figure 5.12(a) shows that the neighbours of AGN and control galaxies are more

massive than random apertures.

5.5 Discussion

In this section we present a preliminary discussion of our results.

We find that AGN and control galaxies have consistent numbers of galaxy neigh-
bours (per central per kpc?), irrespective of redshift. If AGN were preferentially
found in denser environments than control galaxies, we might expect an excess in
the number of neighbours with respect to control galaxies. However, we find no
significant differences in the two neighbour populations, suggesting that AGN do
not prefer a “special” small-scale galaxy density. This might also imply that AGN
are not primarily triggered by massive mergers or harassment, although compar-
ison with a detailed model prediction would be required to make more definitive
conclusions.

At all redshifts, the control galaxy population shows the expected trend of “galac-
tic conformity” where passive galaxies have a higher fraction of passive neighbours
than star-forming galaxies. We are thus confident that the results for AGN are reli-
able and representative (as the control population would suffer from effects such as
number statistics in the same way that the AGN would).

Based on Chapter 4, we expected that the conformity trends would hold for the
AGN sample at all redshifts, and that the AGN trends would be consistent with
control galaxies. This has proved not to be the case. Only at 1.5 < z < 2.5 do
we find that AGN in star-forming/passive hosts are consistent with control star-
forming/passive galaxies. At this epoch, the interpretation that AGN are stochas-
tically triggered with no significant environmental effects, is consistent with our
results.

We find significant variation in the star-formation properties of AGN neighbours
compared to control galaxies at z < 1.5, as opposite trends are seen below and
above z = 1. At 1.0 < z < 1.5, the neighbours of AGN have low passive fractions
regardless of whether the host is passive or star-forming, and AGN in passive hosts
have significantly lower passive fractions than control passive galaxies. Thus the
three possibilities are that the triggering of AGN is: (a) stochastic and AGN have
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Figure 5.10. 1.5 < z < 2.5: Radial plots of the fraction of neighbours classified as passive,
around AGN, control galaxies, and in random pointings in the UDS in the upper panel (a)
and COSMOS in the lower panel (b).
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Figure 5.11. 1.5 < z < 2.5: Radial plots of the fraction of neighbours classified as passive
(combined UDS and COSMOS), around AGN, control galaxies, and in random pointings in
the upper panel (a). The lower panel (b) shows the AGN and control galaxy sample split
into star-forming and passive.
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an influence over their neighbours, (b) stochastic depending on the availability of
fuel, or (c) not stochastic and has an environmental dependence.

Consistent with (a), AGN may be triggering star-formation in neighbours by
compressing gas (positive feedback). However, AGN in passive hosts are unlikely
to simultaneously remain quenched and trigger star-formation in nearby galaxies.
Scenario (b) could be explained by the increased availability of gas at higher redshifts
in dense environments, since a relatively small amount of gas is required to fuel the
central black hole, whereas significantly larger amounts are required to fuel star-
formation. Consistent with this scenario, AGN activity at this epoch could be
correlated with star-forming activity in the same halo. Finally, possibility (c) could
involve a wet merger that triggers star-formation and AGN in several neighbouring
galaxies. However, we find that there is no statistically significant difference in the
number density of neighbours of AGN and control galaxies, so this may be less likely
to be the case.

While the scenario that AGN feedback quenches star-forming host galaxies (with
lower likelihoods of proximity to passive galaxies) at 1.0 < z < 1.5 is consistent with
our results, we do not expect the periods of radiatively efficient AGN activity to
linger as long as the expected quenching timescales of star-formation. Under the
most rapid scenarios, quenching timescales are expected to be ~ 100 —500 Myr (e.g.
Wild et al. 2009; Barro et al. 2013; Wild et al. 2016; Herrera-Camus et al. 2019),
whereas literature based on theoretical arguments (e.g., King & Nixon 2015) and
observations (e.g., Schawinski et al. 2015) suggest that radiatively efficient AGN
activity is unlikely to remain stable on timescales 2 0.1 Myr. Thus, it is highly
unlikely that our results at 1.0 < z < 1.5 are due to AGN feedback quenching
star-forming host galaxies.

We acknowledge the potential caveat that dust-obscuration affects the classifica-
tion and makes AGN in star-forming galaxies appear passive, which would also lead
to our observed result. However, we would not expect this to affect AGN in passive
hosts significantly more than control passive galaxies.

At lower redshifts of 0.5 < z < 1.0, the fraction of passive neighbours of AGN is
enhanced compared to neighbours of control galaxies. We find that this difference is
likely driven by the neighbours around AGN in star-forming hosts, as their passive
fraction is significantly higher than control star-forming galaxies. At this epoch,
relating the possibilities (a), (b), and (c) as previously outlined, leads to entirely
different scenarios. The possibility (a) relates to jets from the SMBH affecting the
host galaxy environment on scales of hundreds of kpc, where gas heating could then
switch off star-formation in nearby galaxies. However, our AGN are fairly low in
luminosity and not expected to have powerful jets. In addition, AGN feedback is
unlikely to affect the neighbours without quenching its own host galaxy first. This

is inconsistent with Figure 5.11, which shows that AGN in star-forming hosts have
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a high fraction of passive neighbours as compared to those of control star-forming
galaxies.

Passive galaxies (with a higher likelihood of proximity to other passive galaxies)
may have had a renewed period of star-formation, either due to rejuvenation (b) or
merging with a younger/gas-rich population (c¢). This might provide the gas required
to funnel into the central engine, thereby triggering AGN. Cooling flows in the cen-
tres of galaxy clusters could also lead to star-forming galaxies with nuclear activity.
Since we find no evidence for a difference in the number density of neighbours and
control galaxies, it is uncertain whether wet mergers are a likely explanation.

We investigate whether the strong redshift dependence of the passive neighbour
fraction between the AGN and control galaxies is due to systematic effects. We con-
clude that possible differences in X-ray luminosity and stellar mass with redshift are
unlikely to play an important role as we find that the trends reported in this chapter
are robust to uniform cuts in X-ray luminosity and stellar mass across the three red-
shift bins, as shown by Figure 5.13. We have also taken into consideration that at
lower redshifts, AGN tend to have lower accretion rates for a given stellar mass. This
implies that we are probing AGN with lower Eddington ratios at low redshift, with
a higher passive likelihood of host galaxies, thus likely to be surrounded by other
passive hosts. However, this effect is unlikely to explain the redshift dependence
of our results, since Figure 5.5(b) shows that it is the star-forming host galaxies
that have a more significant difference in the passive neighbour fraction compared
to star-forming controls, as compared to the difference between that of passive host
galaxies and passive controls.

It is important to address the potential concern that AGN in passive host galax-
ies are misclassified as star-forming galaxies by the super-colour technique due to
contaminating AGN light. The population of AGN in star-forming hosts may have
been contaminated by AGN in passive hosts that are misclassified due to nuclear
light, leading to a similar result. We do not expect this effect to be significant due
to multiple reasons. Firstly, super-colour classifications are derived based on filters
focussed on the rest-frame 4000 A break region. Secondly, a population of AGN
in passive hosts that are misclassified as star-forming would be unlikely to have
the same clustering properties as star-forming galaxies (as we find in Figure 4.10).
Thirdly, only the most luminous AGN are expected to impact supercolour classifica-
tions of spectral class in a significant manner (Almaini et al. in prep). Kocevski et al.
(2017) report that colour contamination by lower luminosity AGN in their study is
negligible, and Santini et al. (2012) find that only 1.3% of their lower-luminosity
sources had a difference in their stellar mass larger than a factor of two. In our sam-
ple at 0.5 < z < 1.0, only 4.7% of our AGN are above Lx > 10%*. Finally, we would
also not expect this effect to only manifest itself at 0.5 < z < 1.0. Nevertheless,

we have repeated the study after removing the most luminous AGN (Ly > 10%44)
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Figure 5.13. Radial plots of the fraction of neighbours classified as passive, around AGN,
control galaxies, and in random pointings in the UDS and COSMOS as a function of redshift.
The sizes of the points denote the three redshift bins, with small points corresponding to
0.5 < z < 1.0, medium points corresponding to 1.0 < z < 1.5, and large points corresponding
to 1.5 < z < 2.5. The AGN samples across the three redshift bins are subject to uniform
cuts in X-ray luminosity and stellar mass, and the trends reported in Section 5.4 remain the
same.

and found that AGN in star-forming hosts at 0.5 < z < 1.0 still have higher passive
fractions of neighbours, suggesting that the trends do not stem from misclassifica-
tion. This result could further be checked for robustness after removing sources with
point-like emission at their centres, which can be done using both visual inspection
of the host galaxy morphologies and surface brightness profile fitting and modelling.

It is intriguing that at 0.5 < z < 1.0 we find that the passive neighbour fractions
of AGN are significantly higher than those of control galaxies, and that these trends
drastically reverse at 1.0 < z < 1.5. This clearly needs further investigation, and this
study could be repeated in smaller redshift intervals to draw more robust conclusions.
A tighter understanding of the redshift at which the star-formation properties of
AGN neighbours changes, can enable us to interpret our results and further our
grasp of the relationship between AGN activity and small-scale environment. Larger
sample sizes are required to do so, as well as to split AGN in star-forming and passive
hosts further by mass and obtain reliable results (we have investigated the impact

of stellar mass on Figures 5.5, 5.8, and 5.11, but we found no significant differences
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or trends).

5.6 Future work

In our study we have focused on the small scale environments based on the host
galaxy properties of AGN. The next step is to study the correlations between the
properties of AGN themselves and the properties of neighbours (such as mass, colour,
sSFR, passive fractions). The AGN sample can be split by luminosity, hardness
ratio, and Eddington ratio to study correlations between the power, obscuration,
and Eddington-relative accretion rate of AGN and the properties of neighbouring
galaxies.

Another avenue for future work would be to investigate the expected neighbour
distribution under the assumption that mergers or interactions trigger AGN activity,
in order to provide a detailed comparison with our findings.

We could also pursue the study of whether the AGN fraction of nearby galaxies
is correlated with the presence of a given AGN. Both pairs and compact groups have
been found to host an enhancement in AGN activity (Ellison et al. 2011; Tzanavaris
et al. 2014). We can use our data to investigate whether similar environments trigger
AGN in multiple nearby galaxies. The AGN fraction can be studied as a function
of distance from the AGN, and compared to control galaxies.

Finally, we could compare our results to neighbours of star-forming, passive,
post-starburst, and sub-millimetre galaxy populations. It would also be interest-
ing to investigate other properties of neighbours such as morphologies, sizes, and

metallicities.

5.7 Summary

In this work we study the galaxy neighbours within 500 kpc of a sample of X-ray
selected AGN between z ~ 2.5 and z ~ 0.5, using the COSMOS and UDS multi-
wavelength surveys. We compare them to a control galaxy sample designed to have
similar distributions of stellar mass, spectral class, and redshift. To summarise our

findings:

1. We detect no statistically significant increase or decrease in the number den-
sities of neighbours around AGN and control galaxies across all redshifts. It
appears that AGN do not preferentially reside in denser environments than
control galaxies, as we might expect an excess in the number of neighbours
with respect to control galaxies. This may also suggest that AGN are not

triggered by massive mergers or harassment.
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2. We find evidence that the neighbours of AGN are indistinguishable from con-
trol galaxies at 1.5 < z < 2.5, where the passive neighbour fractions of AGN
in passive/star-forming hosts are consistent with control passive/star-forming
galaxies. The results at this epoch are consistent with AGN being triggered

via stochastic accretion of cold gas.
3. At lower redshifts, however, we find different trends:

4. We find that X-ray selected AGN between 1.0 < z < 1.5 have a lower passive
fraction of neighbours than the control sample at 4.3¢ significance. We find
that this is mostly driven by the passive neighbour fraction of AGN in passive

hosts being significantly lower than that of the control passive sample.

5. In contrast, we find that X-ray selected AGN between 0.5 < z < 1.0 in the
UDS and COSMOS fields have a higher passive fraction of neighbours than
the control sample at 2.30 significance. We find that this is mostly driven by a
higher fraction of passive neighbours of AGN in star-forming hosts compared

to that of the control star-forming sample.



Chapter 6

Conclusions and future outlook

In this thesis we investigate the interplay between AGN activity and host galaxy
environment using three complementary methods, making use of recently available
state-of-the-art data. In this concluding chapter, we briefly summarise the main
results of my PhD in Section 6.1, discuss our conclusions in Section 6.2, and suggest

relevant future work in Section 6.3.

6.1 Review of major results

We outlined the motivations of this thesis in Section 1.3.3, identifying three main

questions:

o What happens to AGN activity in dense structures at high redshift?

In Chapter 3, we find an AGN overdensity in the Cl10218.3-0510 protoclus-
ter at z ~ 1.6 of 23 + 9 times the field density. This AGN overdensity is
centrally concentrated, above and beyond the overdensity of massive galaxies.
The AGN fraction among massive protocluster galaxies is enhanced by a fac-
tor 2.1 & 0.7 compared to the field. We find that the properties of field and
protocluster AGN are not significantly different in terms of stellar mass distri-
bution, hardness ratio, and X-ray luminosity. Field and protocluster AGN are
also not significantly different in colour and stellar mass to typical field and
protocluster galaxies, respectively. In terms of morphologies, however, we find
that the “irregular” and “interacting” fractions of galaxies in the protocluster
are higher than the field.

o What role do host galaxies play in the connection between AGN and large-scale

structure?

In Chapter 4, we show using cross-correlation analyses that large-scale clus-

tering of AGN is likely determined by the properties of their host galaxies.

120
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Although we find that AGN at all epochs from z ~ 4.5 to z ~ 0.5 are on aver-
age hosted by galaxies in “group-like” dark matter halos of 102 —10'3 M, the
same clustering signal can be produced by inactive (i.e. non-AGN) galaxies
closely matched to the AGN in spectral class, stellar mass and redshift. We
find that AGN hosted by higher mass galaxies are more clustered than lower
mass galaxies, but this stellar mass dependence disappears when passive host
galaxies are removed. The strength of clustering is also largely independent of
AGN X-ray luminosity. We conclude that the most important property that
determines the clustering in a given AGN population is the fraction of passive

host galaxies.

o What can the small scale environments of AGN tell us about triggering?

In Chapter 5, we find consistent number densities of neighbours around AGN
and control galaxies at all epochs between z ~ 2.5 and z ~ 0.5. These small-
scale results reinforce the large-scale clustering results from Chapter 4, suggest-
ing that AGN do not reside in “special” environments. A more complex picture
emerges when we investigate the type of galaxies neighbouring AGN. The re-
sults of this chapter are preliminary, but we find evidence that the neighbours
of AGN are consistent with those of a carefully constructed control galaxy sam-
ple at 1.5 < z < 2.5, and the star-forming activity of neighbours around AGN
in passive/star-forming hosts is consistent with control passive/star-forming
galaxies. At 1.0 < z < 1.5 we find that the star-formation activity of the
neighbours of AGN is enhanced (at 2.30) with respect to control galaxies. At
this epoch, AGN in passive galaxies have significantly lower passive neigh-
bour fractions than passive controls, while AGN in star-forming hosts have
consistent passive neighbour fractions with star-forming controls. At lower
redshifts of 0.5 < z < 1.0, we find a suppression of star-forming neighbours
as compared to control galaxies (at 4.30). AGN in star-forming galaxies at
this epoch have significantly higher passive fractions than star-forming control
galaxies, whereas AGN in passive hosts have slightly higher passive fractions

than passive control galaxies.

6.2 Conclusions

6.2.1 The evolution of AGN environments with redshift

In Chapter 3, we discussed the scarcity of AGN in the local Universe, and their higher
incidence in lower density field environments (e.g. Dressler, Thompson & Shectman
1985; Kauffmann et al. 2004). This suppression of AGN in clusters is more significant

in the cores (e.g., Alberts et al. 2016), suggesting an anti-correlation between galaxy



CHAPTER 6. CONCLUSIONS AND FUTURE OUTLOOK 122

density and AGN activity. In contrast, we show in Chapter 3 that the AGN fraction
is enhanced by a factor of two relative to the field in a well-identified protocluster
at z ~ 1.6, and that this enhancement is centrally concentrated. Therefore the high
redshift Universe appears to paint an entirely different picture of the relationship
between AGN and galaxy density.

Several studies found that the cluster AGN fraction increases with redshift
(Galametz et al. 2009; Martini et al. 2013; Alberts et al. 2016; Bufanda et al. 2017),
although the AGN fraction in the general galaxy population shows a similar increase
with redshift (e.g., Merloni & Heinz 2013). To study the evolution of AGN environ-
ments with redshift, we presented the ratio between the cluster AGN fraction:field
AGN fraction in Figure 3.8 by combining our results with those from recent liter-
ature. As expected, this ratio is much below unity at low redshift (i.e. AGN are
scarce in local galaxy clusters). As we turn to higher redshift however, this ratio ap-
proaches unity at z ~ 1.25, and then increases to 2 for our protocluster at z ~ 1.6.
While the luminosity limits are lower and selection methods are more biased at
z > 2, current estimates show that this value continues to increase out to z ~ 3.

This suggests that AGN environments shift to denser environments at higher
redshift. Similarly, in Chapter 4, we find that the typical dark matter halo mass of
AGN host galaxies is 10'2 — 103 M, at all epochs, which form some of the most
overdense environments at high redshift. We find that this clustering signal can
be reproduced by a control galaxy sample closely matched in stellar mass, spectral
class, and redshift, suggesting that host galaxies may drive the clustering signal and
that AGN do not live in special environments.

This picture becomes more complex in our preliminary study of the properties of
neighbours of AGN in Chapter 5, which provides yet another complementary view of
the environments of AGN. We find that the number densities of neighbours around
AGN and control galaxies are similar at all epochs, suggesting that AGN do not
live in special environments, consistent with our findings from Chapter 4. No strong
conclusions can be made based on our study of the passive neighbour fraction of

AGN and control galaxies.

6.2.2 The influence of environment on AGN & host galaxy prop-

erties

AGN properties

We find no evidence for an environmental impact on the nuclear properties of AGN.
In Chapter 3, we investigate the relationship between properties of AGN as a func-
tion of environment. We show that the environment does not appear to impact
most of the properties of AGN. We do not find evidence for a significant difference

between the properties of field and protocluster AGN in terms of hardness ratio,
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X-ray luminosities, and Eddington ratio.

In Chapter 4, we find no correlation between AGN luminosity and typical dark
matter halo mass. This suggests that the accretion rate of AGN does not have
a simple dependence or correlation with its large-scale environment. This is in
agreement with recent results from Yang et al. (2018). We also find no significant
correlations between the typical halo mass and other properties of AGN such as
hardness ratio and Eddington ratio. We therefore conclude that the environment

does not affect the nuclear properties of AGN.

Host galaxy properties

We do find correlations between the host galaxy properties and environment. In
Chapter 3, we find that the colour of the AGN host galaxy depends on the environ-
ment, as there is a significant difference between the colours of AGN in the proto-
cluster and the field. However, we also find that the colours of field and protocluster
AGN are not significantly different from typical field and protocluster galaxies, so
these properties appear to randomly sample their parent distributions.

We also find a significant difference between AGN in the protocluster and field
in terms of galaxy morphologies. We find that 67"_%8% of protocluster AGN are
classified as “disturbed” as opposed to 17719% in the field AGN. Similarly, 331?8%
of protocluster AGN are “irregular” compared to an upper limit of 5% in the field
AGN. However, we also find that among the inactive galaxies in the protocluster,
18131% were classified as “disturbed”, and an upper limit of 8% were classified as
“irregular”.

In Chapter 4, we find that the typical halo mass depends on both stellar mass
and star-formation activity of the host galaxy. We find that the difference in the halo
mass of AGN hosted by low and high stellar mass galaxies disappears when passive
galaxies are removed, suggesting that star-formation activity has a more important
connection to the environment than stellar mass. In conclusion, the environment
does affect host galaxies, but we find no evidence that the environment affects AGN

hosts differently to other galaxies.

6.2.3 The triggering of AGN

Stochastic cold gas accretion onto SMBH

AGN triggering has been proposed to result from the stochastic accretion of cold
gas on to the black hole (e.g., Kocevski et al. 2012; Aird, Coil & Georgakakis 2018),
without a strong dependence on host galaxy environment. One of our key conclu-
sions in Chapter 4 was the lack of correlation between AGN X-ray luminosity and

clustering strength, suggesting that X-ray luminosity of the AGN was not driven
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by environmental triggering. We also found an independence of AGN properties
(X-ray luminosity, hardness ratio, and Eddington ratio) on environment in Chap-
ter 3. Furthermore, in Chapter 4, we found that clustering signal of AGN was
consistent with a closely matched control galaxy sample, indicating that the large
scale environment of AGN is likely driven by host galaxy properties. As presented
in Chapter 5, the number densities of neighbours around AGN and control galaxies
are similar, indicating no strong environmental preference of AGN. Taken together,
these results point towards the lack of a critical association of the dominant AGN
triggering mechanisms with host galaxy environment.

There is much evidence for “stochastic accretion” scenario, both in our work,
and in the literature. We investigate the typical host galaxy properties of AGN in
Chapter 4 and find that AGN hosts are typically massive and star-forming, consistent
with expectations given the shared availability of gas. Several studies also report
that AGN are more prevalent among star-forming galaxies (Kauffmann et al. 2003;
Alexander et al. 2005; Mullaney et al. 2012; Rosario et al. 2013), pointing towards a
co-evolution between the growth of black holes and their hosts. Similarly, Aird, Coil
& Georgakakis (2018) find that the probability that a quiescent galaxy hosting AGN
(a) is much lower than a star-forming galaxy of the same mass, and (b) increases
with redshift, consistent with cold gas availability in such systems. Furthermore, the
morphologies of AGN hosts, at large, have been found to be disk-like and relatively
undisturbed at z ~ 2 (Kocevski et al. 2012). AGN have also been observed to
display a broad distribution of accretion rates (Aird, Coil & Georgakakis 2018),
likely reflecting the magnitude of AGN accretion variability (Hickox et al. 2014)
due to stochasticity in the accretion process. In addition, Aird, Coil & Georgakakis
(2019) find that the majority of AGN lie on the star-forming main-sequence, and
find that the average SFR is linearly correlated with the AGN fraction across a
broad range in stellar mass and redshift. Finally, the increased prevalence of high
luminosity AGN at high redshift compared to low redshift (e.g. Figure 4.12) could

also be a manifestation of the increased availability of gas.

The role of mergers and galaxy interactions

The “stochastic accretion” scenario explains the increase with redshift in both cluster
and field AGN fractions (see Figure 3.7) with the decrease in the availability of cold
gas with cosmic time, as well as relating the suppression of AGN activity in low-
redshift clusters with the lack of available cold gas in such environments. However,
it does not explain why in Chapter 3 we find an enhancement of AGN activity
in regions of the z ~ 1.6 protocluster associated with a suppression of sSFR. The
enhancement of AGN in this C10218.3-0510 protocluster (also see, Lehmer et al.
2009; Digby-North et al. 2010; Lehmer et al. 2013; Saez et al. 2015), is also surprising
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in the context of stochastic accretion, considering that the host galaxies in this
environment are red, with likely less access to cold gas than their field counterparts
(that tend to be bluer). In addition, we find direct (but tentative) evidence in
Chapter 3 that this AGN enhancement correlates with an enhancement of merger
and interaction fraction. Therefore, it appears that interactions do play a role in
triggering AGN activity in this specific environment.

The low velocity dispersions and increased likelihoods of environmental interac-
tions in the cores of protoclusters could explain the increase in the AGN fraction
towards the centre of protocluster, as observed in Figure 3.3. These interactions
would be expected to subside as the clusters mature and virialise, and indeed it has
been suggested that AGN are triggered by galaxy interaction and merging events
during the pre-virialisation evolutionary stage (van Breukelen et al. 2009). As clus-
ters age, their galaxies tend to have access to neither cold gas nor environmental
triggers, and therefore become less likely to host AGN than field galaxies. In a re-
versal to the picture at high redshift, the cores of these clusters at low redshift would
be expected to have a lower likelihood of hosting AGN activity than their outskirts
(due to the lower rates of interactions such as harassment), matching observations
(e.g. Alberts et al. 2016).

The observational evidence on the subject of AGN activity and its links to galaxy
interactions remains inconclusive (Ellison et al. 2013; Kocevski et al. 2015; Villforth
et al. 2017; Hewlett et al. 2017). Therefore, the most likely explanation appears to
be that mergers do not always trigger AGN activity, nor can AGN only be triggered
via mergers and interactions. However, there is indeed evidence in favour of an
association between AGN activity and environmental interactions. Both pairs and
compact groups have been found to host an enhancement in AGN activity (Ellison
et al. 2011; Tzanavaris et al. 2014). Recently, Aird, Coil & Georgakakis (2019) found
that the most rapidly accreting AGN occur in starburst galaxies. They suggest that
this cannot be explained solely by the copious amounts of available gas in such
galaxies, and that mergers also play a role in triggering AGN in starburst galaxies.

Environmental interactions may also preferentially increase the probability of
triggering AGN in passive galaxies, with lower amounts of gas than star-forming
galaxies, by providing an extra kick of turbulence aiding the funnelling of gas into
the central engine. In Chapter 4, we found that AGN in star forming hosts reside
in low mass halos, and inferred that AGN in passive hosts must live in clusters (in
order to produce the observed clustering signal averaged into an intermediate halo
mass). We also found in Chapter 3 that protocluster AGN are red while AGN in
blue hosts make up majority of the field sample (see Figure 3.6(a)). Furthermore,
within the “irregular” galaxies of the protocluster, 6738% are AGN, compared to
11fg% in the field. This implies that galaxy interactions are significantly less likely

to be an important triggering mechanism in the field, where stochastic accretion of
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gas may be more likely. In order to ascertain whether dense environments enhance
the triggering of AGN in passive galaxies, future studies can calculate the fraction
of red galaxies that host AGN in clusters and field as a function of redshift.

The majority of AGN are hosted by normal, star-forming main-sequence galax-
ies (Aird, Coil & Georgakakis 2019, also see Figure 4.11). These galaxies are likely
triggered by the stochastic accretion of cold gas, without a dominant influence from
the environment. We conclude that although galaxy mergers and interactions can
indeed play a role in triggering AGN, particularly in passive galaxies, they are not
a crucial parameter for the (star-forming main-sequence) majority of the AGN pop-

ulation.

The role of additional physical processes

While galaxy mergers may directly trigger AGN activity by disturbing the cold gas
and funnelling gas into the central engine, it is also possible that they simply lead to
the formation of a bulge. This could in turn trigger AGN activity through secular
processes of bulge growth, including gas accretion into the centres of galaxies and
star-formation (increasing the central mass density). This bulge can also form with-
out a merger, and grow via secular mechanisms, leading to an increased probability
of triggering AGN. This possibility is consistent with the well-known correlation
between the masses of the bulges and those of the black holes (e.g., Ferrarese &
Merritt 2000; Gebhardt et al. 2000). In addition, there is recent evidence that the
compactness is correlated with a high incidence of AGN (Barro et al. 2013; Kocevski
et al. 2017). This bulge build-up scenario is also favoured by Aird, Coil & Geor-
gakakis (2019), to explain the enhancement of the AGN fraction among star-forming
galaxies that lie below the main sequence in comparison to main-sequence galaxies
(with more gas).

Disks and bars may also play a role in triggering nuclear activity (e.g., Knapen,
Shlosman & Peletier 2000) as disk instabilities have been proposed to enhance gas
flow to the nuclei of galaxies (Dekel, Sari & Ceverino 2009).

Triggering in a nutshell

To summarise our understanding of AGN triggering:

e The vast majority of AGN are hosted by normal, star-forming galaxies and

are likely triggered stochastically.

e Mergers can trigger AGN by providing turbulence and funnelling gas into the

central engine.

e Mergers do not necessarily trigger AGN, and AGN do not need mergers to be
triggered.
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e AGN triggering is likely to depend on additional physical processes.

6.3 Future outlook

6.3.1 Short-term follow-up

Despite efforts from the astronomical community (including our own), the links
between AGN and environment remain unclear. Evidently, the prevalence of AGN
must be studied in more protoclusters at high redshift, to confirm the trends reported
in Chapter 3 to a higher significance. Having shown in Chapter 4 the importance
of controlling for host galaxy properties, these protocluster studies must ideally
compare to a control galaxy sample matched in stellar mass, (s)SFR, and redshift.
Since the cluster galaxy properties change significantly as the Universe ages, one
can disentangle the AGN dependence on host galaxies vs environment by measuring
the AGN fraction as a function of local galaxy density at fixed redshift, mass and
(s)SFR. Larger galaxy and AGN sample sizes are required to enable the study of
the redshift evolution of AGN activity as a function of galaxy environment.

From Chapter 4, we inferred that AGN hosted by passive galaxies must live in
higher mass halos. Larger AGN sample sizes will enable us to test this inference
and directly measure the clustering properties of AGN hosted by passive galaxies.
Furthermore, the dependence (if any) of hardness ratio and Eddington ratio on large-
scale environment can be more clearly understood. Since our work is limited to X-ray
selection, which tends to select more powerful and rapidly accreting AGN, we must
bear in mind the caveat that the method of AGN selection introduces inherent biases
in the host galaxy properties and likely drives the clustering signal. Therefore, our
clustering analyses of AGN could be repeated using optical, near-infrared, and radio
selected AGN with samples matched in mass, (s)SFR, and redshift to obtain a tighter
grasp on the impact of host galaxies on AGN clustering measurements. Since the
clustering signal from AGN likely depends on the properties of the host galaxies, the
implication for future AGN clustering studies is then that samples must be divided
by host galaxy properties.

The apparent reversal of the relationship found in Chapter 5 between the star-
formation properties of AGN neighbours above and below z = 1 clearly requires
deeper inspection. This will also be made possible with larger sample sizes, allowing
for the investigation of trends in finer redshift bins. In order to study correlations
between the power, obscuration, and Eddington-relative accretion rate of AGN and
the properties of neighbouring galaxies, the study could be repeated after splitting
AGN sample by nuclear properties (such as X-ray luminosity, hardness ratio, and
Eddington ratio).

These studies could also use additional data from X-ray surveys with comparable
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wavebands such as the Chandra Deep Field North/South and the All-wavelength Ex-
tended Groth strip International Survey (AEGIS) to increase source statistics. The
range in AGN luminosity can be improved using NuSTAR Legacy Survey observa-
tions such as the Swift-BAT AGN survey.

6.3.2 Long-term outlook

Looking beyond the study of AGN activity as a function of environment, several
related fields (e.g. the study of AGN outflows, variability) are left wanting for more
data. To our rescue comes several impending surveys and telescopes:

The James Webb Space Telescope (JWST), currently planned for March 2021,
will allow for unprecedented observations of the high-redshift Universe. It is fre-
quently volunteered as the next breakthrough of galaxy evolution, and the range of
near-infrared filters on its Near Infrared Camera (NIRCam) will allow us to reliably
classify large numbers of galaxies (e.g. using PCA) out to z ~ 5.

At the time of writing, the extended ROentgen Survey with an Imaging Tele-
scope Array (eROSITA), is due to launch later this year. eROSITA will perform
the first all-sky X-ray imaging survey in the medium energy range (up to 10 keV)
and aims to systematically detect up to ~ 10% distant AGN. These large numbers
of AGN can then be complemented with follow-up using deeper Chandra X-ray
imaging, overlapping spectroscopic and mid-infrared surveys such as the 4-metre
Multi-Object Spectroscopic Telescope (4AMOST) and the Wide-field Infrared Survey
Explorer (WISE), as well as optical and near-infrared surveys from Hyper-Suprime
Cam (HSC) and Euclid.

The Advanced Telescope for High Energy Astrophysics (ATHENA ), is a future X-
ray telescope, currently under development for launch around 2031. ATHENA will
possess unparalleled capabilities compared to its cousins in the present (and future).
The expected plane of X-ray luminosity and redshift space probed by ATHENA (as
compared to Chandra, XMM-Newton, and eROSITA) is shown in Figure 6.1, which
portrays the impressive and exciting potential that lies before us. The field of active

galactic nuclei looks ahead to a rosy future.
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Figure 6.1. The X-ray luminosity - redshift plane of AGN as probed by Chandra and XMM-
Newton (black points), eROSITA (orange shaded region with red contours), and ATHENA
(green points and green contours) from Aird et al. (2013). While the intermediate future with
eROSITA will provide large numbers of AGN with which we can obtain Chandra follow-up,
ATHENA is expected to revolutionise the field altogether over the next couple of decades.
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