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Abstract

In this thesis, we report on the properties of a new selection of active galaxies found
using long-term NIR variability. Data from the UKIRT Infrared Deep Sky Survey Ultra
Deep Survey (UKIDSS UDS) is used, which is the deepest near-infrared (NIR) survey
over ~ldeg? and has an 8 year baseline for IR imaging. Here we select 601 AGN
based on their (long-term) NIR variability in the J (1.2um) and K (2.2um) photometric
bands. We also make use of X-ray imaging from the X-UDS survey, a Chandra space
telescope based X-ray survey of a sub-region of the wider UDS field, to detect 710 X-
ray bright AGN. We first begin by investigating how the properties of active galaxies
change depending on the detection method used to select them. A comparison of the
AGN identified by near-infrared variability to those selected by X-ray detection find
only modest overlap in the galaxies detected. Only 37 per cent of galaxies are found
to be both X-ray bright and IR variable for the same imaging area. We find that NIR
variability is able to detect AGN activity in galaxies with a range of stellar masses, which
is in contrast to X-ray detection, which preferentially selects AGN in massive galaxies
(M, 2 10'°M). From these findings, we conclude that a range of selection methods is

required for a complete census of active galaxies to be obtained.

Having established that NIR variability as a relatively new way of finding AGN, we
explore how the properties of these variable galaxies differ depending on the band
in which the AGN is found to be significantly variable. To inspect their rest-frame
properties, we group the variability detected AGN based on their detection band and
plot the ratio of their variability amplitude vs redshift. K-band variable AGN are
preferentially observed at rest-frame infrared wavelengths whereas J-band variable AGN
show no obvious preference for the rest-frame of detection. Inspecting the SED of the
galaxies, AGN variable in the K-band have significantly redder UV colours compared
to AGN variable in the J-band, with similar results being found between X-ray hard and
X-ray soft active galaxies respectively, where the hardness ratio is used as an alternative
measure of obscuration. AGN variable in the K-band also show lower variability
amplitudes and variability that skews towards longer timescales compared to their J-
band variable counterparts. The properties of AGN variable in different bands suggests
that the IR spectrum of K-band variable AGN is dominated by thermal emission from
hot dust, whereas J-band variable AGN show features consistent with thermal emission
from accretion disk processes. These differences identify the rest-frame J to rest-frame
K-band as a possible turnover in dominant IR emission processes in AGN and we suggest
K-band variability detecting AGN emission in dusty galaxies as a possible explanation

vi



for the properties found in these galaxies.

Finally, we examine the environment, observed colours and host galaxies to explore
possible reasons for the differences seen in X-ray and variability detected active galaxies
and their subgroups. X-ray and variability detected AGN are found in different en-
vironments compared to each other as well as when comparing to corresponding sets
of control galaxies matched in stellar mass, redshift and effective radius. X-ray bright
active galaxies are preferentially found in overdense environments whereas variability
detected active galaxies do not show any obvious trends with environment. Optical (V
- I) and infrared (J - H) colour comparisons over time find X-ray bright active galaxies
to appear redder than variability detected samples at the 4000A break, a feature that is
typical of high mass galaxies with larger passive fractions. In preliminary work, X-ray to
IR luminosity comparisons provide evidence that two component Sérsic + point source
models are able to effectively decompose AGN from host galaxy emission. Inspecting
the host galaxies of X-ray bright AGN finds significantly redder optical colours than
control galaxies, but infrared colours are generally indistinguishable over time. Colour
evolutions change when grouping galaxies by morphological type, with disk-type X-ray
AGN hosts appearing redder both in the optical and infrared colours, but spheroidal hosts
showing no clear trend in the optical colour but appearing much bluer than controls in
the infrared colour. This preliminary work illustrates the need for AGN-host galaxy

decomposition in determining intrinsic host properties in future wide-field studies.
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Introduction
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1.1 Extragalactic Astronomy

The general goal of astrophysical research is to understand how the Universe evolved
into what we see today. Though it is now well understood that the Milky Way is just
one of many galaxies in the Universe, the fact that other galaxies exist was a major
scientific breakthrough in of itself. One of the earliest recorded observations of galaxies
beyond the Milky Way can be seen in the ‘Book of fixed stars’ by Iranian Astronomer
Abu al-Husain al-Suf1 in 964AD. Here the Andromeda galaxy was identified, and it was
noted that it had a smeared appearance, which was unlike other celestial bodies in the sky
(Hafez, 2010). These bodies largely remained a mystery until the philosopher Immanuel
Kant presented the idea of “island universes”, meaning other galaxies, as an explanation
for the observed “nebulae of unknown nature”. This theory of other galaxies was a major
argument in the ‘Great Debate’ (Curtis, 1917) and was finally confirmed by the early
20" century, when Hubble measured the distance to one such spiral nebulae and proved
it was truly extragalactic in nature (Hubble, 1925). This confirmation that objects exist
beyond the edge of the Milky Way opened up the field of extragalactic astronomy, as the
nature of these objects would need to be understood before new models of the Universe

could be suggested.

As the number of galactic surveys increased, it was quickly found that galaxies have
a range of properties. Edwin Hubble classified these galaxies based on their visual
morphology in increasing complexity, and this resulted in the first iteration of the Hub-
ble sequence (Hubble, 1926). This sequence was then completed by Allan Sandage
after Hubble’s death (Sandage, 1961), which built the Hubble Tuning Fork classifica-
tion scheme that is popular today (Figurel.1). Beyond morphology, measurements of
extragalactic spectra found that spectral lines were shifted compared to corresponding
local measurements of emission lines, implying that galaxies are not static, but have a
velocity relative to the Milky Way. The radial velocity of Andromeda was first measured
by Slipher (1913), who used the blueshift of the galaxy’s spectrum to calculate the speed
of approach. This idea was then extended in Hubble (1929) where it was noticed that
the more distant a galaxy, the faster its speed of recession. This discovery marked the
development of Hubble’s law as well as providing empirical evidence for the expanding

Universe theory.

Amongst these discoveries, it is important to note that a class of galaxies with peculiar
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Figure 1.1: The Hubble sequence as devised by Hubble (1926) and updated by Sandage
(1961). Image taken from information @eso.org (1999). Galaxies are ordered according
to their visual complexity, progressing from ellipticals (left) to lenticulars in the centre.
Spiral galaxies form the right of the diagram, with barred-spirals on the bottom and
non-barred, "normal", spirals at the top.

visual and spectral features were observed. These galaxies are now known as ‘active

galaxies’ and it is this galaxy group we explore in the following section.

1.2 Galaxies

In order to understand active galaxies, we must first explore the general features of
galaxies. In modern astrophysics, galaxies are generally recognised to be structures
where a collection of matter is bound to the mass of the system. As discussed in Section

1.1, galaxies can have a range of properties. However it is believed that most, if not all
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Figure 1.2: Image of the event horizon about the black hole in the galaxy Messier 87
(left) as well as the event horizon of Sagittarius A* (right). Various properties of Solar
System objects are shown on the images to illustrate the relative scales of the black holes
(Collaboration et al. 2019; Collaboration et al. 2022).

galaxies contain a supermassive black hole (SMBH) in the centre.

1.2.1 Black Holes

Black holes are defined as regions of spacetime so dense that nothing, not even light,
can escape. A simplistic model places a singularity - a point of infinite density and
zero volume - at the centre of the black hole, and the Schwarzschild radius defines the
region around it where information cannot escape. The idea of black holes can be seen
as early as Michell (1783), who used Newtonian physics to show that, if a star was dense
enough, its escape velocity would be greater than the speed of light. Though the idea of
massive, invisible stars is an exciting theory, the interest in this idea did not last, as the
wave-like properties of light were discovered and its assumed-zero mass led scientists

to believe it would be largely unaffected by gravity.

The concept of black holes became relevant again in the early 20" century when

Einstein developed his theory of general relativity (GR; Einstein (1916), eng. translation:
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Einstein et al. (1920)). His field equations described gravity as a bending of space-time
which could therefore impact light, and Schwarzschild quickly discovered a solution
to these equations defining the region from a singularity where light could not escape
(Schwarzschild 1916, eng. translation: Schwarzschild 1999). The exact nature of the
resulting surface formed by the Schwarzschild radius remained a mystery until 1958,
where physicist David Fienkelstein described it as ‘a perfect unidirectional membrane’
where influences could only pass beyond the surface in one direction, indicating that
particles could not escape it (Finkelstein, 1958). The edge of space, just beyond the
Schwarzschild radius, is now known as the black hole event horizon (Rindler, 1956),
which is the closest one can get to observing a black hole directly. As such, it is the
interaction of gravitationally bound matter as well as the bending of light that allows for
the study of black holes.

Outside of theoretical predictions, there is a wealth of evidence for the existence of black

holes including:

1. The X-ray binary system Cygnus X-1 is one of the brightest and most well studied
X-ray sources in the night sky (Webster & Murdin, 1972). Here, the mass of the
non-stellar source has been estimated to be on the order of ~10My, well above
the upper limit for a neutron star. From this it is widely believed that the binary

pair is comprised of a black hole and a star (Herrero et al., 1995).

2. Measurements of the proper motion of stars about the galactic centre of the Milky
Way was used to estimate the mass of Sagittarius A* in Ghez et al. (1998) and
Genzel et al. (2010). Based on mass and radius estimates, the authors concluded
that Sagittarius A* is a black hole.

3. In September 2015, gravitational waves were detected at the Laser Interferometer
Gravitational-wave Observatory (LIGO). It was concluded that the waves origi-
nated from a merger of a pair of black holes, as the measured shape matched the
prediction from general relativity for such an event (LIGO Scientific Collaboration
and Virgo Collaboration et al., 2016).

4. One of the most recent and compelling arguments for the existence of black holes
comes from the images of multiple black hole event horizons. The first image
released was of the event horizon for the black hole in active galaxy Messier 87

(M87). The second ever image of an event horizon was taken of Sagittarius A*,
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the black hole in the centre of the Milky Way. Both event horizons are pictured in
Figure 1.2 (Collaboration et al. 2019, Collaboration et al. 2022).

5. Finally, the existence of active galaxies is a major piece of evidence in favour
of the existence of black holes. Active galaxies are distinguished from inactive
or "regular" galaxies by the presence of active galactic nuclei (AGN). AGN are
thought to be powered by black hole accretion which results in the observed
coherent changes in flux across the electromagnetic spectrum. The existence of
AGN, and more specifically the observed variability in their emission, is arguably
the most convincing evidence for the existence of black holes, as other than through
black hole accretion it is difficult to reproduce these flux observations in galaxies
(Rees 1984; Green et al. 1993).

Having defined what is meant by a galaxy and explored black holes as a key feature of

their structure, we now turn to the specifics of active galaxies.

1.3 Active Galaxies

1.3.1 Discovery of Active Galactic Nuclei

Active galaxies are galaxies that host an active galactic nucleus (AGN). Active galaxies
are extremely powerful systems, being one of the few objects to emit across the entire
electromagnetic spectrum (e.g., Edelson & Malkan 1987; Collier & Peterson 2001;
Cackett et al. 2021), with current theories suggesting the accretion of matter onto a
supermassive black hole as being the power source for AGN emission (Salpeter 1964;
Kormendy & Richstone 1995).

As previously stated, AGN emission causes active galaxies to have different visual
and spectral features compared to an inactive galaxy. For this reason, though it was not
known at the time, AGN emission has been observed as early as the beginning of the 20*"
century. In Fath (1909), ‘spiral nebulae’ were being observed to determine if their spectra
was truly continuous, as commonly claimed at the time. Amongst the objects studied,
NGC 1068 stood out, as it showed both absorption and emission lines compared to other

objects which had little to no emission lines in their spectra. Similarly, in measuring



1.3. Active Galaxies 7

the spectrum of NGC 1275, Humason (1932) noted that the nuclear component of the
galaxy appeared near-stellar compared to other objects which showed no excess light in
the centre. Finally, Seyfert produced his now seminal paper, Seyfert (1943), where he
measured the properties of a unique class of objects that would eventually be known as
"Seyfert galaxies". He noted that, in agreement with Humason (1932), the nucleus of
these galaxies appear bright and point-like, but also showed unique spectral properties,
having broad emission lines, with the width of these lines seemingly correlating with the
luminosity of the nucleus as well as the nuclear-to-host light ratio. These studies formed
the early history of AGN discovery and illustrated how active galaxies are different from

inactive galaxies in the Universe.

Completing the history of the AGN observational timeline, it was only with the discovery
of high energy, radio-loud quasars that the historical measurements of active galaxies
were popularised and AGN physics became areal area of interest. In Baade & Minkowski
(1954), discussion of discrete radio sources found the spectrum of Cygnus A, a radio-
loud galaxy, to be similar to the spectrum of NGC 1275, one of the six original Seyfert
galaxies. Following this discovery, Schmidt (1963) identified the radio-loud active
galaxy 3C 273. The authors of Schmidt (1963) state that 3C 273 is extragalactic in
nature, and appears as a star-like nucleus with a radio jet outflow; as more of these
extra-galactic ‘quasi-stellar’ radio sources were identified, they were given the name
‘quasars’ in the literature. Over time, it was realised that quasars and Seyfert galaxies
are likely the same type of object emitting at different energy ranges, and in generalising
these objects the active galaxy theory was formed, with Seyferts and quasars forming

specific sub-classes of active galaxies.

1.3.2 AGN structure

Having described the historical observations of AGN, we now address modern views of

the underlying structure and emission from active galaxies.

In the contemporary view, an AGN consists of a black hole that is actively accreting
material from its surroundings (Alloin et al., 2006). From the central black hole
outwards, the accreting material takes the form of an accretion disk and surrounding
both the disk and black hole is an electron plasma moving at relativistic speeds. Beyond

this electron corona are clouds of gas bound to the system, which produce broad and
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Figure 1.3: Diagram of the main components of an AGN, taken from Beckmann &
Shrader (2013). Note that jets in radio-loud AGN are thought to be symmetric and the
true shape of the dusty absorber is not confirmed to be a perfect torus.

narrow emission lines depending on their proximity to the black hole, and at the edges
of the system there is a dusty, torus-like object that feeds into the accretion disk. Finally,
in about ~10% of AGN there is a pair of relativistic jets, anti-parallel to each other. A

schematic diagram of an AGN system can be seen in Figure 1.3.

In addition to the physical structure of the system, one of the defining observational
features of AGN is their broad-band radiation. The flux from inactive galaxies is
dominated by stellar emission, and as such the spectra of these galaxies typically consists
of a superposition of blackbody spectra, over a relatively narrow wavelength range.
AGN, on the other hand, have a range of distinct observational features (Dermer &

Giebels 2016; Padovani et al. 2017) and are one of the few known objects to have been



1.3. Active Galaxies

0¢

"KJ1IR[D JOJ 9AIND UOISSIUI-[B)0) JY) WIOL)
19SJJO U99Q QABY SOAIND PAINO[0d Y, "SJuauodwod [ENPIAIPUI MOYS SIAIND PAINO[OD Y} PUB UOISSIUID [[BISAO AU} SMOYS dUI[ PI[OS
JOr[q Ay} 9I9H {107 IOPUBXI[Y 29 XOYIIH PUR 4] () UOSLLIBH wolj uayel ‘(qgS) uonnquusip A310u9 [enoads NOV Uy f'[ 231

(zH) nboj
81 91 14!

......_......._.

olpeJ [ew.ay] UON

snJo} AiIsng

,SS90X8 1J0S,

UONOB|J8Y '========== ===
BUOJ0D 10H

OSIP UONBIIDY  =++miimiismisimisimiism

| Aes-x pieH AN-1eando did/ww-gng olpey .
—>€—>€——>< SE—DC—D>C—><—
ewwey  Ael-xX oS HIN-HIN Wwi/wo
] ] ] ] ]
AMOOY Ay Y0OS wre  wrgpg  wdg

¢
I

N
I

(sanyojaa) n41bo)



1.3. Active Galaxies 10

observed in every waveband in the electromagnetic spectrum (see Figure 1.4). Though
the processes that drive multi-wavelength AGN emission is still not fully understood,
Antonucci (1993) provided the current leading model for AGN structure and emission.
This unified model states that all AGN are driven by the same underlying black hole
accretion process; the observed differences in AGN types is due to different viewing
angles between a given active galaxy and the observer. This theory suggests plausible
structures for the nuclear regions of an active galaxy as well as reproducing broadband

AGN emission.

Connecting the components of an AGN to the radiation produced, the bulk of AGN
emission is attributed to the accretion disk (Salpeter, 1964). Here, surrounding matter
falls towards the central supermassive black hole, and this matter takes the form of an
optically thick (light is readily absorbed) but geometrically thin (small width or short
in the vertical direction) disk. The accretion disk is viscous enough that the differential
rotation of the material induces shearing at adjacent radii. Angular momentum and
gravitational energy is converted into electromagnetic (EM) radiation as well as kinetic
energy, and the heated matter is blown out of the accretion disk as "winds". The EM
radiation of this disk is typically in the optical/UV frequency range, forming the "big
blue bump" of the AGN SED (Netzer 2013; Panagiotou et al. 2022).

Following emission from the accretion disk, optical and UV photons travel into the
surrounding electron plasma, and are inverse Compton scattered to X-ray wavelengths.
This interaction produces X-ray radiation and forms the X-ray corona of the AGN.
Moving further out in the system, the broad line region (BLR) is reached. Here clouds
of gas are bound to the black hole and orbit at extremely high speeds. As such, an
effect called Doppler broadening is observable, where emission lines are wide and have
a range of values due to the relative velocity of the orbiting clouds to the observer, with
the production of these broad-emission-lines giving the region its name. Further out
from the BLR is the narrow line region (NLR). Also comprised of gas, these clouds
exist at a lower density and orbit at a larger radius from the black hole. Their lower
orbital speed leads to little or no broadening of the emitted radiation from these clouds

as described above, resulting in standard emission lines at specific wavelengths.

The edges of the AGN system is formed by a surrounding dusty obscurer/absorber. The
specific shape of this object is still up for debate, as it is unlikely to be a perfectly smooth

and rounded torus, but it is likely to exist in a ring around the accretion disk. This dusty
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object, referred to from now as the dusty torus, is comprised of dust that is heated by the
nuclear-produced photons of the accretion disk, which is then absorbed and reprocessed
into the infrared (IR).

About 10% of AGN are observed to be radio-loud, and in these cases the AGN are
thought to have a pair of anti-parallel, relativistic jets that also serve as an explanation
for gamma-ray emission in the galaxy. Radio emission originates from the synchrotron
process within the jets, where relativistic electrons radiate EM radiation in the form of
radio waves as they accelerate through a magnetic field. Jet activity also gives rise to
gamma ray production in AGN, as "seed" photons from the accretion disk, dusty torus,
BLR and NLR clouds or the synchrotron emission in the jet itself are inverse Compton
scattered to gamma ray wavelengths by the jet-bound electrons (Madejski & Sikora,
2016).

Finally, to conclude this section we revisit the AGN unification theory (Antonucci,
1993), where it is stated that all types of AGN have effectively the same structure, but
the viewing angle, presence of jets, as well as the power of the AGN itself determines the
type of active galaxy that is ultimately observed. In "Type I" active galaxies, the AGN
is viewed from the "top-down" such that the dusty torus does not intervene between
the nuclear region and the observer, allowing for all AGN emission to be observed. In
contrast to this, "Type II" active galaxies are viewed "through" the dusty torus, and as
such areas closer to the core such as the broad line region are not observable, leading to
only the narrow lines of these objects being seen. The signs of AGN emission has been
observed in a wide range of environments and across cosmic time. In section 1.3.3 we
discuss how active galaxies play a critical part in current ideas regarding the evolution

of the Universe.

1.3.3 AGN and the evolution of the Universe

Though much research has been done into how active galactic nuclei work, AGN activity

also seems to be important as a key feature in describing the evolution of the Universe.

In the early Universe it is believed that AGN activity drove helium reionisation. The
epoch of reionisation begins when the first stars (Population III stars) produce photons

that are energetic enough to ionise neutral hydrogen in the Universe (e.g. Dayal et al.,
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2020). Though Population III stars are largely thought to drive the earliest emission in
the Universe, the higher energy output from active galactic nuclei activity is credited as
being the main driver of the subsequent ionisation of Helium (Volonteri & Gnedin 2009;
Eide et al. 2020). However, the usefulness of AGN activity in describing the Universe

is not limited to the direct effects their emission has on the environment.
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Figure 1.5: Cosmic star formation rate across cosmic time as well as black hole accretion
rate scaled up by a factor of 5000. Figure taken from Kormendy & Ho (2013).

The evolution of cosmic star formation closely matches that of the black hole accretion



1.3. Active Galaxies 13

rate in the Universe (Figure 1.5; Madau & Dickinson 2014). Both of these phenomena
were increasing until a peak at z =~ 2, and then star formation and black hole accretion
rates began to decline. To explain this strange coincidence, it has been suggested that
the same material that fuels star formation could also fuel AGN activity, which has
implications for the possible triggering mechanisms of AGN activity as well as to what
extent radiation from AGN impacts the galaxy it exists in, and how these effects could

change as the Universe ages.
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Figure 1.6: Black hole mass against bulge mass. Figure is taken from Kormendy & Ho
(2013, Fig 18a)

There has also been many observations connecting the properties of black holes and the
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properties of the galaxies they exist in, implying the evolution of the two are linked.
For example, galactic bulges are concentrations of stars found at the centre of spiral
galaxies and the mass of these bulges are tightly correlated to the mass of the black
hole (Mpy — Mpuige) as shown in Figure 1.6 (Kormendy & Ho, 2013). Despite mass
measurements spanning several orders of magnitude and galaxy bulges and black holes
existing on vastly different physical scales, the two variables show a clear relation,

making it difficult to dismiss this empirical observation as a coincidence.

Another well documented black hole - host galaxy relation is the observed link between
the mass of the black hole and the velocity dispersion of the host galaxy bulge (Mpy —
OBulge)- Various studies have found this link over several orders of magnitude in mass
and velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Peterson et al.
2005; Kormendy & Ho 2013), and once again imply that the evolution of the two may

be linked in some fundamental way.

Even in the present day Universe, the effects of AGN emission continues to be key in
describing observed phenomena. In galaxy clusters, the brightest cluster galaxy is more
likely to be a radio loud AGN than an inactive galaxy at the same stellar mass. This
AGN emission forms an important observation as the feedback from the radio jets is the
current most accepted solution to the cooling flow problem observed in galaxy clusters,

the largest gravitationally bound systems in the Universe (e.g. Best et al., 2007).

1.4 The host galaxies of active galactic nuclei

Having observed the prevalence and impact AGN emission has on the environment
across cosmic time, the natural questions that arise are how and why do some galaxies
have AGN whilst others do not? Additionally, if and how does this emission impact the
evolution of the galaxy the AGN exists in? One of the more popular possible answers
to these questions is the idea of major mergers as a trigger for AGN activity, as this
collision would provide the fuel for both black hole accretion and star formation in a

galaxy.

To be able to investigate the nature of active galaxies, the host galaxies of active galactic
nuclei must be studied. A popular approach has been to determine and compare the

host parameters of AGN to those of inactive galaxies to see if there are any consistent
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differences in the populations. One of the earliest studies of the physical parameters of
Seyfert galaxies can be seen in Adams (1977); here the author found that of the 80 galax-
ies they studied, a majority of the AGN hosts had spiral or intermediate morphologies
with very few AGN found to be in elliptical galaxies. They do note that redshift effects
or the intrinsic luminosity of the galaxies themselves can bias observations but overall
concluded that AGN activity is more common in spiral galaxies, and several objects
that warranted further study with disturbed or otherwise interesting morphologies were
identified.

Following the work of Adams (1977), significant research into the host galaxy parameters
of AGN has only occurred relatively recently due to high resolution imaging of larger
galaxy samples becoming more readily available as survey technology improves. Virani
et al. (2000) measured the structural parameters and environment of a set of Seyfert
galaxies and control galaxies matched to the active ones in redshift, luminosity and
morphology. Interestingly, they find no statistically significant differences between the
environment or the structural parameters of the AGN hosts and the controls, calling
into question the merger hypothesis as a trigger for AGN activity. Similar results were
found when Jahnke et al. (2004) investigated the colour evolution of AGN hosts. 19 low
redshift (z < 0.2) quasar hosts were imaged in multiple optical and infrared bands to
allow colour comparisons to be made to control galaxies. It was found that the quasar
hosts appear significantly bluer in the optical colour compared to their matched control
galaxies and this blue colour is consistent with other inactive star forming galaxies. They
concluded that the bluer colours found in the quasar hosts and corresponding nuclear
activity implies both star formation and AGN activity could be fuelled by the same
mechanisms. The lack of disturbed morphologies in the quasars however emphasises
that evidence for major mergers as a triggering mechanism for AGN was not found in

this sample.

A further detailed study of the morphology and colours of AGN hosts was completed
in Sanchez et al. (2004). Of 15 optically selected AGN hosts considered, a majority
of the AGN hosts had bulge-dominated morphologies and less than half of all galaxies
showed disturbances in their shape consistent with galaxy interactions. A range of
colours were reported, though it was noted that the bulge-dominated AGN hosts were
noticeably bluer compared to matched control galaxies. Likewise in the study of X-ray
and mid-infrared selected AGN by Pierce et al. (2007), a larger sample of 94 AGN hosts

were inspected. Infrared selected AGN showed no preference for host morphology
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whereas X-ray selected AGN were slightly more likely to be found in SA (unbarred
spiral) galaxies. Despite the greater number of galaxies in this study, no evidence was
found in favour of mergers as an AGN triggering mechanisms, with the authors reporting

that the activation mechanism for AGN activity remains unknown.

Taken together, AGN show no significant preference for a particular type of host, and the
impact of AGN emission on the galaxies they exist in is still up for debate. Furthermore,
we are far from a definitive conclusion as to the extent to which the environment plays
a role in activating AGN activity in a given galaxy. One complication in assessing
the causes and impacts of AGN activity is the need for a complete census, Sanchez
et al. (2004) find different host properties depending on the detection method used
to find the active galaxy and this broad range of host features not only illustrates the
potential for AGN activity to occur in any galaxy but also highlights the importance of
requiring a complete sample of active galaxies for definitive AGN evolution studies to
be undertaken. We therefore move on to summarising the main AGN detection methods

in Section 1.5.

1.5 AGN detection methods

Having defined what is meant by an active galaxy including their initial discovery,
observed links with Universal evolution and individual observational features of the
phenomenon, we now move on to discuss how active galaxies are found. Due to
the unique broad-band emission that is intrinsic to AGN activity, there is a wealth of

detection techniques common in the literature, which we summarise below.

1.5.1 Gamma rays

In AGN emission theory, Gamma rays (7y-rays) are associated with jet emission, allowing
for y-ray surveys to be capable of detecting AGN. Few y-ray surveys have been dedicated
to searching for AGN alone, as high energy y radiation is relatively rare in the Universe,
making it difficult to pull low flux levels from noise. Instead, y-ray detection proves to
be successful as a supplementary technique used in conjunction with other surveys of

galaxies to select AGN candidates. Generally, ordinary stars produce very few y-rays
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(Krolik, 1999), so after potential active galaxies are identified, confirmation of AGN
activity is commonly completed by followup in other bands (Krolik 1999; Madejski &
Sikora 2016).

1.5.2 X-rays

In contrast to the difficulty in finding AGN by y-ray emission, many AGN are strong
X-ray emitters. Other sources of X-rays in the Universe include intracluster mediums
as well as individual stars, but these objects are largely trivial to filter out in a given
X-ray survey. Whilst detection strictly in the X-ray band alone does produce a relatively
clean set of AGN candidates (e.g. Suh et al., 2019), follow up in other bands is required
to confirm the detection of the phenomena. Follow up confirmation is commonly
conducted in the optical band, as few other objects in the Universe produce near equal
amounts of X-ray and optical emission, so X-ray to optical flux ratios associated with
a galaxy in a given survey is a common and effective AGN detection method (Krolik
1999; Netzer 2013).

1.5.3 UV/Optical

UV and optical emission proves to be a popular diagnostic of AGN activity in a given
galaxy. As discussed in Section 1.3.1, historically AGN have been found by simply
looking at galaxy images in the optical, where they are distinguished from inactive
galaxies by their bright point-like emission in the centre of a galaxy. Whilst visual
classification can be an effective AGN detection method, it relies on the AGN being
unobscured and is not a practical approach when considering large volumes of data.

Instead, other techniques are preferentially used in this wavelength band.

Outside of direct visual classifications, optical diagnostics of AGN emission can be
completed via colour selection. This technique relies on the fact that the spectral energy
distribution (SED) of active galaxies is broad and flat, unlike the much narrower, roughly
thermal SED of stars and therefore an inactive galaxy. As such, active galaxies will be
brighter in some bands than an inactive galaxy could be, and the ratio of these fluxes
would be different for the differing populations. This approach to AGN detection is
called colour selection (Krolik, 1999). Commonly, U - B colours have been used to
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accomplish optical AGN selection; however, like detections in many other bands, a level
of follow up, usually spectroscopy (see Section 1.5.6) is required for the confirmation
of an AGN in a given galaxy (Netzer 2013; Padovani et al. 2017).

1.5.4 Infrared

Much like optical measures (Section 1.5.3), AGN selection by infrared emission is
commonly completed through colour selection. Again, this approach is used as it
takes advantage of the contrasts between the broadband continuum that active galaxies
produce compared to the narrow spectrum typical of regular galaxies (Krolik 1999;
Netzer 2013).

Infrared emission can be particularly useful in detecting AGN in X-ray faint galaxies
or obscured type II sources where optical continua would be dominated by host galaxy
emission. Assuming the AGN emission heats dust to a much higher extent than the
stellar output of a galaxy does, AGN would then be detectable as being sources with
higher infrared emission compared to optical emission. A number of colour-based
diagnostics including the Stern wedge (Stern et al., 2005), Lacy Wedge (Lacy et al.,
2004) and Donley wedge (Donley et al., 2012) have been used for such purposes, but
some level of follow up is still commonly used to confirm detected objects are truly
active galaxies (Pouliasis et al., 2019).

1.5.5 Radio emission

Initial discoveries of AGN emission were due to their radio output, as shown by the
name quasar originating from the description ‘quasi stellar radio sources’. About 10%
of all AGN are radio loud and can therefore be identified by this radiation, with AGN
emission theory attributing radio emission to jets in such objects (e.g. Simpson et al.
2006; Lopez-Rodriguez et al. 2023).

Correlating radio emission with optical emission in the centre of a galaxy is an effective
AGN detection method, as other known radio sources (e.g. neutron stars, supernova
remnants, etc) are not associated with bright emission from the centre of galaxies and

regular stars are extremely weak radio emitters. Assuming the positional accuracy of
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the optical and radio emission is high enough that they can effectively be claimed to be
the same source, AGN can be reliably found in wide field radio surveys (Krolik 1999;
Netzer 2013).

1.5.6 Spectral analysis

Spectral analysis of an object allows AGN emission to be determined with some certainty.
AGN, unlike many other objects, have extremely broad emission lines due to Doppler
broadening (Section 1.3.2), a distinctive feature that has been widely used to identify
the presence of the phenomenon in galaxies (Urry & Padovani 1995; Antonucci 1993).
Additionally, AGN can have strong optical and UV emission lines, and since stellar
spectra tend to have very few emission lines, the presence of them in a spectrum can
also be used as a distinctive selection method for AGN activity (Krolik, 1999). Baldwin,
Phillips and Terlevich (BPT) diagrams (Baldwin et al., 1981) are a well known example
of the use of emission lines as a diagnostic of AGN emission, as the power from
AGN emission produces specific emission line ratios that differ from other ionisation

mechanisms in nebular gasses.

1.5.7 Variability

Finally, the radiation from active galaxies is known to vary in brightness over time, and
this feature was key to the development of the theory of AGN structure as well as allowing
for the detection of AGN activity in a given galaxy. Variability is an extremely effective
AGN detection method (van den Bergh et al. 1973; Bonoli et al. 1979; Giallongo et al.
1991; Trevese et al. 2008; Villforth et al. 2010; Sarajedini et al. 2011; Choi et al. 2014;
Graham et al. 2014; Cartier et al. 2015; Cicco et al. 2015; Pouliasis et al. 2019; Poulain
et al. 2020), as the coherent change in flux of a given galaxy is difficult to reproduce via
flaring in individual stars, nor is it periodic in a way that would suggest the observations
are due to orbital components within the galaxy. Finally, AGN variability timescales
differ significantly from those of individual flaring events (e.g. a supernova) allowing
for the detection of active galaxies in a range of wavelengths. This variability is one of
the major features of AGN activity studied in this thesis and is expanded upon in the

following section.
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1.6 Variability in AGN

A key feature of the broad-band emission from AGN is that it is not static, but varies in
flux in every wavelength in which it has been observed (e.g., Fitch et al. 1967; Sanchez
et al. 2017). This variability has been studied in detail since the discovery of active
galaxies (e.g., Smith & Hoffleit 1963), and has been found to be aperiodic in nature.
Hypotheses as to the origin of variability point to stochastic processes within the AGN
itself, with UV and optical variability originating from instabilities in the accretion disk,
which has a knock on effect causing irregularities in the X-ray output of the corona as
well as IR emission in the dusty torus. Variability in radio and gamma-rays however,
likely arise from jet-related processes as well as uneven seed photon production from
the accretion disk (Netzer 2013; Bianchi et al. 2022).

Despite the high power output and range of emission wavelengths AGN produce, the
small physical size of an active galaxy’s central engine means that accretion and emis-
sion occurs on scales many orders of magnitude smaller than that of the host galaxy.
Consequently, resolving the central nucleus is simply not feasible for galaxies outside
our local neighbourhood (e.g., Padovani et al. 2017) making AGN difficult to study. The
difficulty in unpicking AGN emission from that of its host galaxy also poses a significant
barrier in understanding the structures present within an AGN, and the impacts of the
accretion process on the surrounding region (Grogin et al. 2005; Gabor et al. 2009;
Pierce et al. 2010; Fan et al. 2014). As such, AGN variability is an important tool in
the study of active galaxies, as variability observations are limited by light-travel times,

allowing small scales to be probed, at least indirectly.

Since the speed of light in a vacuum is a known physical quantity, the timescale that
AGN variability takes place on can be used to characterise the emitting region of the
system. Such variability studies have produced key pieces of evidence for AGN emission
theories, such as mass and radius estimates favouring black holes over other object as the
nuclear body in the emission process (Green et al., 1993). Variability timescales have
also been found to increase with wavelength; for example, emission at higher frequencies
such as X-rays vary within hours, while UV and optical variations take days to weeks.
The longer wavelengths, such as infrared, typically vary on timescales of months or
years (e.g., Berk et al. 2004). Since this variability is coupled to structures within the

AGN itself, it allows the study of AGN on the relatively tiny scales they span compared
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to the size of a galaxy.

A complete review of AGN variability in all wavelength ranges and how this relates to
the emitting structures can be found in Wagner & Witzel (1995) and Ulrich et al. (1997),
but here we note that infrared variability is uniquely useful in the study of AGN. IR
measurements probe the dusty torus-like structure on the edges of the AGN system as
material from it feeds the accretion disk, as well as being able to probe dusty galaxies and
rest-frame optical emission for galaxies at higher redshifts. Unfortunately, the timescale
of variability in the IR is several months to years, and this time cost has limited the
research in this regime compared to variability in higher frequency wavebands. Few
active galaxies have been detected based on IR variability alone due to the cost of
IR observations. As such it is difficult to understand the general population as large
samples of galaxies are required for robust conclusions about an AGN population and its
impacts on the environment. However, AGN activity, and the underlying mechanisms
that drive it, is still not fully understood. As a result, despite many theories within the
literature, there is no firm consensus on the potential trigger (or triggers) that activates
an AGN. Furthermore, we are currently unable to observe any given galaxy and know
with certainty how and why it is, has been, or will become, active in its lifetime. In
order to determine robust answers for these questions, both a complete census of active
galaxies in the Universe and a complete understanding of the AGN system in of itself
is necessary. The Ultra Deep Survey (UDS, Chapter 2), offers a possible solution to
the obstacles preventing variability studies in the IR, as well as allowing for an increase
in the sample selection completeness of AGN (Chapter 5). The UDS has collected the
long timescale data required for significant IR variability to be observed. It has 8 years
of deep, near-IR imaging which covers ~ 1deg? and these deep observations provide the

perfect dataset for the study of infrared variability in active galaxies.

1.7 Thesis Structure

The research presented in this thesis selects a sample of active galaxies based purely on
their near-infrared variability. It then compares the properties of this sample to active
galaxies selected through X-ray emission, which is a technique more commonly used
in research to date. The variability detected active galaxies are then further grouped,

based on the IR waveband of detection, and the properties of these variable galaxies are
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investigated to deduce possible structures in active galaxies as a whole.

In Chapter 2, we describe the data used in this research. We make use of the UKIDSS
UDS, which was taken on The UKIRT Wide Field Camera (WFCAM). We detail the
multi-wavelength catalogues of the field as well as how redshifts and stellar masses were
calculated. We also describe the X-ray imaging of the UDS field and its comparative

coverage.

In Chapter 3 we explain the method used to select AGN based on their near infrared
(NIR) variability in the J and K-bands. We describe the cleaning of the dataset after
selection, as well as how variability amplitudes are measured and how detection limits

of the survey are calculated.

Chapter 4 consists of a comparison between the properties of active galaxies selected

through NIR variability, and active galaxies selected by X-ray emission.

In Chapter 5 we split the NIR variable active galaxies based on the waveband in which
they are found to be significantly variable. We then investigate if and how the properties

of these galaxies differ from one another.

In Chapter 6 we study the large scale environment and host galaxies of the active galaxies
and compare their properties to a set of matched inactive control galaxies to investigate
possible AGN triggering methods as well as if and how AGN emission impacts properties

of the host galaxy.

Finally, in Chapter 7, we summarise the results and present the overall conclusions of

the work.

Much of the method described in Chapter 3 and the research shown in Chapter 4 is
published in Paper 1. The work presented in Chapter 5 and the accompanying method
described in Section 3.5 is in preparation to be submitted as Paper II. All magnitudes
stated are AB magnitudes. We use a A cold dark matter (ACDM) cosmology, with Hy
=70kms 'Mpc~!, Q, = 0.7 and Q, = 0.3.



Chapter 2

Data

In this work, we make use of data from multiple deep surveys: the UKIDSS Ultra Deep
Survey (UDS; Almaini et al., in prep); combined with the Chandra Legacy Survey of
the UDS field (X-UDS; Kocevski et al. 2018). A plot of the extent of the fields is shown
in Figure 2.1.

2.1 UDS

The UDS is the deepest of the UKIDSS surveys (Lawrence et al., 2007) and the deepest
NIR survey over ~ 1deg?. Its JHK band imaging was taken over an 8 year period from
2005-2013 using the WFCAM instrument at UKIRT (Casali et al., 2007). We used
2 arcsecond diameter magnitudes, which have been corrected to total AB magnitudes
assuming a point-source PSF. However, no allowance is made for an AGN component
(Almaini et al., in prep). Although not primarily designed to study variability, the
collection of the data spread over eight years offers a powerful resource for long-term
infrared variability studies. In addition to this, the field is well studied and as such has

additional imaging in many other wavebands including:

* y’-band imaging from the Canada—France—Hawaii Telescope (CFHT) MegaCam.

* B, V, R, i’ and z’-band optical imaging from the Subaru XMM-Newton Deep
Survey (SXDS; Furusawa et al., 2008).

23
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Figure 2.1: The survey region of the Ultra Deep Survey (UDS) and the Chandra Legacy
Survey of the UDS field (X-UDS). The grey shaded area shows the subset of the ground-
based UDS field where there is reliable photometry in all 12 photometric bands, and the
purple shaded area shows the coverage from the Chandra X-UDS imaging.

* Y-band imaging from the VISTA VIDEO survey (Jarvis et al., 2013).

* 3.6 um and 4.4 um mid-infrared (MIR) IRAC imaging from the Spitzer UDS
Legacy Programme (PI: Dunlop).

The DR11 is the latest data release from the Ultra Deep Survey (UDS). This data release
has 296,007 K-band detected sources and 5o~ limiting depths of J = 25.6, H = 24.8 and
K =25.3 (AB in 2-arcsec diameter apertures; Almaini et al. 2017; Almaini et al., in
prep). From this data release we make use of the ‘best galaxies’ subset which covers
0.62 deg?, and comprises objects identified in unmasked regions of the field with reliable
photometry in all 12 bands, the deepest IRAC imaging, and with galactic stars removed.
Masked regions correspond to boundaries of the science image, artefacts, bright stars

and detector cross-talk. The best galaxies subset contains 202,282 K-band detections.
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2.1.1 Redshifts

Of the 202,282 galaxies, 6558 have secure spectroscopic redshifts provided by comple-
mentary spectroscopic surveys (e.g., UDSz, VANDELS; Bradshaw et al., 2013; McLure
et al., 2013; Maltby et al., 2016; McLure et al., 2018; Pentericci et al., 2018). For
non-variable objects, spectroscopic redshifts are used (where available); otherwise,

photometric redshifts are adopted.

Photometric redshifts for non-variable objects were calculated according to the method-
ology described in Simpson et al. (2013). For this, the 12-band photometry was fit using
a grid of galaxy templates constructed from the stellar population synthesis models of

Bruzual & Charlot (2003), and used the publicly available code Eazy (Brammer et al.,

2008). These photometric redshifts have a typical accuracy of i IA-I-Zz) ~ 0.018. Additional
properties used in this work (e.g. stellar mass and luminosity; Almaini et al., in prep), are
based on these redshifts. We expect no significant impact on the measured redshifts of
these objects due to the lack of significant variability, and as such the derived properties

are entirely adequate for our purposes.

In this chapter, we identify IR-variable objects (see Section 3.1). For these objects,
spectroscopic redshifts were used (where possible) over photometric determinations.
For the variability detected sources for which spectroscopic redshifts were not avail-
able, inaccuracies in the photometric redshifts are a potential concern due to the AGN
emission not being accounted for. To address this, we have recalculated the photometric
redshifts for these objects via the Eazy redshift fitting code. Here additional reddened
and un-reddened AGN templates were included in the fitting and we use the Median
Absolute Deviation (MAD) as a numerical measure of how the redshift values change

by the inclusion of AGN templates in the photometric redshift calculation. Comparing

the MAD of (1A+Zz) before and after including the recalculated photometric redshifts,
indicates the redshifts improve only marginally from omap = 0.10 to omap = 0.098,
demonstrating the initial photometric redshift values to be largely robust. Regardless,
the recalculated redshifts for the IR-variable active galaxies are used throughout this
work, though we note that using the original photometric redshifts made no significant

difference to our analysis or conclusions.
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2.1.2 Stellar Masses

Stellar masses (Almaini et al., in prep), were calculated using the method described
in Simpson et al. (2013). Here, the 12-band photometry was fit to a grid of synthetic
SEDs from the stellar population models of Bruzual & Charlot (2003) with a Chabrier
(2003) initial mass function. Typical uncertainties in these stellar masses are of the
order +0.1 dex, with errors being internal errors from the fitting process which do not
contain contributions from photometric redshift errors or other systematic effects. The
redshift-dependent, 90 per cent stellar mass completeness limits were calculated using
the method described in Pozzetti et al. (2010). A second order polynomial was fit to
the resulting completeness limits across a wide redshift range to give a 90 per cent mass
completeness curve of the form log;o(M./Mg) = -0.04z% + 0.67z + 8.13.

2.2 X-UDS

The X-UDS survey is a deep X-ray survey of a sub-region of the UDS field car-
ried out by the Chandra X-ray Observatory’s Advanced CCD Imaging Spectrometer
(ACIS). It comprises a mosaic of 25 observations of 50 ks exposure, totalling 1.25 Ms
of imaging. It covers 0.33 deg? in total (Kocevski et al., 2018) and has a flux limit of
4.4x107'% erg s~'em™ in the full band (0.5-10keV). In total, 868 point sources were
identified.

This data set was matched to the UDS DR11 K-band catalogue using the methodology
described in Civano et al. (2012), which adopted the maximum likelihood method
described in Sutherland & Saunders (1992). Through this analysis, we find that 710 of

these point sources are associated with K-band-selected galaxies in the UDS DRI11.



Chapter 3

Quantifying AGN variability

27



3.1. Selecting AGN based on their IR variability 28

3.1 Selecting AGN based on their IR variability

IR-variable AGN are selected from the UDS DR11 using the technique first developed
and used in Elmer et al. (2020). Here, the authors were able to construct NIR light
curves, which include flux values that are potentially a mix of both AGN emission and
host galaxy starlight, from multiple flux measurements that spanned 7 semesters in the
K-band. Errors on the flux measurements were self-calibrated, based on the population
variance in flux of the non-variable objects, as this provided a better fit to the data
than the errors generated by SExTrAcTOR (see Figure 3. in Elmer et al. 2020). A full
description of this process can be found in Section 2.2 of Elmer et al. (2020). To do this,
the authors began by convolving each semester stack of images with a Gaussian kernel
to match the stack with the poorest quality PSF. This ensured that the differences in flux
measurements were due to intrinsic AGN variability and not changes in the point spread
function from semester to semester. A preliminary y? analysis was then performed to
remove the most variable sources and the remaining light curves were normalised and
split into bins based on flux, epoch and quadrant. From this the standard deviation of the
binned flux values provided the photometric error on the measurements for the objects
in that bin.

After the publication of Elmer et al. 2020, additional J-band imaging was incorporated
into the dataset. First an updated catalogue of galactic stars was developed for the UDS
DR11 release, none of which were included in the initial K-band sample selection.
These stars were used to improve the PSF images prior to convolving the data to match
the semester with the poorest PSF (see Section 2.2 of Elmer et al. 2020), allowing for
an improved sample selection in the K-band. Furthermore, the 2006B semester in the
J-band had sufficient observations to allow it to be included in the light curves. This

gives the J-band a total of 8 epochs for study.

We further select only objects with reliable (unmasked) photometry in all 12 bands, to
ensure the most reliable photometric redshifts. Objects identified as galactic stars were
excluded, as were any galaxies close to cross-talk detector artefacts. We also exclude
any objects with formally negative flux values in any individual semester, as described
in Elmer et al. (2020). This final step largely excluded very faint galaxies at K > 25,
close to or beyond the formal detection limit of the survey. Inspecting this faint subgroup

reveals that all would be excluded by the eventual J-band magnitude cut described in
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Section 3.4, so have no impact on our analysis. Overall, these rejection criteria yield a

final sample of 114,243 light curves for this study.

IR-variable AGN were selected using a y? analysis applied to the IR light curves based
on the null hypothesis that flux measured from the object is constant with time. Thus

F; — F)?
X2=Z—( - s 3.1)

i 0;

we calculate

where for each semester i, F; is the flux of an object, o7 is the corresponding uncertainty
and F is the mean flux of that object across all imaging epochs. A threshold of y? > 30
was used for the K-band and we use y> > 32.08 for the J-band. The differing y? limits
give the same p-value for both y? distributions based on the J and K-band light curves,
accounting for the different number of imaging epochs and therefore differing degrees
of freedom. We also use the y? limits chosen in Elmer et al. (2020) who developed
this detection technique, where values were found to minimises the expected number of
false positives while maximizing the number of variables found. If a galaxy satisfies

either or both conditions, it is classed as hosting a variable AGN candidate.

Utilising this method to select significantly variable objects via the y? analysis, we are
able to identify a sample of 705 candidate active galaxies for study (430 from K-band
variability, 471 from J-band variability, with 196 detected by both). We recover all of
the 393 K-band selected AGN found in Elmer et al. (2020), with a modest increase due
to the improvements in the data analysis since the publication of that work. From the
initial data set of 114,243 galaxies with IR light curves, a y? distribution with 6 and 7
degrees of freedom in the K and J-bands respectively and a corresponding P-value of

P=3.9x107>, we would expect a total of 4 false positives.

To search for potential supernovae in the sample, tests were carried out according to
Section 5 of Elmer et al. (2020). We identified 36 of the 471 J-band variables (7.6 per
cent) for which the variability is largely driven by one epoch. Inspection of both the J
and K-band imaging and comparing epochs revealed no obvious signs of supernovae
(e.g., off-nuclear sources). No additional supernova candidates were identified among
the new K-band variables not analysed by Elmer et al. (2020). Removing this small
number of galaxies had no influence on any of the key conclusions presented in this

work.

To further test that the y? technique employed in this research is robust, we took the light
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curves for all the galaxies, active or not, in the sample and removed the most deviant
point (e.g. semester 08B and 11B for the K-band and J-band respectively in the top
panel of Figure 3.1). We then re-run the y? analysis and find a vast majority of the
same galaxies are selected as candidates for hosting variable AGN, indicating that the

variability observations are robust.

3.2 Galaxies on the edge of the science image

Visual inspection revealed a suspicious sample of 104 variable objects located very close
to the detector edges. These objects were inspected individually within each epoch, and
approximately ~33 per cent were identified as potentially fake variables. All objects
were found to be real galaxies, but in many cases false variability could be attributed
to problems with background subtraction at the detector edges. As such, we re-ran all
analysis both with and without this sub-sample of galaxies, and found no significant
change in the overall reported trends. Therefore, we removed these edge objects entirely

from the analysis to ensure robust results. The remaining sample consists of 601 galaxies.

We note that the pattern of false variables occurred only at the outer edges of the UDS
imaging. There was no evidence for false positives close to the internal WFCAM chip

boundaries in the UDS mosaic.

3.3 Measuring real variability: maximum likelihood

For any measurement of an active galaxy light curve, we know that the observed disper-
sion in flux (oyps) 1s due to a combination of the intrinsic magnitude variations due to

the active galactic nucleus (07q) and the measurement noise (o poise) sSuch that

o2 (3.2)

_ 2 2
obs =00+ O,

noise”
Consequently, if we are to measure the properties of the AGN, we have to be able
to separate out these two effects. The intrinsic AGN variability amplitude is difficult
to calculate, as host galaxy emission can dilute the observed variability in a system

depending on the relative brightness of the AGN compared to the host. Instead, we
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measure the fractional variability amplitude, which describes the fraction of the total

observed variability that can be attributed to the effects of black hole accretion.

As such, to calculate the fractional variability amplitude due to AGN emission (oq), we
make use of a maximum likelihood technique. This method, developed in Almaini et al.
(2000), allows for an estimate of the noise-subtracted intrinsic fractional variance (o)
of the AGN, within the observed variability (oops). We first take any given AGN light
curve and generate a likelihood function

N exp[—(x; — X)*/2(c? + 0'(22)]

L(oq|xi,09) = n >
i Qm)12 (o7 + O'Q)l/2

(3.3)

To generate each point in the likelihood curve, we normalise each galaxy light curve
such that the average flux (¥) is unity. We then step through possible values of fractional
AGN variability (o) using the measurement of the flux in each semester (x;) and its
corresponding measurement error (0;). To get the final likelihood measurement, we
take the product of the N values that have been calculated where N is the number of flux

measurements in a given light curve.

In order to determine the most likely value of o for each active galaxy, we simply select
the value of o that maximises the likelihood function, as seen in Figure 3.1. Here the

1o errors are calculated by assuming the likelihood curve has a Gaussian shape.

3.4 Variability detection limit

The y? detection method is inevitably sensitive to photometric errors, and thus in fainter
galaxies we can only expect to detect variability at higher fractional amplitude. We
can attempt to quantify this effect, to estimate our completeness in identifying variable
AGN with a range of intrinsic variability amplitudes (o), and over a range of apparent
magnitudes. To begin, we remove any active galaxies via their IR variability or X-ray
emission from the initial sample of 114,243 galaxies and then split the remaining inactive
galaxies into bins based on apparent magnitude. Then, to simulate variability in the
inactive galaxies, we artificially introduce variability to their light curves assuming a

Gaussian distribution of variations. We require this (variable) component to have a mean
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Figure 3.1: Example light curves for a variable galaxy candidate in both the J and
K-band (top panel) and the corresponding normalised likelihood curves (bottom panel).
The threshold for recovery of AGN variability from a given light curve is )(12{ > 30 and
X} > 32.08. As shown by the grey lines in the bottom panel, the variability amplitude is
determined by selecting the corresponding value for oq that maximises the likelihood
function. This galaxy is only classified as formally variable in the J-band (blue), as
shown by the value of the y2.
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Figure 3.2: The fraction of galaxies classed as hosting variable AGN compared to

the level of artificial variability added to the inactive galaxy light curves.

are shown for the K-band (top panel) and J-band (bottom panel). Each dashed line
represents a different apparent magnitude bin. In the brightest bins, lower uncertainties
on measurements allow for low amplitudes of variability to be recovered. However,
larger variability amplitudes are required for AGN to be detected in the faintest galaxies.
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Figure 3.3: AB magnitude vs. variability amplitude for the real variable active galaxies.
Pink points indicate galaxies selected as hosting variable AGN in the K-band (top panel),
while blue points show the same data but for the J-band (bottom panel). Grey 1o errors
are based on assuming a Gaussian fit to the likelihood curves. Overlaid are detection
limit curves for different levels of completeness. We use the 90 per cent curve as this
threshold provides a high level of completeness without over-reducing the sample size.
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of zero and a standard deviation equal to the degree of variability we are simulating,
and add this distribution to the normalised inactive galaxies light curves. We then re-
run the y? and maximum likelihood analysis on the ‘new’ light curve for each galaxy,
which now contains simulated variability. This allows us to determine if it is now
classed as hosting a significantly variable object by the y? analysis and to ascertain the
most likely amplitude of simulated variability using the maximum likelihood technique.
This procedure is repeated for a range of variability amplitudes and for each apparent
magnitude bin. The results are then used to determine, for a given apparent magnitude,
the minimum fractional variability amplitude required for an AGN to be consistently
detectable. This also allows us to compare the known simulated variability amplitude

to the amplitude recovered via the maximum likelihood method.

We find that the maximum likelihood technique accurately recovers the amplitude of
input AGN variability. Sampling galaxies from each magnitude bin, the average dif-
ference in variability amplitude is consistently on the order of 1 per cent. Using these
simulations, we are also able to calculate the fraction of galaxies classed as hosting an
AGN for every value of simulated o in each magnitude bin (see Figure 3.2). This
provides a suitable estimate for the completeness of our NIR variables, as a function of

both apparent magnitude and variability amplitude.

As seen in Figure 3.3, for a given value of an AGN’s fractional variability amplitude and
a selected completeness level, we can determine the apparent magnitude required for that
selected variability amplitude to be consistently detected to the desired completeness.
Throughout this work, we adopt the 90 per cent completeness threshold for a variability
amplitude of 20 per cent or higher. From the J-band curve in Figure 3.3, we find this
requires our galaxies to have apparent magnitudes of m; < 22.66. In the K-band, the
same limit requires an apparent magnitude of mg < 23.25. We use the J-band limit in

this work as it is stricter, and removes all galaxies excluded by the K-band limit.

3.5 Modified monthly variability amplitude

We can also probe variability on different timescales, which allows us to determine pos-
sible NIR emission mechanisms, as different processes occur on different timescales.

The timescale variability takes place on also allows for insight into the NIR power spec-
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trum of the variability in the active galaxies. To compare the timescale that variability
takes place on, we calculate a modified monthly variability amplitude measurement in
addition to the year/semester timescale measurements of fractional variability ampli-
tude. These measures will be used in Chapter 5, where we analyse if and how the
properties of the AGN differ depending on the band they were detected as significantly

variable in.

To begin, we use the infrared light-curves built in Elmer et al. (2021), where flux
measurements were taken between September 2005 and November 2012 on month
timescales. The mean flux of the overall, unaltered light curve is calculated (F) and
we then group the flux measurements based on the date they were taken, with flux
measurements being required to be within 120 days of each other to be grouped together.
For each group in the light curve, the average is computed (fgmup), the difference
between it and the overall mean is taken (fgmup - f) and this value is subtracted
from the corresponding group’s average to remove the effects of long-term (year scale)
variations in the month-scale flux measurements. Each group is then normalised such
that the average flux is unity. Finally, the maximum likelihood measurement as described
in Section 3.3 is applied to the modified light curve to calculate what we refer to as the

modified fractional variability amplitude on month timescales.

An illustration of this process is presented in Figure 3.4, which shows how the overall
trends on year timescales are removed whilst preserving any month-scale variability
that may occur within an AGN system. We also note that whilst we refer to the value
measured in this process as a modified month-scale variability amplitude, it is only
the month-scale light curves used that are changed, with the procedure by which the

variability is measured (i.e. the maximum likelihood technique) remaining unaltered.
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Chapter 4

Increasing AGN sample completeness
using long-term near-infrared

variability
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In this work we compare the properties of the 601 NIR variability selected active galaxies
in Chapter 3 to a sample of 710 X-ray detected active galaxies from the X-UDS (Chapter
2). We then investigate if and how the properties of active galaxies differ depending on
the detection method. This work was published in Paper I, Green et al. (2024).

4.1 Introduction

Variability has been shown to be a useful tool in selecting AGN, being able to com-
plement other selection methods by succeeding where they fail. X-ray emission, for
example, is commonly thought to have a high probability of selecting the most complete
sample of active galaxies (e.g., Suh et al. 2019, Pouliasis et al. 2019), but this method
is intrinsically biased against X-ray-faint objects. In Trevese et al. (2008), a study of
low-luminosity AGN found that only 44 per cent of their optical-variability—selected
active galaxies have associated X-ray emission. Pouliasis et al. (2019) also selected
AGN via optical variability and X-ray emission, but additionally employed the use of
IR colour selection. They find that 23 per cent of their variable sample have associated
X-ray emission, and only 12 per cent of their variable sample satisfies the IR colour
selection criteria for the presence of an AGN. More recently, Lyu et al. (2022) used a
wide combination of selection techniques, including radio emission, X-ray detection,
variability, UV-IR SED analysis, optical spectroscopy, and IR colour selection in an
attempt to find a complete sample of active galaxies in the GOODS-S field. They con-
cluded that no single method was able to select a complete sample of galaxies, and the

overlap in the AGN found by different techniques was small.

AGN variability is a relatively unexplored property at infrared wavelengths due to the
time required to observe it, but one which is believed to provide significant insight into
the nature of the outer edges of the AGN system. In principle, this technique may
also provide an advantage in identifying heavily-obscured and/or high-redshift AGN,
which may be missed by optical/UV selection techniques. Furthermore, deep wide-field

imaging can allow us to study thousands of galaxies simultaneously.

Until recently, studies of IR variability either focused on a handful of individual objects
(Cutri et al. 1985, Lira et al. 2011, Lira et al. 2015), observed AGN selected by other
means (Kouzuma & Yamaoka 2012, Sanchez et al. 2017, Son et al. 2022), or studied
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light curves that are not well sampled (Edelson & Malkan, 1987) or constructed from
observations from multiple different surveys (Neugebauer et al., 1989). However, Elmer
et al. (2020) were the first to select AGN in large numbers based purely on their NIR

variability using a single deep data set, and it is this sample we build upon in this work.

In this chapter, we investigate the properties of active galaxies selected using NIR
variability. We use J-band light curves to select significantly variable AGN in addition to
the K-band light curves and method described in Elmer et al. (2020). We then compare
the properties of these galaxies to a sample of AGN selected via X-ray selection, to
determine if and how the properties of active galaxies differ depending on the detection
method. We make use of nearly a decade of IR observations provided by the Ultra Deep
Survey (UDS; Almaini et al., in prep); the deepest component of the UKIRT (United
Kingdom Infra-red Telescope) Infrared Deep Sky Survey (UKIDSS; Lawrence et al.,
2007). We use this data to select 601 active galaxies between 0 < z < 5 based purely
on their IR variability using the technique developed, as well as the data constructed, in
Elmer et al. (2020). We then compare the properties of these active galaxies to those
found using X-ray emission from the X-UDS survey (Kocevski et al., 2018), as well as

a control sample of inactive galaxies.

4.2 X-ray faint active galaxy populations

We applied the AGN variability detection method described in Section 3 to the UDS
DR11, and compared the results to the full-band (0.5-10 keV) Chandra X-UDS catalogue
described in Section 2.2. If we limit the UDS and the X-UDS to the same survey area
(see Figure 2.1, for reference), the samples are largely separate. Of the 601 variability
detected active galaxies, 292 lie within the Chandra imaging region. The percentage of
these that are dual-detected AGN (i.e. X-ray detected and variable in the NIR) is only
~37 per cent (107/292). This represents ~15 per cent of the X-ray detected sample
(107/710).

One possible explanation for this result is that NIR-variable AGN have X-ray emission
that is too faint to be detected at the depth of the X-UDS survey. X-ray emission from
AGN has long been known to correlate with optical/UV emission (e.g., Tananbaum

et al. 1979,Avni & Tananbaum 1986). Therefore, to address this issue, we compare
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the observed X-ray—to-optical luminosity ratios to determine if the variability-detected
AGN are unusually X-ray quiet (for galaxies that reside within the X-UDS survey
region). In Figure 4.1, we compare the monochromatic luminosities at 2keV and
2500 A, compared with the expected ratios assuming point-to-point spectral slopes with
@ox = 1 and a,, = 2, corresponding to the typical range observed for quasars (e.g.
Steffen et al., 20006).

We note, however, that in our work we make no corrections for host galaxy contributions,
dust reddening, or X-ray absorption. We are comparing the observed X-ray to optical
ratios, to determine if the objects selected by variability show similar ratios to those

selected with deep Chandra observations.

Here, monochromatic luminosities at 2500 A are derived from the observed optical/UV
SEDs, given the source redshift, interpolating the flux between the nearest observed
wavebands. The monochromatic X-ray luminosities are determined from the 0.5-10 keV
X-ray flux, assuming an X-ray photon index I' = 1.9 for all sources, as used in Elmer
et al. (2020). X-ray upper limits from Kocevski et al. (2018) are used for X-ray non-
detections. Overall we find that many variable active galaxies have similar optical
luminosities to X-ray bright active galaxies, but the majority have only upper limits
in our X-ray imaging. Based on the data available to us, the variable AGN appear

systematically fainter in the X-rays.

One possible explanation is that the variable AGN are more obscured in the X-ray
waveband, but deeper X-ray data will be needed to test that hypothesis. Overall, the
implication is that near-infrared variability appears to detect a set of active galaxies that

are largely missed by X-ray surveys at these depths.

4.3 Active Galaxy Properties

4.3.1 Stellar mass distributions and quasar contamination

In addition to there being limited overlap in AGN selected using NIR variability and
X-ray detection, we find a difference in the stellar mass ranges of active galaxies selected

via X-ray detection and NIR variability. Examining the mass distribution with redshift
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Figure 4.1: Monochromatic 2keV X-ray luminosity vs. rest-frame optical luminosity
at 2500 A for objects imaged within the Chandra region of the UDS field. X-ray bright
active galaxies are denoted by blue crosses and AGN detected by both NIR variability
and X-ray emission are highlighted as purple dots. Upper limits are used for variability-
detected active galaxies without X-ray detections, and are shown by red arrows. The top
plot shows K-band detected active galaxies and the bottom plot shows J-band detected
active galaxies. Black lines indicate the slopes corresponding to a spectral index (@)

of apx=1 (solid) and @x=2 (dashed), where @ is the spectral index between the optical
and the X-ray.
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Figure 4.2: Stellar mass vs. redshift distribution for the galaxies in this study. X-ray
bright active galaxies are shown as blue crosses, red circles denote variability-detected
active galaxies, and purple circles show dual-detected active galaxies. Grey points are
inactive galaxies, and the black curve shows the 90 per cent stellar mass completeness
limit as a function of redshift.

in Figure 4.2, X-ray emission probes AGN in high-mass galaxies across all redshifts
considered, with a majority of X-ray selected active galaxies having stellar masses
> 10'"M,,. This is in contrast to the active galaxies selected through variability, which
show no obvious bias towards high-mass galaxies. To illustrate these differences, in
Figure 4.3 we plot the distribution of the stellar mass of the active galaxies, separated by
detection method. We find a clear distinction between any X-ray detected AGN, which
are much more likely to exist in high-mass galaxies, and NIR variability detected AGN,

which show a much more extended mass distribution.

One caveat to these results, however, is the potential for the contamination by non-stellar
light, which may bias the stellar masses for the brightest AGN. AGN light contributions
to the emission in a given galaxy generally leads to an overestimation of the stellar mass,
and possibly an overestimate of the true star formation rate if the AGN is blue in colour
and/or a Type-1 object (see Figure 1.3). In trying to understand to what extent AGN
emission has on host properties, previous studies have only found significant biases in



4.3. Active Galaxy Properties 44

1.0
1 X-ray

g L1 X-ray&Variable
-5 0.8 1 1 Variable
-]
O
=
W 0.6 1
()
©
@ 0.4
©
=
o 0.2 T
=

0.0 - =

1|1
Stellar Mass log(M«/Mg)

12

Figure 4.3: Normalised histograms showing the distribution in stellar mass of active
galaxies in the sample. Galaxies are separated according to detection method, where the
blue solid-lined histogram represents X-ray selected active galaxies, the red-dashed his-
togram shows objects classified as hosting variable AGN only, and the purple-dotted his-
togram shows objects that were detected using both methods. A Kolmogorov-Smirnov
test confirms that the variability detected sample has a significantly different distribu-
tion in stellar masses compared to the X-ray population, rejecting the null hypothesis
that they are drawn from the same underlying mass distribution with a significance of
> 99.99 per cent.

galaxies with relatively high X-ray luminosities (Ly 2 10*ergs™!) (Aird et al., 2012).
To investigate this issue in this work, we plot the measured stellar mass against the
J-band absolute magnitude for all galaxies in the field in Figure 4.4. Here we find the
active galaxies to broadly exist in two regimes: one where the measured magnitude of
the galaxy is much brighter than inactive galaxies of a similar mass, and one where
the measured magnitude of the galaxy is similar to inactive galaxies of a similar mass.
From this bimodality, we can assume that the observed light from the active galaxies
that lie within the locus formed by the inactive galaxies are dominated by the hosts’
stellar light, and as such the measured host galaxy parameters are minimally impacted
by the presence of an AGN. On the other hand, active galaxies that are much brighter

than their inactive counterparts of similar mass likely have emission that is dominated
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by the AGN, suggesting the presence of a quasar.

To test if these abnormally bright sources are quasars, we investigate their morphology
using the K-band stellarity index from SExTrAcTOR, which (after removing galactic
stars) provides a good indication that an AGN is dominating the emission from a point
source. From this we find that a majority of the bright sources appear point-like, which

suggests the AGN emission is outshining that of the host galaxy.

These empirical trends are likely to be caused by a combination of factors. In particular,
the stellar masses are obtained by fitting stellar population models, without an AGN
component. If a Type-1 quasar dominates the SED, the best fit is likely to be an extremely
young stellar population, yielding a very low mass-to-light ratio. As a secondary issue,
the variable AGN were identified in the observed J and K bands, while observations at
longer and shorter wavelengths were taken at different epochs. Therefore, as a selection
effect, we might expect AGN to be brighter than average in the J and K bands, which
would enhance their near-infrared luminosity relative to the stellar mass determined
from the 12-band SED.

Furthermore, to investigate if a quasar is present within the identified bright, point-like
sources, in Figure 4.5 we remove the objects with the largest variability amplitudes, on
the assumption that the NIR light in such objects must be dominated by the AGN. Figure
4.5 shows the stellar mass vs. magnitude for galaxies with redshift 1 < z < 1.5 both
before and after requiring galaxies to have an intrinsic variability amplitude of o < 0.1.
Here we find that applying this limit primarily removes the point-like sources that are
much brighter than inactive galaxies of a similar mass. In the case of objects detected
via their X-ray emission, imposing this limit does not have a significant effect on the
active galaxies that lie within the locus formed by inactive galaxies, but largely removes
the bright, point like sources. It is therefore likely that the bright point-like active
galaxies are indeed quasars, where the powerful AGN is driving significant variability
and dominating the NIR light.

4.3.2 Stellar mass functions

To fairly compare the host properties of the active galaxies, we remove the quasars from

the distributions to avoid significant amounts of non-stellar light impacting measure-
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Figure 4.4: Stellar mass vs. J-band absolute magnitude for X-ray detected active galaxies
(blue points), variability-detected active galaxies (red points) and dual-detected active
galaxies (purple points) as a function of redshift. Inactive galaxies are plotted as grey
points and all galaxies lie above the 90 per cent mass completeness limit. Corresponding
coloured stars indicate an active galaxy that has a stellarity index of > 90% according
to the cLAss STAR parameter from SEXTRACTOR.
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Figure 4.5: Stellar mass vs. J-band absolute magnitude for galaxies between 1 <
z < 1.5. Plotted are active galaxies (AGN) that are either X-ray-detected (blue points),
variability-detected (red points), or dual-detected (purple points), as well as acomparison
sample of inactive galaxies (grey points). Correspondingly-coloured stars indicate an
active galaxy that has a stellarity index of > 90% according to the CLASS STAR parameter
from SExTrACTOR. The bottom plot is as the top, but only shows active galaxies with
(intrinsic) variability amplitudes of oy < 0.1. All galaxies plotted lie above the 90%
mass completeness limit.
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Figure 4.6: Stellar mass functions as a function of redshift. The grey histogram repre-
sents the mass distribution for all galaxies within the field except for quasar-like AGN,
which have been removed. The black histogram shows the same but for galaxies with
J-band apparent magnitudes m; < 22.66 which ensures that a variability of 20% or
higher will be consistently detectable. The dashed red histogram is as the black but
shows only variability detected active galaxies. The solid blue histogram shows X-ray
detected active galaxies, again with candidate quasars removed. X-ray detections were
calculated using galaxies from the X-UDS imaging region and scaled to match the vari-
ability detected galaxies. The corresponding coloured distributions below each stellar
mass function shows the percentage of AGN for that redshift bin as a function of stellar
mass. The 90% mass completeness limit is denoted by the vertical dashed green line.
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Figure 4.7: Luminosity functions as a function of redshift. The grey histogram represents
the luminosity distribution for all galaxies within the field, while the black histogram
shows the same but for galaxies with J-band apparent magnitudes m; < 22.66. The solid
red and blue histograms are as the black but only shows variability and X-ray detected
active galaxies, respectively. Lighter coloured, dashed histograms show the active
galaxy luminosity functions with quasars removed. X-ray detections were calculated
using galaxies from the X-UDS imaging region and scaled to match the variability
detected galaxies. The corresponding coloured distributions below each luminosity
function shows the percentage of AGN for that redshift bin as a function of decreasing
J-band absolute magnitude.
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ments. To do this we generate a contour that encompasses 95% of the inactive galaxies
in each bin seen in Figure 4.4, and we require the active galaxies in corresponding bins
to lie within the contour formed by the inactive galaxies. Applying this cut to the data
removes 75 (12%) of the variable AGN from the sample, 35 (5%) of the X-ray AGN
and 55 (51%) of the dual-detected AGN. Using the remaining galaxies, we generate the
stellar mass functions shown in Figure 4.6. Here the grey line shows the mass function
for all galaxies in the data and the solid black line shows the population of galaxies with
my < 22.66. As discussed in Section 3.4, this magnitude limit ensures that a variability

of 20% or higher will be consistently detectable for all galaxies.

With the quasars removed, we find that the fraction of galaxies with X-ray detected
AGN increases with increasing stellar mass of the host galaxy, whereas the detection
rate of NIR variable AGN is largely flat, remaining on the order of ~ 1% of galaxies
regardless of the stellar mass of the host. This difference is consistent up to z = 2, where
enough galaxies above the mass completeness limit are present to draw reasonable
conclusions. We conclude that, across a broad redshift range, NIR variability allows for

the identification of AGN in much lower mass host galaxies compared to X-ray selection.

4.3.3 Luminosity functions

In this section we investigate the luminosity functions of objects derived from the two
methods of AGN detection, without applying any quasar filtering. This will provide a
check on the influence of AGN light on the derived properties of these objects, which
will be particularly significant in future situations where we may lack the range of
spectral data and spatial resolution required to filter out quasars. In Figure 4.7, we plot

the J-band absolute magnitude as a function of redshift for the detected active galaxies.

Here, we find that both methods detect much more similar distributions of objects,
with the fraction of AGN increasing with luminosity whichever technique is used. This
increase reflects the fact that the luminosity functions are strongly influenced by the
contribution of AGN light, with brighter AGN more likely to be detected by either
method. Without the auxiliary information we have employed in this work, it is not

possible to reliably disentangle host galaxy and AGN properties from such data.
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4.4 Conclusions

In this study, we use the long-term near-infrared variability of objects seen in the
UKIDSS Ultra Deep Survey as an alternative approach to finding active galactic nuclei.
We then compare the sample of AGN revealed in this way to those found using a more

conventional X-ray-based method in the same field.

We find that the variability approach detects a distinct population of AGN, with an
overlap of only 37 per cent between the two samples. An analysis of the X-ray-to-optical
luminosity ratio finds the IR-variable AGN appear relatively X-ray quiet. Whether these
AGN are intrinsically X-ray faint or heavily obscured is unclear, and will be the subject

of future study.

After excluding quasar-like objects, whose AGN brightness means that we cannot re-
liably measure properties of the underlying host galaxy, we find that IR variability
systematically detects AGN in galaxies with lower stellar masses than X-ray-detected
objects. Comparing their mass functions, we find that IR-variable AGN are hosted in
~ 1% of galaxies of any mass, whereas the percentage of X-ray AGN detected strongly
increases with increasing stellar mass of the host galaxy. This distinction seems to be
independent of redshift out to the z ~ 2 probed by these data. One plausible explanation
for the difference would be related to extinction: if low-mass hosts tend to systematically
contain more heavily obscured nuclei, that might explain why AGN in such galaxies are
more readily detected by their infrared variability than by their extincted X-ray emission.
In future work we will explore the dependence of variability on redshift and hence on

rest-frame waveband, to explore the implications for the origin of the AGN emission.

In seeking such physical explanations, we need to be able to reliably separate AGN
and host properties. The significance of the contribution of AGN light to distorting
our understanding of their host galaxies is underlined by the rather different results we
obtain by simply studying their luminosity functions, in which a higher fraction of AGN
is found in more luminous objects, whichever method is used to identify them. This
distinction arises from the fact that the luminosity function, particularly when including
quasar-like objects, reflects the properties of the AGN as well as their hosts. Clearly,
some care is needed in interpreting such composite data, and additional spectral and

spatial information is vital.
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These results indicate that multiple approaches to AGN detection are required to obtain
a complete census of such objects. With upcoming deep, wide-field surveys such as
EUCLID and LSST, which will be obtained over extended periods, long-term variability
offers an important approach to identifying AGN missed by other methods, which is
key to a more detailed understanding of the prevalence of these objects and their role in

galaxy evolution.
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In this chapter we investigate how the properties of active galaxies vary depending on
the waveband in which they are detected as being significantly variable. Following this

investigation, we suggest possible explanations for these observations.

5.1 Introduction

Infrared (IR) emission has been observed in active galaxies since the late 1960’s (Pa-
cholczyk & Wisniewski 1967; Low & Kleinmann 1968), and these detections sparked
interest into how the radiation is generated in this regime. As discussed in Section
1.6, there is a paucity of research into the IR variability properties of active galaxies
compared to shorter wavelengths, most likely due to the time required for IR variability
to occur. However observations in these wavelengths have the potential to reveal much
information about these systems. Before conclusions can be drawn from IR variability
studies however, one must ascertain how IR emission is produced, as the production

method implies different underlying physical structures within the AGN system.

Infrared emission can generally be split into three regimes, the far, mid and near-
infrared (FIR, MIR, NIR), and it is likely different emission mechanisms that dominate
in each. In addition to observations of this radiation, the two main contenders for
generating infrared radiation are thermal and non-thermal emission processes. Thermal
radiation arises when the emitting particles do so because of the energy they have gained
through their temperature, whereas the energy produced in non-thermal emission has no
dependence on the temperature of the particles. Since non-thermal emission does not
require the heating of a body, in theory a single production mechanism could generate
the broadband radiation seen in active galaxies, leading to a simpler view of the AGN

structure.

There have been few attempts to investigate the entirety of the IR spectrum in active
galaxies, but Sanders et al. (1989) did attempt such a synthesis. These authors measured
the 0.3nm to 6¢cm continuum of 109 quasars which included a mix of radio-quiet and
radio-loud objects. They suggest that the NIR emission arises from an inner part of a
dusty disk heated by the broad line region in the AGN, and that MIR - FIR radiation
is due to the outer edges of the dusty disk re-radiating light emitted directly from the
central source. They also found no dependence on the IR radiation with the radio power
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of the galaxy, concluding that non-thermal emission processes are only required for

X-ray and radio emission in active galaxies.

Barvainis (1987) studied a similar wavelength range, fitting emission models to the
1um-100um spectrum of two radio loud quasars. Though they find the best fitting
model requires thermal and non-thermal components, they state the near and MIR
radiation generation is dominated by thermal processes, attributed to hot and cooler
dust respectively, re-radiating light from a central non-thermal source. Following this
conclusion, the authors were able to a build a dust-heating model that can reproduce near
and MIR spectra of active galaxies based on a ring of material heated by the central AGN
radiation. This model is consistent with models produced by Rees et al. (1969), who
were able to recreate the observed 2.2um - 22um spectra of Seyfert galaxies via a dust-
heating model. By simulating dust grains heated by a nuclear source, they found they
were able to recreate the observed power-law spectrum as well as predict the variability
timescale for the near and MIR based on the evaporation temperatures of the dust. A
ring of dusty material is required in both pieces of research for thermal emission to be

viable; however an absence of this structure does not impact non-thermal models.

In contrast to the thermal scenario, other studies have concluded that near to MIR AGN
radiation is produced non-thermally. Elvis et al. (1986), for example, were able to fit a
single power law to the X-ray to infrared spectral energy distribution (SED) of the quasars
studied in their sample. Their infrared emission extends to 10um, and they argued that
an AGN is comprised of a single, nuclear, non-thermal production component for X-
rays to IR radiation, as it is unlikely that multiple interacting emission mechanisms
would fit the same overall power law. Similarly, Cleary et al. (2007) ruled in favour of
non-thermal emission processes when fitting both dust (thermal) and synchrotron (non-
thermal) models to radio-loud quasars. They considered the mid to FIR wavelengths
>15um, where they found their fits to be dominated by the non-thermal components.
Due to the results of their models, they concluded that mid-infrared to radio emission
was produced in the jets and lobes of active galaxies, but these conclusions may not
necessarily be applicable to the radio-quiet objects that make up the vast majority of
active galaxies in the Universe. Whilst both of these pieces of research favour non-
thermal radiation scenarios, the AGN structure models they suggest are very different
from each other, illustrating the uncertainty in the range of possible structures that AGN

could contain.
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Direct observations of the near, mid and far-infrared continuum in AGN have also
favoured a thermal emission scenario. One of the first reviews on the topic is presented
in Rieke (1978), where the IR measurements for 53 Seyfert galaxies from ~1-10um
is collated from various sources. This review concludes that the IR is made up of re-
radiated light from dust in a disk about the central engine. Likewise, in reporting on the
mid to far-IR (24um and 70um) photometry of 20 radio-loud quasars Shi et al. (2005)
found a majority of the far-infrared radiation originated from dust heated by the AGN
and star formation within the active galaxy, with the AGN being the dominant heating
source. Dicken et al. (2009) also studied the mid and FIR, 24um and 70um spectrum of
46 active galaxies. They quote the heating of circumnuclear dust as being the primary
emission mechanism for the infrared radiation in the systems, as well as ruling out non-
thermal synchrotron contamination as a potential source of infrared radiation in active

galaxies.

Analysing photometric and spectral data has provided mixed results in determining
what drives infrared emission in both thermal and non-thermal scenarios, but other
approaches have also been used to characterise this radiation. If a single, non-thermal
source produces the broadband emission observed in an AGN, then the NIR flux should
vary on the same hour timescale observed in the X-rays. To test this hypothesis, 2.2um
variability was measured in Hunt et al. (1994) for 9 Seyfert galaxies known to be highly
variable in the X-rays. Through this research, no short timescale variations typical of
non-thermal emission was observed in the IR measurements, resulting in the conclusion

that the NIR emission is dominated by slowly-varying reprocessed light.

Finally, Rieke & Lebofsky (1981) examined the X-ray, UV, optical and infrared con-
tinuum of NGC 4151, one of the six original Seyfert galaxies (Seyfert, 1943), where
they fit multiple components to the spectrum of the galaxy to derive a comprehensive
view of the nucleus. The polarisation of the NIR, 1um - 4um radiation was found to
be negligible in this galaxy, which argues strongly against non-thermal emission, and
they concluded that it was more likely that infrared emission arose from dust heated by

a non-thermal source.

Though it is now accepted that AGN emission varies in flux in every band it has been
observed in (Section 1.6), very few variability studies have been completed on the origin
of infrared emission in active galaxies. Though Hunt et al. (1994) ruled in favour of

the thermal scenario, their research was limited to a small galaxy sample with light
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curves that are not well sampled. Infrared variability was also measured in Clavel et al.
(1989), where the far-UV, optical and infrared variability of the active galaxy Fairall 9
is studied. They found that the nature of the variability changed with wavelength, with
the optical and J-band variability to be seemingly diluted by starlight, but otherwise
in phase with UV variability measurements. Variations at longer wavelengths, such as
the K and L-bands, however, were noticeably out of phase with measured fluctuations
in the bluer bands, and this difference in behaviour between observing filters identified
a possible turnover in emission mechanisms between the rest-frame J and K bands in

active galaxies.

In this chapter, we investigate the properties of 601 active galactic nuclei at redshifts
between 0 < z < 5, selected through long-term near-infrared variability in the J (1.2um)
and K-bands (2.2um). We compare the rest-frame features of the galaxies to each other
as well as to a sample of X-ray selected AGN split by hardness ratio as a diagnostic of
obscuration. From these measurements and comparisons, we determine if AGN that
are significantly variable in the K-band show features consistent with emission from the
thermal re-radiation of bluer light by dust, and we investigate if these same features are
present in AGN selected in the J-band.

5.2 Variability dependence on wavelength

We begin by investigating how the variability amplitude of the active galaxies changes
with wavelength. To answer this question, we plot the variability amplitude in the J-band
(oy) against the K-band value (o) in Figure 5.1. Here amplitudes are calculated from
light curves with flux measurements taken on yearly timescales, and galaxies are split by

the photometric band in which the AGN were selected as being significantly variable.

We first find that all the galaxies show a positive correlation in oy and ok, regardless of
the band the AGN was selected in. However clear differences in the chromatic nature
of the AGN becomes apparent when splitting the measurements by the detection band.
AGN selected in the J-band show enhanced variability in the bluer, J-band compared
to the K-band. This anti-correlation of variability amplitude with wavelength is in
agreement with previous work in the UV (Paltani & Courvoisier, 1994) and the optical
(Cid Fernandes et al. 1996, Berk et al. 2004, MacLeod et al. 2010, Zuo et al. 2012).
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Figure 5.1: J vs K-band variability amplitude for variability detected AGN. AGN are
split by detection band with blue dots showing AGN variable in the J-band only, pink
dots showing K-band only variables and purple crosses denoting dual-band detected
AGN. The solid black line shows unity and the black dashed line is the expect variability
ratio of 3.36 based on the modeled IR variability spectrum in Meusinger et al. (2011).

Measurements for K-band selected AGN contrast the trend seen in the J-band variables

however, with larger fractional variability being measured in the redder K-band.

The result that K and J-band selected active galaxies show opposite correlations with
wavelength could be due to selection bias, as one would expect the variability amplitude
to be larger in the detection band. This observation could be tested by simulating AGN
light curves and including identical variability in both the J and the K-bands. In running
the detection procedure (Section 3.1) one would expect objects detected in a given band

to have higher variability amplitudes in the corresponding band.

Inspecting dual-band detected active galaxies (AGN measured as being significantly
variable in both the J and K-photometric bands), also finds the sample to anti-correlate

wavelength and variability amplitude, however differing detection limits in the J and
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Figure 5.2: J vs K-band variability amplitude for all X-ray detected AGN. Grey lines
show 1o errors, the solid black line shows unity and the black dashed line is the expect
variability ratio of 3.36 based on the modeled IR variability spectrum in Meusinger et al.

(2011).

K-band imaging could still bias the results seen in these galaxies. Instead, we make

the same comparison for the X-ray AGN. The detection of these AGN is not dependent

on variability, and as such breaks the degeneracy of the amplitude measurement with

detection band, allowing for an intrinsic study of the chromatic nature of variability in

AGN. Inspecting these measurements in Figure 5.2 finds X-ray AGN to largely anti-

correlate wavelength and variability amplitude, in agreement with previous UV-based

analysis.
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5.2.1 Infrared variability spectrum

In Meusinger et al. (2011), the AGN variability spectrum between 0.1uym - 0.8um is
found to change as
oy oc 72, (5.1

where A is the wavelength and o is the variability amplitude measured at wavelength A.
Applying this relation, we find the expected J to K amplitude ratio to be o /ox ~3.36.
This value is plotted in Figures 5.1 and 5.2, and predicts that a given, unobscured AGN
should be more variable in the J-band than the K-band. In Figure 5.1, the J-band
detected AGN largely lie along the 3.36 line, whereas the AGN only variable in the
K-band have a much lower ratio and dual-band detected AGN generally fall in the
middle of these two groups. In Figure 5.2 it can be seen that the X-ray AGN show a
larger spread in their amplitude ratio measurements, however the bulk of the distribution
follows the dual-band detected AGN, lying between the model expected value and unity.
Inspecting where the values measured in this study lie in comparison to the predicted
value finds differences when splitting the variability detected AGN by detection band,
with it appearing that the more significant the K-band variability is, the further the

oy /ok ratio lies from the model expectation.

These results show that AGN variable in the J-band only are clearly different from
AGN variable in the K-band only. The properties of the X-ray and dual-band selected
samples provide evidence that these differences cannot be explained by selection bias in
the AGN and as such, it is more likely that the positive correlation of ox and wavelength
for K-band detected AGN is due to some physical processes in the system that does not

occur in the J-band detected sample.

5.3 Origin of Variability in AGN

After determining that splitting the variable AGN by detection band gives opposite
correlations of wavelength and variability amplitude (Section 5.2), we next aim to
investigate if the underlying origin of the variability is different for a given detection
band. To search for where variability is generated, we examine the rest-frame (RF)

emission of the 601 variability detected active galaxies by plotting the ratio of the
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measured K to J-band variability amplitude vs redshift in Figure 5.3. Once again,

samples are split by the photometric band they are classed as significantly variable in.

As found in Section 5.2, AGN that are variable in the J-band only best follow the
simulated variability expected in AGN (Meusinger et al., 2011), showing little evolution
with redshift and largely lying along the predicted ratio of og/o; = 0.3. Additionally,
dual band detected AGN have a similar flat distribution with redshift, but are consistently
offset from the model value, with larger values of og/o; for all epochs studied. In Figure
5.4 we reproduce Figure 5.3 and overlay the X-ray AGN, which have no waveband
dependent selection bias in their detection. Inspecting this figure, we find the bulk of
the X-ray population to follow a similar distribution to the dual-band detected AGN,
with values that are positively offset from the model. However we note they do show
a spread in og/oy overall, with both large and low values over cosmic time. The AGN
variable in the K-band have the most unique behaviour of the active galaxies considered
in this study. They show the highest ox/o; of any group as well as a clear decrease in
the ratio with increasing redshift. Additionally, most K-band only detections are found
at rest-frame IR redshifts (z <2) while J and dual-band detections show no obvious

preference for the rest-frame of the emission.

To explain the differences observed, we suggest a mix of effects. Examining the K-band
variables (pink points in Figure 5.3) that are observed in the rest-frame infrared, the large
og/oy values observed in the galaxies could be due to lower measured values of oy than
expected, higher measured values of ok than expected or a mix of both impacting the
measurements. Generally, in the NIR, AGN are fainter than the emission observed from
their host galaxy, but they are also bluer in colour compared to the colour of the host
galaxy. Therefore, it is expected that the host galaxy would have a larger contribution
to the overall measured flux for redder wavelengths, in this case the K-band, leading
to lower fractional variability amplitudes in this band. In bluer (/-band) wavelengths
however, the AGN would be more prominent, leading to higher fractional variability
measurements in this band. Using this explanation alone, one would expect a given AGN
to be more variable in the bluer J-band, which is seen in AGN detected as variable in the
J band as well as dual-band detected and X-ray bright AGN, but this is the opposite of
what is observed for the low redshift AGN selected by their K-band variability (Figure
5.3).

One hypothesis is that the rest-frame IR detected, K-band variable AGN, contains a
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population of dust-enshrouded AGN. If dust-reprocessing of light was occurring in such
galaxies, emission in bluer bands would be reprocessed by the dust to longer wavelengths,
enhancing ok values and therefore increasing the og/oy for these galaxies. As explored
in the introduction of this chapter (Section 5.1), the impacts of dust on an AGN system
would be limited by the sublimation temperature of the material. Dust heating models
have predicted sublimation temperatures to be ~1,500K, corresponding to IR emission
longwards of 2um (Rees et al. 1969; Barvainis 1987). Therefore wavelengths shorter
of ~2um would arise from accretion disk fluctuations. This hypothesis is supported
by the behaviour of the rest-frame optical detected, K-band variable AGN. Examining
these galaxies in Figure 5.3, we first find there are very few of them compared to the
dual-band detected or J-band detected AGN, which show no preference for the rest-
frame of emission and detection quantity. The lack of K-band variable detection at
redshifts that corresponds to rest-frame optical emission would occur if a majority of
AGN variable in the K-band are truly dusty, as the light from these galaxies at high
redshift would be reddened to wavelengths beyond the K-band and as such they would
go undetected in this study. Consequently, it is plausible that the rest-frame optical (i.e.
z 22), K-band variable AGN we do observed are not dusty. If this assumption is correct,
dust reprocessing of bluer light would not occur in these galaxies. They host AGN that
are more luminous and the host galaxy would appear fainter due to the known decrease
of galaxy surface brightness with redshift (e.g. Calvi et al., 2014) culminating in og/o7
being closer to the model prediction, which is what is observed. Therefore, we suggest
dust to be a plausible explanation for the differences in variability properties observed
in AGN variable in the K-band.

This explanation is in agreement with the study of Seyfert galaxy Fairall 9 by Clavel
et al. (1989). They found the K-band variability of the AGN to be out of phase with
UV, optical and J-band variability measures. From these results, the authors interpreted
K-band emission to probe thermal re-radiation of UV and optical emission from dust
in an active galaxy, whereas J-band emission originates from the accretion disk of the
AGN. It therefore appears that this explanation is more generally applicable than to just
this single galaxy.
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Figure 5.5: Stellar mass distributions of variability detected active galaxies split by
detection band (top) and X-ray bright active galaxies split by hardness ratio (bottom).
The left and right columns show the distribution prior to and after mass-matching
respectively. Galaxy populations are mass matched within 1% of each other. In the
top row, blue histograms shows the distribution for J-band detected active galaxies and
the pink dashed histograms show the K-band detected active galaxies. In the bottom
row the blue histograms shows X-ray soft active galaxies and the red dashed histograms
shows the X-ray hard active galaxies.

5.4 Spectral energy distribution analysis

To further test whether variability in the K-band preferentially detects dust-reprocessed
light from AGN, we investigate the spectral energy distributions (SEDs) of the galaxies.
We also introduce a comparative sample of active galaxies selected through X-ray
emission and split these galaxies based on their hardness ratio (HR), as an independent

measure of obscuration. In this research we consider X-ray soft galaxies (HR<0) to be
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less obscured and X-ray hard galaxies (HR>0) to be more obscured.

5.4.1 Mass Matching

For a fair comparison of the SEDs of the active galaxies detected in different ways to be
made, we begin by mass matching the sub-samples of variability detected (K and J-band
detected) and X-ray selected (hard and soft) active galaxies. Galaxies are required to
have stellar masses within 1% of each other (Fig. 5.5), taking the samples from 180 to
74 detections in the K-band and 239 to 83 J-band detections as well as 323 to 247 X-ray
hard AGN and 387 to 262 X-ray soft AGN.

5.4.2 Calculating spectral energy distributions

To build spectral energy distributions for the galaxies (Figure 5.6), we take the 12
bands of photometry in the UDS (Chapter 2) and convert the measured AB magnitude
values into flux densities (F;). We then shift the flux density measurements into the
rest-frame based on the galaxy’s redshift. For comparison, these rest-frame SEDs are
then normalised to unity in the J-band, with rest-frame values of flux density calculated
by interpolation at each of the 12 wavebands of the UDS photometry. These final flux

density values are converted back into AB magnitudes where appropriate.

5.4.3 SED comparison

As is apparent from Figure 5.6, we find the largest differences between SEDs in the
ultraviolet, U-band. Furthermore, the different shapes of the SEDs is most apparent in
the X-ray detected active galaxies, where X-ray soft galaxies show a range of U-band
flux densities, but X-ray hard galaxies tend to be predominately faint in this filter. This
difference can be quantified by comparing the U - B colour of the various classes of
galaxy, with Figure 5.7 showing this comparison. As seen visually in the overall shape
of the SEDs, the distribution of the U - B colour in the X-ray hard active galaxies is
significantly redder compared to the X-ray soft active galaxies. Similar results are found

for the J and K-band detected active galaxies, with the K-band detected sample having
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Figure 5.6: Rest-frame spectral energy distributions for the active galaxies studied in
Section 5.4. In the top row, blue lines show active galaxies selected via J-band variability
and pink lines show active galaxies selected in the K-band. The SEDs of X-ray detected
active galaxies are split into X-ray soft (HR<0) and X-ray hard (HR>0) samples, and
colour coded by hardness ratio on the same scale. All SEDs are normalised to unity at
the J-band wavelength (1.2m) and have black points at each photometric band denoting
the average flux density value at that wavelength, with the standard error on the mean
being shown.

a redder U - B colour distribution compared to the J-band detected objects. For both
comparisons, a Kolmogorov—Smirnov (KS) test confirms that samples are not drawn
from the same underlying distribution, and we therefore conclude that variability in the

infrared bands is in some physical way connected to the UV absorption of a galaxy.

5.5 Stellar Populations

In Section 5.4 we found that the detection band of the variable AGN is linked with the
UV absorption of the active galaxy. However it is possible that differences in stellar

populations drives the UV emission of the galaxies. To investigate this possibility, we
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Figure 5.7: Rest frame U - B colour distribution for variability detected (left) and X-ray
detected (right) active galaxies. Colours are AB colours. For the variability detected
sample, the blue histogram represents active galaxies selected as variable in the J-band
only, and the pink dashed histogram shows galaxies selected as variable in the K-band.
For the X-ray detected sample, galaxies are split based on their hardness ratio, with X-ray
soft galaxies denoted by the blue histogram and X-ray hard galaxies shown as the red
dashed histogram. Sub-samples in each plot are mass-matched within 1 per cent of each
other. The P-values shown are from a Kolmogorov-Smirnov test between corresponding
sub-samples, and confirms that the K-band selected and X-ray hard active galaxies have
significantly different underlying distribution of U - B colour than the J-band selected
and X-ray soft galaxies respectively.

plot the rest frame UVJ diagram of the galaxies in Figure 5.8. A UVJ colour-colour
diagram is commonly used to separate out star-forming and quiescent galaxies (Wuyts
et al., 2007), and we use the standard selection box as outlined in Williams et al. (2009)
and Schreiber et al. (2015) to draw this delineation.

Inspecting this diagram, we find no evidence that the differences in UV emission in the
active galaxies is due to differences in the fraction of passive galaxies between groups of
active galaxies. A vast majority of all mass-matched galaxies lie within the star-forming
region of the diagram, with the distributions of the matched K and J-band detected
galaxies being statistically similar in both the U - V and V - J colours according to a KS
test. X-ray hard galaxies however skew red in both U - V and V - J colours compared
to X-ray soft galaxies, indicating dust reddening of the hard sample where red colours
in U - V only would indicate a larger quenched fraction of galaxies (Williams et al.,
2009). From this colour distribution we find that J and K-band variable host galaxies are
generally star forming with similar amounts of dust reddening, and as such differences
in star-forming and passive fractions of galaxies does not offer a plausible explanation

for the relatively faint UV emission in K-band selected active galaxies.
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Figure 5.8: Rest-frame UVJ colour - colour diagram for mass-matched samples of
variability detected (left) and X-ray detected (right) active galaxies. The black dashed
line is as defined in Schreiber et al. (2015) and delineates quiescent galaxies from star-
forming galaxies. Quiescent galaxies lie in the top left of the diagram. For the variability
detected sample, blue points indicate J-band selected active galaxies and pink points
show K-band selected active galaxies. In the X-ray detected sample, galaxies are split
based on their hardness ratio, with X-ray soft galaxies shown as blue points and X-ray
hard galaxies shown in red. In both plots, corresponding coloured histograms show the
colour distribution.

5.6 Variability timescale

As reviewed in Section 5.1, more evidence has been found in favour of IR AGN spectra
beyond ~2um being generated via thermal re-radiation of optical and UV light by dust
over blackbody emission from the accretion disk. We find differences in the chromatic
nature of AGN variability amplitudes when splitting the active galaxies by selection band
and consider the impacts that host light emission has on the J and K-band variability
amplitude measures in Section 5.2, and model comparisons confirm that observed results
cannot be explained by selection bias in the sample in Section 5.3. SED analysis reveals
K-band variable AGN are systematically fainter in the UV compared to J-band variable
AGN in Section 5.4 and a UV J diagram confirms that the active galaxies have similar
stellar populations regardless of detection method in Section 5.5. Combining these
results, the properties of the K-band detected AGN seem to favour a hot dust-driven,
thermal emission model over emission arising from the accretion disk, which is more

consistent with the J-band detected sample.

To further test the hypothesis that K-band variability results from hot-dust emission

processes, we now examine the timescale of the measured variability in the active
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galaxies. In addition to providing clues to the origin of the variability, quantifying
the timescales on which variability takes place effectively measures the AGN power
spectrum. Generally, AGN variability has been found to be dominated by long-term
trends, which is commonly known as a red-noise spectrum (e.g. Lawrence et al. 1987,
Uttley et al. 2014). Objects with blue-noise spectra behave in the opposite way, where
variability on short timescales dominate the overall fluctuations seen in the object (as
is seen, for example, in supernova events). As noted by Hunt et al. (1994), non-
thermal, direct emission theory places no limit on the timescale of variability for a
given wavelength. By contrast, thermal emission is dust-dependent and limited by the
sublimation temperature and therefore orbital radius of the material, rendering variability

on scales shorter than ~1 month impossible.

As described in detail in Almaini et al. (2000), the variability amplitude relates to the

power spectrum as

ol o [T, (5.2)

where o is the AGN variability amplitude, f is the frequency in terms of variability
timescale (not observed frequency of the light) and « is the power spectrum spectral
index. Positive values of a result in a red-noise spectrum, negative values imply a blue
noise spectrum and @=0 corresponds to white noise, where the variability in the object
shows no dependence on timescale. To study the variability timescale of the AGN in this
sample, we compare the fractional variability amplitude measured on year timescales
to a modified fractional variability amplitude measured on month timescales, where

year-scale/semester effects have been removed (see Section 3.5).

Inspecting Figure 5.9, we find the timescale on which variability takes place to be
different for J and K-band variables. In all cases, the contribution from month timescales
to the observed variability seems to correlate with the magnitude of the AGN fluctuations.
AGN with the highest variability amplitudes show significant variability on both short
and long timescales, with many appearing to have blue-noise spectra, but AGN with
lower variability amplitudes are largely dominated by year-scale variations, consistent
with red-noise. A majority of the J-band sample lies in the high-amplitude area of the
Tmonth-Oyear Plane, with a significant portion of AGN showing variability dominated

by month-scale fluctuations. AGN variable in the K-band however, show the opposite
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Figure 5.9: Modified, month-scale fractional variability amplitude vs year-scale vari-
ability amplitude for variability detected active galaxies. Measurements in the J-band
are shown in the left plot and measurements in the K-band are shown on the right. J-
band detected active galaxies are shown by blue points, K-band detected active galaxies
are shown by pink points and active galaxies variable in both J and K photometric bands
are shown as purple points, with light grey lines showing the errors on measurements.
Several values for the spectral index, @, are over-plotted as lines on the diagram.

of this trend. These galaxies tend to have lower variability amplitudes, requiring several
years of observations before variability can be observed. This result provides further
evidence that variability in the J and K-bands are generated by different mechanisms,
and the longer timescale distribution seen in the K-band implies that the flux generated

in these galaxies originates from areas at larger radii than the J-band.

We also find the variability timescale distribution of the AGN links to other observed
properties in the active galaxies. Taking the variability timescale comparison shown in
Figure 5.9 and colour coding the points by the U - B colour seen in Figure 5.7 we produce
Figure 5.10. Here we find variability amplitude measurements anti-correlate with U -
B colour in the K-band selected variable AGN. No such relationship is observed in J-
band detected objects, and these results remain true when corresponding measurements
from dual-band detected AGN are included. This result provides more evidence in
favour of a dust-reprocessing scenario in the K-band detected objects, as higher levels
of obscuration would led to the redder colours, dilution in variability amplitude and

variability skewing towards the longer timescales, as observed.
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Figure 5.10: Modified, month-scale fractional variability amplitude vs semester vari-
ability amplitude for variability detected active galaxies. Measurements in the J-band
are shown in the top row and measurements in the K-band are shown in the bottom row.
The first column contains any galaxy detected as variable in the described photometric
band and the second column shows galaxies only classed as variable in one band, with
the AGN variable in both J and K-bands removed. Points are colour coded by the U -
B colour and light grey lines show the errors on measurements. Black diagonal lines on
the figure are the same as Figure 5.9, showing different values of the spectral index a.

5.7 Conclusions

In this work, we investigate the properties of AGN selected using long-term near-infrared
variability in the J (1.2um) and K (2.2um) photometric bands. To explore the physical
origins of any differences, we compare a number of properties of these active galaxies
to each other as well as to a set of X-ray selected AGN, split by hardness ratio as a proxy

for dust obscuration.

We first study how the measured variability amplitude (o7;) changes with wavelength
in Figure 5.1. Here we find that in the J and dual-band detected samples, AGN are

more variable in shorter wavelengths such that variability amplitude and wavelength are
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anti-correlated. These results are in agreement with previous optical and UV studies
of AGN variability (Cid Fernandes et al. 1996, Berk et al. 2004, MacLeod et al. 2010,
Zuo et al. 2012). Variability in AGN selected in the K-band however show the opposite
trend; that is, the AGN are more variable in longer wavelengths, correlating variability
amplitude and wavelength (Figure 5.1). To determine if these opposing results are
intrinsic properties of the AGN, we investigate the nature of the variability amplitude in
X-ray detected AGN (Figure 5.2). Despite being detected in a different manner, X-ray
bright AGN are found to anti-correlate variability with wavelength, providing evidence
that the differences observed in the J and K-band detected AGN are not due to selection

biases in the samples.

In Section 5.2.1, we investigate the AGN variability spectrum by comparing amplitude
measurements split by detection band to the model spectrum presented in Meusinger
etal. (2011). As shown in Figure 5.1, this model predicts that a given, unobscured AGN
should be more variable in bluer bands, with the o7y to og amplitude ratio being ~ 3.36.
We find that AGN detected from J-band variability largely match this prediction, with
the observed ratio in other AGN decreasing with increasing dominance of the K-band
detection in the AGN. Selection bias may influence these results as it is expected that
a given AGN would be more variable in the band it is detected in, but inspecting the
same ratio measured in X-ray AGN (Figure 5.2) mitigates this issue, as detection by
X-ray emission is independent of IR variability. Resulting measured variability ratios in
these galaxies finds X-ray AGN to anti-correlate variability amplitude and wavelength,
in agreement with dual-band detected and J-band variable AGN.

To further examine why the AGN appear to have different amplitude ratio distributions
depending on the detection band, we investigated the rest-frame origin of measured
variability in Figure 5.3. Here we find evidence that variability in different wavebands
are generated in different ways, with J-band detections best fitting the accretion disk
fluctuation model presented in Meusinger et al. (2011), having no preference for the rest-
frame emission of the J-band flux as well as showing no evolution with redshift. Dual
band detected AGN have similar properties, but are noticeably offset from the model-
predicted ok/o; value, likely due to impact of K-band emission on the measurements.
K-band detected AGN however, show significantly different features, with a majority
of the galaxies originating at redshifts corresponding to rest-frame infrared emission
and ok/oy decreasing over cosmic time. These properties could be explained by dust

obscuration as well as an increased contamination from the host galaxy emission at low
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redshift. Dusty, higher redshift objects however would have their intrinsic emission
reddened beyond the K-band, as we would preferentially detect more luminous AGN
in such distant galaxies, reducing the relative host galaxy emission. Additionally, the
minority of K-band detected AGN at rest-frame optical redshifts are found to have
og/oy similar to the model-predicted 0.3, which would occur if such objects were truly
unobscured, AGN dominated systems. Again, bias in detection could also influence
these results, but inspecting how the variability amplitude ratio evolves with cosmic
time for X-ray detected galaxies in Figure 5.4 finds this sample to best follow the
dual-band detected sample, indicating that the offsets seen in these galaxies are due to

underlying properties within the systems.

We analyse the spectral energy distribution of the galaxies for signs that IR emission is
due to thermal reprocessing of bluer light in the K-band detected galaxies in Section
5.4. Here, we take the sub-samples of active galaxies detected as variable in the J
and K-band only, and mass-match them within 1 per cent of each other based on the
measured stellar mass (Figure 5.5). In addition, we introduce a further, mass-matched,
comparative sample of X-ray detected active galaxies, split by hardness ratio as a proxy
for dust obscuration. Comparisons of the SEDs of these galaxies finds different levels of
UV emission (Figure 5.6), with K-band detected active galaxies appearing redder in the
U - B colour compared to J-band detections (Figure 5.7). Analogous results are found
in the X-ray galaxies, which are an independent dataset due to their detection method
and therefore are not prone to the selection bias issues that may influence the variability
detected sample. X-ray hard active galaxies have a redder U - B distribution compared
to the X-ray soft galaxies. UVJ measurements also confirm these differences are not

due to different passive fractions within the sub-samples of galaxies (Figure 5.8).

In Section 5.6 we investigate the variability timescale to see if dust obscuration is a likely
explanation for the differing properties of the samples. We compare the year-scale vari-
ability amplitude to a modified month-scale variability amplitude, where semester/year
effects have been removed (Figure 5.9). From this comparison, we find the J-band vari-
able AGN tend to have larger variability amplitudes with significant variability being
seen on both short and long timescales, an effect that is expected if variability in these
objects arises from accretion disk fluctuations that propagate out through the system. In
the K-band however, variability amplitudes are generally much lower, with fluctuations
largely occurring on year-timescales. This behaviour supports the idea that K-band

variability is generated further out from the core of the AGN compared to variability
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seen in J-band variable AGN.

Finally, Connecting the variability timescales to observed properties of the SEDs in
Figure 5.10, an anti-correlation in amplitude and U - B colour is found in the K-band
sample, but no correlation between UV colour and amplitude is observed in the J-band
detections, with equivalent measurements from dual-band variable AGN following the
same trends. These results add further weight to a dust-reprocessing scenario for the
K-band variable AGN, where higher levels of dust contamination absorbs more UV

light, diluting variability amplitudes in the process.

Overall, we conclude that splitting active galaxies found using long-term, near-infrared
variability by the detection band finds active galaxies with systematically different
properties. We confirm that the correlation of variability amplitude and wavelength is
opposite for J-band detected and K-band detected AGN and we find K-band variable
active galaxies to be consistently fainter in the UV compared to galaxies variable in
the J-band. The observed properties of K-band detected active galaxies suggest the IR
spectrum is dominated by thermal emission from hot dust over other radiation processes.
These results extend the findings of Clavel et al. (1989): if the NIR spectrum of AGN can
be attributed to a combination of hot dust and blackbody emission processes, hot dust
reprocessing begins to dominate over accretion disk emission between the rest-frame J
and K-band.



Chapter 6

Nature vs nurture: The host galaxy
and environmental properties of active

galactic nuclei

6.1 Introduction

Throughout this thesis we have found that the properties of active galaxies are dependant
on the detection method (Chapter 4) and AGN have different properties depending
on the band they are significantly variable in (Chapter 5). What is not yet clear is
what underlying driving force causes these differences. As stated in Section 1.3.3,
observations of inactive galaxies have found many correlations between the properties
of galactic black holes and their host galaxy, implying that the evolution of the two are
linked. However, to be able to describe the evolution of active galaxies and how they
differ from those of normal galaxies, a complete understanding of both the AGN and

host galaxy must be obtained.

In trying to understand active galaxies, much work has been done into separating out
AGN and host galaxy emission in active galaxy observations. Detailed spectral fitting
has proven to be a successful approach, with the technique being able to successfully
determine the stellar properties (e.g. mass, age, star formation rate) in active galaxies
(Kauffmann et al. 2003; Aird et al. 2012; Hainline et al. 2012; Mountrichas et al. 2022;

76
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Georgantopoulos et al. 2023), calculate reliable AGN and dust-corrected magnitudes
for host galaxies (Bongiorno et al. 2012; Rosario et al. 2015) as well as providing
information on AGN luminosities and accretion rates (e.g Lopez et al., 2023). However
detailed spectral information is commonly needed for SED analysis to be effective and
this approach does not provide physical properties such as galaxy morphology or size,
which may be key to understanding the AGN process. Though detailed information on
galaxy properties can be gained from SED analysis, other approaches must be used to
determine morphological and environmental characteristics, especially if the goal is to
efficiently detect active galaxies in a survey or ascertain possible triggering mechanisms

for the phenomenon.

One of the defining characteristics of active galaxies is how they appear different com-
pared to regular (inactive) galaxies, due to the impact of AGN emission on observations.
As such, extensive research has been done to be able to understand the host galaxies of
active systems, as this can give insight into why differences are found in active galaxies
when they are grouped by detection mechanism. Previous research has determined host
galaxy properties by fitting multi-component models to science imaging. Inskip et al.
(2010), for example, used this method and found AGN hosts to predominantly be bulge-
dominated systems, with ~50% of the galaxies showing disturbed structures indicative
of mergers or interactions. Investigating an optically variable sample in Zhong et al.
(2022), no preference for host morphology was found in the active galaxies, but the
merger signature rate increased with SFR and AGN luminosity, implying the same gas
and dust fuels both phenomena. Griffith & Stern (2010) found AGN detected by different
methods have different host morphologies, with radio-loud AGN tending to be in early
type galaxies but X-ray bright and MIR selected AGN showing a slight preference for
disk type galaxies comparatively. Whilst these results give insight to the distribution
of active galaxy morphology as well as touch on differences within different types of
active galaxies, they do not contextualise these results in relation to how similar inactive

galaxies behave in the wider Universe.

Gabor et al. (2009) and Fan et al. (2014) completed similar work in fitting 2D models
to images of active galaxies, however these studies differ from those presented in Inskip
et al. (2010), Zhong et al. (2022) or Griffith & Stern (2010) as both studies include
a matched control group as a comparative sample. Here both authors report similar
results, finding no enhancement of merger signatures in active systems relative to the

controls, and conclude that major interactions are not a likely triggering mechanism
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for active galaxies. Likewise, Hewlett et al. (2017) finds that an overall comparison of
active and control galaxies finds both groups to have similar merger rates for a given
luminosity bin, however they do note that this is not consistent across cosmic time. The
high redshift, active sample appear ~4 times more likely to be in mergers compared to
control galaxies at similar redshifts, and this difference disappears once lower redshifts
are probed resulting in the conclusion that mergers are a noticeable but non-dominant
AGN fuelling mechanism. These results show that the possible conditions and fuelling
mechanisms that trigger AGN activity is far from confirmed, and whilst AGN hosts
themselves can have a range of morphologies, it is not known if this is an effect of AGN

feedback in the galaxies, or the environment the galaxies exist in.

Research into the environment of active galaxies has found mixed results however, with
many studies finding active galaxies to reside in overdense regions of the Universe
compared to general field galaxies (Kauffmann et al. 2004; Hutchings et al. 2009; Falder
et al. 2010), however studies of cluster environments reports a lower frequency of AGN
activity in cluster members compared to galaxies in the field (Gisler 1978; Dressler et al.
1985; Popesso & Biviano 2006; Pimbblet et al. 2013; Rodriguez et al. 2022) possibly
due to ram pressure stripping induced strangulation, gas being too hot to collapse or high
velocity dispersion meaning mergers are unlikely to occur. This is further complicated
by studies finding no link to the incidence of active galaxy emission and environment at
all (e.g. Miller et al., 2003), calling into question the extent that non-secular processes

have on the triggering of AGN.

Furthermore, it is not only where active galaxies reside that must be considered when
studying their environments but also the impact that AGN themselves have on their
surroundings. AGN emission theory postulates that the radiation from active galactic
nuclei could have profound effects on the local and global environment, with this
feedback potentially resulting in enhanced star formation (Rosario et al. 2013; Zhong
et al. 2022; Molina et al. 2023; Ferrara et al. 2023), the quenching of star formation
(Hopkins et al. 2006; Schawinski et al. 2007; Fabian 2012; Lammers et al. 2023), or by
having no impact on star formation rates at all (Aird et al. 2012; Bongiorno et al. 2012;
Hainline et al. 2012; Ramasawmy et al. 2019). These studies serve to illustrate how
little is confirmed about the interaction of AGN emission on the host galaxy and vice

versa, and under what conditions these interactions occur.

In this research, we investigate to what extent AGN emission impacts galaxy observations
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within a given wide field survey. We compare the environment and physical parameters
of X-ray bright and variability detected active galaxies to a set of control galaxies matched
in stellar mass, redshift and effective radius. We also compare the properties of active
galaxies selected by different techniques to each other to determine if the parameters
of active galaxies change depending on the selection method employed. Finally, we
present preliminary work comparing the host galaxy properties of X-ray detected AGN
to that of a matched set of inactive, control galaxies such that the properties of AGN

host galaxies can be studied.

6.2 Data and sample selection

In this research, we use both ground-based and space-based imaging of the Ultra Deep
Field. In addition to the ground based data the UDS provides (see Chapter 2 for full
details) we introduce the Cosmic Assembly Near-Infrared Deep Extragalactic Legacy
Survey (CANDELS) survey. This survey was obtained using the Hubble Space Telescope
and covers a smaller section of the wider, ground based UDS field with higher resolution

imaging.

6.2.1 UKIDSS UDS field

For ground-based, UDS imaging, the active galaxies consist of the 601 variability
detected AGN and 710 X-ray bright AGN found in Section 3.1. The variability detected
active galaxies are found using the method described in Elmer et al. (2020), where
significant variability in NIR light curves are identified based on a y? analysis. X-ray
bright active galaxies are selected based on matching the Chandra X-ray catalogue to
UDS DRI11 data.

We also select a set of inactive galaxies matched to the features of active galaxies to
function as a control sample. We first remove any active galaxy from the UDS DR11,
leaving 112,935 inactive galaxies to sample from. We then match these inactive galaxies
to the active galaxies based on stellar mass (M.,), effective radius R, and redshift z. For
a given active galaxy, an inactive galaxy must have a stellar mass within 5% (Mcomro!
+ 5%M4c"v), radius within 10% (RSP + 10%R%“""V¢) and redshift within 5% (1+z)
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(Zeontrol £ 5% (1+z4c04ive)) to that of the active galaxy to be selected as a control in this
study. Applying these limits finds 4,336 control galaxies for the variability detected
active galaxies and 4,614 control galaxies for the X-ray selected active galaxies. These
criteria were selected as it ensures control galaxies have broadly similar properties to
the active galaxies, whilst also allowing for a larger sample of controls compared to the
active population such that any overall trends identified are intrinsic properties of the

population and erroneous results due to noise are largely washed out.

6.2.2 CANDELS field

In addition to the ground-based UDS imaging, we have access to HST space-based
imaging of a section of the Ultra Deep Field. The Cosmic Assembly Near-Infrared
Deep Extragalactic Legacy Survey (CANDELS) survey consists of five fields:

The Great Observatories Origins Deep Survey (GOODS)-North field

The Great Observatories Origins Deep Survey (GOODS)-South field

» Cosmological Evolution Survey (COSMOS)

Extended Groth Strip (EGS)

The Ultra Deep Survey (UDS),

with a point source limiting magnitude of H = 27.7mag (AB). Here we make use of
the CANDELS UDS field, which covers a small area of the wider UKIDSS UDS field
via the Hubble Space Telescope’s Wide Field Camera 3 infrared channel (WFC3/IR)
and WFC3 ultraviolet/optical channel, as well as The Advanced Camera for Surveys
(ACS) (Grogin et al. 2011; Koekemoer et al. 2011). The CANDELS catalogue consists
of 35,932 extended sources, which is matched to the ‘best galaxies’ subset of the UDS

DR11 (Section 2.1) where we recover 18,014 sources for use in this study.

When using imaging from this more limited area, samples of AGN drop from 601 to
48 variability detected AGN and from 710 to 203 X-ray detected AGN. Again, controls
for this sample were determined by matching inactive galaxies to active galaxies on

stellar mass, radius and redshift; however we relax the selection criteria to: stellar
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mass within 10% (M7l + 10%M2<!1v¢), radius within 20% (RSO0 + 20% RAC1V¢)
and redshift within 20% (1+2) (Zcontror £ 20%(1+z4¢1ive)) to that of the active galaxy
to be selected as a control galaxy. This ensures a reasonable sample of comparison
galaxies given the smaller imaging area and results in 488 control galaxies matched to
the 48 variability detected active galaxies, and the control sample for the 203 X-ray

detected active galaxies contains 1,655 inactive galaxies.

6.3 Determining host galaxy parameters

In this research, we aim to investigate how AGN selected by different methods differ ob-
servationally from similar inactive galaxies. To do this we use magnitude measurements
and structural parameters for ground-based UKIDSS UDS imaging which was measured
in Almaini et al. (2017) using the GALAPAGOS (Barden et al., 2012) software. Details
of the same data being measured on CANDELS HST imaging can be found in Maltby
et al. (2018) and van der Wel et al. (2012), where Maltby et al. (2018) used isophotal
analysis through the IRAF task ellipse and van der Wel et al. (2012) used GALFIT.
All studies fit Sérsic profiles to data, with Almaini et al. (2017) using ground based IR
imaging taken in the K-band, Maltby et al. (2018) using V, I, J and H-band imaging
and van der Wel et al. (2012) using J and H-band infrared imaging.

To be able to separate out AGN and host galaxy light in active galaxies such that
host parameters can be determined, we use GALFITM (HéuBler et al., 2013), which
is a variant of the 2D fitting algorithm GALFIT (Peng et al. 2002; Peng et al. 2010)
developed as part of the Measuring Galaxy Morphology (MEGAMORPH) project.
GALFIT calculates a best-fit model to the surface brightness of a given galaxy by
minimising the y? of the fit, and GALFITM extends this functionality, allowing for the
fitting of multiple science images in different wavebands simultaneously. Here we fit a
Sérsic (Sersic, 1968) + Point Source models to HST ACS and WFC3 images in the V,
I, J and H-bands. Empirical PSFs are used, with a full explanation of how they were
constructed being found in Maltby et al. (2018). To summarise this process however,
~150 stars in the CANDELS-UDS region were isolated and 4x4arcsecond® postage
stamps of these stars were cut from the science images of the field. These images were
normalised in flux and then stacked to obtain the median flux value at each position.
This process is repeated for all four of the WFC3 and ACS bands, with a final PSF being
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constructed for each corresponding filter.

Sérsic models are then convolved with the corresponding PSF image and compared to
each original surface brightness distribution of the science image. Parameters from the

2D Sérsic profile include:

Effective radius in image pixels along the semi-major axis (R,)

Sérsic index (n)

AXxis ratio (semi-minor axis/semi-major axis; b/a)

Position angle

Apparent Magnitude

X, Y position of centre.

The point source is modelled using the PSF image and its only parameter is apparent
magnitude. Both a combined Sérsic + point source and singular Sérsic model are fit to
all galaxies within this study; we explore how the inclusion of a point source component
in the fitting affects the measured results of active and inactive galaxies in the following

sections.

6.4 Calculating environmental density

In this section we use environmental measurements for the UDS which were determined
by Dr. D. Maltby (Almaini et al., in prep.). We also explore the wider environment
of the galaxies in our sample to uncover if active galaxies reside in systematically
different environments compared to inactive galaxies. As a measure of environment,
aperture number densities for galaxies within the full UDS are calculated using the
technique described in Lani et al. 2013. For each galaxy, a cylindrical volume was
constructed based on a 250kpc radius and a £0.5Gyr "depth", which is characteristic
of the typical errors in photometric redshift. A 250kpc radius was used in determining
the environmental density as this distance reflects the inner region of a galaxy group.

Volumes on larger scales (e.g. 0.5Mpc) have been calculated and values highly correlate
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Figure 6.1: Average aperture number density (0,5() vs look back time for X-ray detected
active galaxies (left) and variability detected active galaxies (right). X-ray bright active
galaxies are denoted by blue crosses, variability detected active galaxies are shown
as red points and corresponding matched control galaxies are shown as black points.
Galaxies are averaged in bins of 1Gyr, with error bars in grey representing the standard
error on the mean. Look back times are calculated based on the measured redshift and
the cosmology quoted in the Introduction (Chapter 1) and corresponding redshifts are
shown on the top x-axis of the plot. P-values are from a binominal test between active
galaxies and corresponding control galaxies.

with those found on smaller scales. Within this volume, the number of neighbouring
galaxies with apparent K-band magnitudes below K =25 (AB) were counted; this value
was then normalised according to the expectation assuming a uniform distribution of
galaxies, taking into account masking and the edges of the field, to give the value of
relative density. This density, p»50, is the environmental density measure we make use
of in this analysis, with values greater than one indicating an over-dense region and

values less than one indicating an under-dense region.

6.5 Results

6.5.1 Environment

To investigate if and how observations of active galaxies differ from inactive galaxies, we
first examine the large scale properties by studying the environment the galaxies reside
in. Using the full ground-based UDS sample, in Figure 6.1 we plot the aperture number

density vs look back time for the X-ray bright and variability-detected active galaxies and
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corresponding matched control galaxies. Inspecting this figure, we find both X-ray bright
and variability detected active galaxies are found in different environments compared to
their matched control galaxies. In the X-ray sample, active and control galaxies follow
similar distributions across cosmic time, but active galaxies are consistently found in
denser environments compared to the control galaxies for all epochs studied. This result
is in agreement with previous work studying the environments of X-ray bright active
galaxies, which found AGN to reside in overdense environments (e.g. Bradshaw et al.,
2011). Active and control galaxies in the variability detected sample however show
no obvious similarities in the evolution of their environment. Instead, the variability
detected sample seems to show no obvious connection to their environment across
cosmic time, whereas the matched control sample shows an evolution akin to the X-
ray detected sample, with the average environmental density increasing until ~5Gyrs
and then decreasing beyond this value. A binomial test between active galaxies and
corresponding control galaxies supports these findings, with the denser environments
observed in the X-ray bright active galaxies being statistically significant whereas we
accept the null hypothesis that AGN activity is not linked to environment in the case of

the variability detected sample.

6.5.2 Infrared and optical colour comparisons

Having studied the wider environments of active galaxies, we next inspect the features
of the galaxies themselves. One interesting property to study is if AGN emission has
a significant impact on the observed colours of active galaxies. Again, investigating
the ground-based UDS field by using apparent magnitude measurements of the active
galaxies as a whole, we plot the optical V - I and infrared J - H colour as a function of
cosmic time in Figure 6.2. Here we find that both X-ray bright and variability-detected
active galaxies appear to have similar colours compared to control galaxies, with this
holding for all epochs studied. However, comparing the X-ray and variability detected
groups to each other does find noticeable differences. In the optical (V - I) colour, we
probe the 4000A break at0.5 < z < 1, and in the infrared (J - H) the 4000A break occurs
at 2 < z < 3. In both colours, the X-ray samples appear redder than the variability
detected samples, and one explanation for this could be due to the X-ray bright sample
preferentially selecting AGN in massive galaxies (e.g. Figure 4.2), which tend to have
higher passive fractions (Baldry et al. 2006; Cassata et al. 2007; Krishnan et al. 2020).
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Figure 6.2: Optical V - I (top) and infrared J - H (bottom) colour vs look back time
for active galaxies and their matched control galaxies. The left column shows X-ray
detected AGN as blue crosses and the right column shows variability detected active
galaxies as red points. In both groups corresponding control galaxies are black points.
Galaxies in these samples are drawn from the full, ground-based UDS field and measured
magnitudes are apparent magnitudes. Galaxy colours are averaged in bins of 2Gyrs with
error bars being the standard error on the mean. Look back times are calculated based
on the redshift, and corresponding redshifts are shown on the top x-axis of the plots.

To test if the observed colour differences between X-ray bright and variability detected
active galaxies can be explained by the samples probing different stellar mass ranges (see
Figure 4.3), we take the galaxies, split them into bins based on their look-back time and
then mass match the corresponding binned populations within 1% of each other. Using
the resulting mass matched subsamples, we investigate how the colours change over
cosmic time in Figure 6.3. Inspecting this figure, we find that for a similar mass range,
X-ray bright active galaxies are consistently redder in colour compared to variability
detected active galaxies across a majority of the redshift range probed in this work.
We also find colour measurements of X-ray bright active galaxies become significantly

redder at the 4000A break whereas no significant change in colour is observed during
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Figure 6.3: Optical V - I (left) and infrared J - H (right) colour vs look back time
for active galaxies. X-ray detected AGN are denoted by blue crosses and variability
detected active galaxies are red points. Samples are matched in stellar mass, within 1%
of each other. Galaxies in these samples are drawn from the full, ground-based UDS
field and measured magnitudes are apparent magnitudes. Galaxy colours are averaged
in bins of 2Gyrs with error bars being the standard error on the mean. Look back times
are calculated based on the redshift, and corresponding redshifts are shown on the top
x-axis of the plots.

these cosmic times for variability detected active galaxies. These results find that
the difference in colour between X-ray and variability detected active galaxies cannot
be explained by the known galaxy colour-mass relation. Instead, results suggest that
variability detected AGN are a stochastic process that can be found in a wide range of
galaxies whereas X-ray AGN may be more likely reside in galaxies with an evolved

stellar population.

To see if active galaxies as a global population have comparable colours to inactive
galaxies, we further investigate the colour evolution of the samples by splitting the
galaxies into subgroups. X-ray detected galaxies are measured in the full band (0.5-
10keV) and are split based on hardness ratio into X-ray soft (HR<0) and X-ray hard
(HR>0) galaxies, and variability detected galaxies are split based on J and K-band
variability. Plotting the optical and infrared colours of these galaxies against look back
time in Figure 6.4, differences appear in the samples, with the colours of the subgroups
being consistently offset from each other. X-ray hard galaxies are consistently redder
than X-ray soft galaxies except in the lowest redshift bin, and K-band variable galaxies
appear redder in both optical and infrared colours compared to their J-band variable
counterparts. Inspecting the 4000A break at 0.5 < z < 1in the optical and at2 < z < 3

in the infrared, we note that the magnitude of the colour difference between X-ray hard
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Figure 6.4: Optical (V - I, top) and infrared (J - H, bottom) colour vs look back time
for active galaxies and their matched control galaxies. Galaxies in these samples are
drawn from the full, ground-based UDS field and measured magnitudes are apparent
magnitudes. X-ray bright samples are shown as crosses and are split based on hardness
ratio, with X-ray soft (HR<0) in blue and X-ray hard (HR>0) in red. Significantly
variable galaxies are denoted by coloured points, with any active galaxy variable in
the J-band in blue and any active galaxy variable in the K-band in red. In both
samples control galaxies are matched to the overall active populations and are denoted
as black points. Galaxy colours are averaged in bins of 2Gyrs with error bars being the
standard error on the mean. Look back times are calculated based on the redshift, and
corresponding redshifts are shown on the top x-axis of the plots.

and X-ray soft galaxies increases compared to measurements at other redshifts; which
would occur if X-ray hard galaxies do preferentially probe more evolved stellar systems.
Colour differences between J and K-band variable AGN remain largely consistent
throughout cosmic time, which provides further evidence in support of K-band variable

AGN residing in dusty galaxies, as explored in Chapter 5.

Having studied the wider environment and average properties of active galaxies across

cosmic time, we next inspect the individual properties of the active galaxies by comparing
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the colour evolution for a given galaxy morphological type. In Figure 6.5, we again
plot the optical (V - I) and infrared (J - H) colour vs look back time, however we split
the sample into disk-types and spheroids based on the Sérsic index n as a measure of
morphology. First, examining the disk-type galaxies, we find that X-ray bright active
galaxies appear slightly redder in both optical and IR colours compared to matched
control galaxies across cosmic time, whereas variability detected active galaxies have
similar infrared and optical colours compared to control galaxies across the redshift
range probed in this study. Considering the spheroidal sample finds more pronounced
differences; both X-ray bright and variability detected active galaxies show redder
optical colours compared to control galaxies at lower look back times, but as look
back times increase active galaxies appear bluer compared to control galaxies, opposite
to what is observed in the more local Universe. In contrast to the similar colour
distributions between spheroidal X-ray and variability detected AGN in the optical, X-
ray and variability detected active galaxies show different infrared colour evolutions.
Spheroidal X-ray bright active galaxies and their matched control galaxies have largely
similar infrared colours across cosmic time, but spheroidal variability detected active
galaxies show no obvious correlation with infrared colour compared to their control

galaxies at a given epoch.

Following the differences found when investigating how the colours of active galaxies,
split by morphological type, change over cosmic time, we create further subgroups
for analysis by categorising the galaxies by X-ray hardness ratio and variability band.
This separation is shown in Figure 6.6 where, for a given morphological type at a given
redshift bin, a vast majority of X-ray hard galaxies are redder in both optical and infrared
colour than X-ray soft galaxies, and K-band variable galaxies are redder in optical and
infrared colours than J-band variable galaxies. We also find that the magnitude of the
colour difference between X-ray subgroups increases at the 4000A break, whereas colour
differences are generally consistent when comparing variable subgroups, in agreement

with the observations in Figure 6.4.

6.5.3 Two component Sérsic + point source fits

In Section 6.5.2, we studied the conditions and extent by which observations of active

galaxies differ to those of inactive galaxies. However, to be able to gather accurate prop-
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erties of the galaxies AGN existin, AGN and host galaxy emission must be separated out.
To remove AGN contamination on host galaxy emission, we perform a two component
fit to active galaxy imaging, where a point source component is included to account for
AGN radiation and a standard Sérsic profile is used to calculate host parameters. For
each band, magnitudes in Sérsic profiles are fit to a cubic function with wavelength. For
PSF profiles, magnitude values are required to be linear with wavelength to reflect the

observed flat SED common to active galaxies.

To measure the host galaxy parameters, we use CANDELS-UDS optical and infrared
imaging (Section 6.2.2) of a subsection of the wider UKIDSS UDS field. To determine
the effectiveness of this approach, we examine how the X-ray luminosity compares to
the infrared luminosity in Figure 6.7. According to AGN emission theory, a majority of
the X-rays originate from the AGN in a given active galaxy. The SED of active galaxies
is also largely flat between X-ray and infrared emission, and as such one would expect
approximately equal IR luminosities and X-ray luminosities. Examining Figure 6.7, we
find that a two component fit is required to accurately model the emission from active
galaxies. A single Sérsic fit proves to be insufficient, and this is most apparent in galaxies
where the AGN counts for <25% of the total emission. In such galaxies, modelling
the combined AGN and host galaxy emission via a single Sérsic profile results in an
overestimation of the AGN radiation, however including a PSF component as a model
for point-source AGN emission allows for the AGN emission to be separated out and
credibly fitted in the analysis, causing measured luminosities to drop to more sensible
values. Using a two component Sérsic + PSF fit to the active galaxies also allows for
the fraction that the host galaxy and AGN contribute to the overall observed flux to be
determined. This information, in principle, would give further insight into the results
presented in Chapters 4 and 5, where AGN variability amplitude measurements are
fractional with respect to the total amount of observed variability. Here we find that the
brighter the galaxy, the more the AGN emission dominates in the total emission of the
galaxy, implying that at lower luminosities, intrinsic values of AGN variability may be
much higher than the fractional values presented in this work, and at higher luminosities

stellar mass measurements may be affected.
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Figure 6.8: Observed frame optical V - I (left) and infrared J - H (right) colour vs
look back time for the X-ray detected active galaxies and matched control galaxies in
the CANDELS-UDS imaging region. X-ray bright active galaxies are denoted by blue
crosses and corresponding matched control galaxies are shown as black points. Galaxies
are averaged in bins of 2Gyrs with error bars being the standard error on the mean. Look
back times are calculated based on the redshift, and corresponding redshifts are shown
on the top x-axis of the plots. Magnitudes are apparent magnitudes and are drawn
from the Sérsic component in a combined two component Sérsic + PSF fit to the active
galaxies.

6.5.4 Host galaxy comparisons

We found evidence that AGN emission can be separated out from host galaxy light in
active galaxies (Section 6.5.3). Using the output of the two component fitting to active
galaxies, we compare the optical and infrared colours of the AGN host galaxies to a
matched control set of inactive galaxies over cosmic time (Figure 6.8). Examining how
the host colours change over cosmic time, we find the optical colour of X-ray AGN
host galaxies are significantly redder than that of the control galaxies at a given epoch.
Comparisons of the infrared colour however does not find significant differences in the
overall colour of active and control galaxies. This result is in contrast to the similar
measure made in Figure 6.2, where a singular Sérsic model was fit to the data and found

that active galaxies as a whole had similar colours compared to matched controls.

In Figure 6.9 we examine the host colours as a function of morphology. Inspecting the
disk-type galaxies, we note that the host galaxies of X-ray bright AGN appear redder
in both optical and infrared colours compared to control galaxies. However, when
examining the spheroidal population, we find mixed results. Comparison of optical

colours finds no consistent trends between X-ray AGN hosts and controls, but infrared
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Figure 6.9: Observed frame optical (V - I) and infrared (J - H) colour vs look back time
for X-ray bright active galaxies and matched control galaxies. Galaxies are split based
on their Sérsic index (n) as a morphology measure, with disk type galaxies (n<2.5) in
the first column and spheroidal galaxies (n>2.5) in the second column. X-ray detected
AGN are shown as blue crosses and corresponding control galaxies are black points.
Galaxy colours are averaged in bins of 2Gyrs with error bars being the standard error
on the mean. Galaxies in these samples are drawn from the space-based CANDELS
field. For active galaxies, measured magnitudes are apparent magnitudes of the point-
source subtracted AGN host galaxy and the multi-band, two component fits are used to
derived Sérsic indices where values are constant over wavelength. For control galaxies,
measured magnitudes are apparent magnitudes from a single Sérsic profile to space
based imaging and Sérsic indices are from the same model where values are constant
over wavelength.

colour comparisons are opposite to those observed in the disk-type population, with
spheroidal host galaxies showing bluer colours compared to control galaxies across
cosmic time. Finally, we note that the colours observed in the AGN host galaxies are
significantly different compared to measures of the overall active galaxy system (Figure

6.5) where differences between active and control galaxy colours are less distinct.
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6.6 Conclusions

In this research we investigate how observations of active galaxies differ from those of
inactive galaxies and whether these differences are associated with the AGN environment
or host galaxy. We first match active galaxies to inactive galaxies on stellar mass, radius
and redshift to form a control group, and by taking the same measurements on active
and control galaxies we find a mix of differences in both active galaxy environment and

host properties, some of which may be dependent on the AGN detection method.

We first find that AGN exist in different environments when splitting active galaxies
by detection method (Figure 6.1). X-ray bright active galaxies are preferentially found
in denser environments compared to matched inactive galaxies, but otherwise show a
similar evolution of environment over cosmic time. Inspecting this same property for
variability detected active galaxies however, finds they have a different cosmic evolution
with environment compared to matched control galaxies. Here the environmental density
of the active galaxies does not show any obvious trends over look back time, but the
variability detected matched control galaxies show a similar evolution as the X-ray
group. These results suggest that the triggering of X-ray bright AGN may be linked to
the wider environment of the active galaxies, but the incidence of variability detected

galaxies seem to be stochastic in nature.

In order to assess how the properties of active galaxies differ to those of inactive
galaxies, we took a comparison of the optical and infrared colour evolution of the active
and control groups (Figure 6.2). No significant differences between optical or infrared
colours of either active group or their control galaxies were found, however we do note
that at the 4000A break (0.5 < z < 1 and 2 < z < 3 in the optical and infrared colours
respectively) we find the X-ray bright sample appears redder than the variability detected
sample, and this result remains true when inspecting colours of galaxy subgroups based
on hardness ratio and variability band (Figure 6.4). Colour differences remain when
comparing mass matched subsamples of active galaxies in Figure 6.3, suggesting that
X-ray bright active galaxies are more likely to reside in galaxies with evolved stellar

populations compared to the stochastic nature of the variability detected sample.

Further analysis shows that the colour evolution of active galaxies changes depending
on morphological type (Figure 6.5). Disk-type X-ray bright AGN, for example, appear

slightly redder in both colours studied compared to control galaxies, but no consis-
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tent differences are observed between variability detected galaxies and corresponding
controls. For the spheroidal sample, the optical colour of both X-ray and variability
detected AGN are found to be bluer than matched control galaxies where comparisons
in the infrared show no consistent differences. Splitting this same comparison into the
subgroups (Figure 6.6) finds a clear distinction that X-ray soft and J-band variables are
consistently bluer than X-ray hard and K-band variable galaxies. The magnitude of this
difference increases at the 4000A break in the X-ray sample, but remains consistent in

the variability detected sample for all colour combinations studied.

Finally, we present preliminary research into the host properties of X-ray detected AGN.
This work was restricted to the X-ray sample, as the number of variability detected active
galaxies that had the high resolution imaging required for this technique to work was too
small for robust conclusions to be drawn. To inspect the host properties of active galaxies,
a combined two component, Sérsic + point source profile of the galaxies was taken such
that host emission could be separated from the AGN. This two component analysis
was largely successful on X-ray bright active galaxies (Figure 6.7), where comparisons
of the infrared and X-ray luminosity improve significantly, becoming well correlated
with the addition of a PSF component when fitting. Interestingly, host properties
were found to differ significantly from controls galaxies, with mean optical colours
appearing redder than controls at a given epoch. Further differences are found when
splitting galaxies based on morphology, with disk-type host galaxies appearing redder
than matched controls in both the optical and IR colour but spheroidal hosts showing
no correlation with controls in the optical, but appearing bluer than controls in the IR.
These results illustrate the need for AGN-host galaxy decomposition in determining

accurate properties for AGN host galaxies.



Chapter 7

Conclusions and Future Work

Variability is a key feature of AGN activity, being one of the most convincing pieces of
evidence in favour of the black hole accretion model of AGN fuelling. Taking advantage
of this property of AGN emission, flux variations in many wavelengths have been used
to study different parts of the AGN system. However, the timescale these variations take
place on is known to increase with wavelength, leaving variability in longer wavelengths
less well studied due to the time cost required for observations to occur. However, the
UKIDSS UDS solves this issue as it provides 8 years of deep NIR imaging of the night
sky. The work presented in this thesis shows that active galaxies selected through long-
term NIR monitoring are a different population with different properties compared to
active galaxies selected based on X-ray emission, which is more commonly used in the
literature. We also find that AGN with different properties are systematically selected
depending on the NIR band used to select variable AGN, and finally we explored the

environment and host galaxies of the AGN.

7.1 Conclusions

In Chapter 4, we compared the properties of AGN selected by long-term NIR variability
to X-ray bright AGN. Inspecting the luminosity functions of the active galaxies finds
both variable and X-ray groups to have an increase in the fraction of active galaxies

with increasing luminosity for all redshifts probed. However, the two techniques do
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appear to select different populations of active galaxies, with only a 37 per cent overlap
in active galaxies selected for the same imaging area of sky. Mass functions show
that NIR variability is able to detect AGN in galaxies with a wider range of stellar
masses compared to X-ray emission; NIR variable AGN comprises ~1% of galaxies
at any stellar mass probed, whereas the fraction of X-ray bright AGN increases with
galaxy stellar mass. One plausible explanation for these differences could be that NIR
variability detects a different mode of AGN activity that is intrinsically X-ray quiet.
Another explanation is the extinction of X-ray emission if lower mass host galaxies are
more likely to be obscured, causing NIR variability to be a more effective detection
method in such cases. Clearly, these results illustrate the need for multiple detection

methods to be used for complete samples of AGN to be detected for systematic study.

Chapter 5 focuses on how the properties of NIR variable active galaxies depend on the
waveband used to detect them. Investigating the origin of variability in the variable
AGN finds a majority of K-band variable AGN are mainly found at lower redshifts
where observations would correspond to rest-frame infrared emission, whereas J-band
variables show no obvious preference for the rest-frame of emission. Model compar-
isons as well as inspecting X-ray bright AGN, which provide a sample of AGN found
independent of their variability, suggest these differences are not due to biases in the
selection method employed. Spectral energy distribution analysis finds K-band vari-
able AGN to be systematically more UV absorbed than J-band variable AGN, with a
similar feature found when comparing X-ray hard to X-ray soft systems as a measure
of more and less obscured AGN respectively. UVJ measurements also confirm the
observed colour differences cannot be attributed to different passive fractions in galaxy
populations. Finally, variability timescales were calculated, with K-band detected AGN
generally found to vary on longer timescales compared to J-band AGN. The results
found in this chapter suggest that the IR spectrum of K-band variable AGN is dominated
by thermal emission from heated dust, whereas the J-band variability originates from
fluctuations in the accretion disk. Physically, this explanation implies K-band variable
AGN could be hosted in dustier systems than J-band variable AGN, as higher levels
of obscuration would absorb UV emission, dilute variability and reprocess light further

into the IR increasing variability timescales, as observed.

The work in Chapter 6 investigates the environment and host galaxies of AGN as well
as observational differences between AGN when split by detection method. We find

X-ray and variability detected active galaxies to be found in different environments, both
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with respect to each other and when compared to corresponding sets of control galaxies
matched in stellar mass, redshift and effective radius. X-ray bright active galaxies are
found in denser environments compared to controls, whereas variability detected active
galaxies show no obvious dependence on environment. Inspecting the optical V - I and
infrared J - H colours as a function of redshift and morphology finds X-ray bright active
galaxies to have largely similar evolutions as matched control galaxies, whereas the
variability detected samples show no strong similarities as matched controls. However,
comparing X-ray and variability detected samples to each other finds the X-ray sample
to be redder than the variable sample at the 4000A break. One possible explanation for
the colour difference could be the higher passive fraction that is common to high mass
galaxy samples, which X-ray emission probes. From these results we conclude that
the triggering of variability detected active galaxies appears to be stochastic in nature,
whereas X-ray bright active galaxies are found in overdense environments but otherwise

have properties typical of galaxies at a similar stellar mass, radius and redshift.

Inspecting X-ray and infrared AGN luminosities in X-ray bright active galaxies show
that a two component Sérsic and point source fit is able to effectively separate out
AGN and host galaxy emission. Using the data from the two component modelling
of active galaxies, we find the hosts of X-ray bright AGN to be redder than matched
control galaxies in the optical (V - I) colour, but have similar infrared (J - H) colours
compared to control galaxies over cosmic time. We also find the colour evolution of the
AGN hosts to be dependent on morphology, with disk-type hosts remaining redder than
controls in both optical and infrared colours, while spheroidal hosts having no consistent
trend in the optical colour but appearing very blue compared to control galaxies in the
infrared colour. Overall we conclude that different detection methods preferentially find
active galaxies in different environments and with broader observational characteristics.
Currently, we cannot confirm if environment influences the triggering of AGN activity
in a given galaxy or if specific types of galaxies are more likely to host AGN. The impact
of AGN feedback on its host galaxy in is also a large area of interest in the study of active
galactic nuclei, and the preliminary work completed into the host galaxy properties of
X-ray bright AGN shows that AGN - host decomposition is an effective approach in

determining intrinsic active galaxy parameters.
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7.2 Future work

An area of interest that warrants further investigation is the host galaxies of active galactic
nuclei. The work presented in this thesis investigated the observational differences seen
between active galaxies, control galaxies and active galaxies selected by different means,
but was limited by the imaging available from HST. With the launch of JWST, a larger
galaxy sample which extends to higher redshifts is now available. Deeper imaging allows
for rest-frame optical parameters to be studied at even greater distances; additionally,
with more data the hosts of infrared variable AGN can be investigated in a statistical
manner opening up options for comparisons with detection band as well as allowing for
the study of how variability amplitude correlates with observational properties in the
sample. A larger galaxy sample will also allow for the environments of active galaxies
to be studied in finer detail and finally, a wealth of spectral analysis will be available

with the deeper mid-to-far infrared imaging JWST provides.

Another area worthy of further investigation is the study of active galaxies found through
near-infrared variability. This thesis proves that the active galaxies found using this new
technique are a different population of active galaxies and are systematically missed by
other, more common selection techniques in the literature. The opportunity to increase
the sample completeness of active galaxies in the Universe is achievable with the advent

of new, deep near-infrared surveys such as Euclid.
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