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Abstract

Large-scale surveys of the Active Galactic Nuclei (AGN) population performed over
the past few decades have highlighted the existence of strong correlations between
the central supermassive black hole and their host galaxy. Whilst such samples are
incredibly useful, they tend to be incomplete. This skews our understanding of the
AGN population as samples consist of largely brighter, more actively accreting ob-

jects.

In this thesis, I combined SDSS galaxy samples with XMM-Newton serendipitous
sources to measure the incidence of AGN as a function of galaxy properties in the
nearby (z < 0.35) Universe, carefully accounting for the incompleteness of the X-
ray imaging. Regardless of how the galaxy population were split, the probability
of hosting an AGN was well described by a power law and highlighted significant

amounts of activity at low X-ray luminosities and accretion rates.

I identified 61 AGN in dwarf galaxies, of which 40 have not been previously identi-
fied. The probability of hosting an AGN in this regime was unaffected by either the
stellar mass or redshift of the host galaxy. Then I studied the wider local galaxy pop-
ulation. As with dwarf galaxies, the probability of hosting an AGN is not affected
by stellar mass but it does increases with redshift. When comparing my results to
higher redshift measurements, I identified a stellar-mass-dependent distribution of
black hole growth rates. Finally, I investigated the effect of star-forming activity.
I found that the probability of a galaxy hosting an AGN increases with the star

formation rate.

Throughout, I also compared the effectiveness of AGN selection at X-ray and op-
tical wavelengths. 1 found that the BPT diagnostic is not as effective as X-ray
selection. The optical diagnostic incorrectly classified a significant proportion of the
X-ray selected AGN sample as star-forming, and was unable to identify weak AGN

emission.
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Chapter 1
Introduction

Active galactic nuclei (AGN) have been studied for over a century. In that time
the field has grown from a handful of emission line and radio jet observations to the
understanding that every galaxy, at some point in its life, will host AGN activity.
These advances in our knowledge have been made through careful observation and
classification of the AGN population. Despite these advances, however, there are
still many critical questions left unanswered. This thesis is focused on trying to
understand the relationship between the growth of galaxies and the AGN activity
they host. This activity is driven by the accretion of gas and dust onto a super-
massive black hole (SMBH) that resides at the galaxy centre, causing the SMBH to
grow. Some models argue that the growth of the galaxy through processes like star
formation could provide the appropriate conditions for fuelling concurrent SMBH
growth. On the other hand, higher mass galaxies have greater quantities of gas
and dust, so this could increase the chances of accretion onto the SMBH. Crucially,
the precise origin of this material, and what increases its chances of accretion are
unclear. By adopting and adapting a novel completeness-corrected identification
method discussed later in this chapter, I aim to perform my own careful observa-
tions of AGN in the local (z < 0.35) Universe and uncover the galactic conditions
under which AGN activity is most prevalent. In this chapter I provide an account
of some of the key studies and theory required to put the results of my observations

mto context.

1.1 The First Black Holes

From small perturbations in the initial conditions of the Universe, structures be-

gan to form, this is generally referred to as the ACDM model (White and Rees

1978). Dark matter coalesced into halos which then gravitationally attracted bary-

onic gas clouds. These halos then merged together to form proto-galaxies. Black

holes also formed rapidly in the early Universe. Observational evidence suggests
1
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that at around z ~ 7 there were already quasars of log;, Mpy/Mg =9 - 10 (Banados
et al. [2018; Mortlock et al. 2011)). There are several types of possible formation
mechanisms that could grow black holes to such high masses so quickly: formation
from Population III stars or the direct collapse of proto-galactic gas clouds. These

mechanisms are summarised in figure [L.1]

Black hole formation from stellar collapse is possible at all redshifts but Population
I1T stars, the first stellar generation, can only be created in the low metallicity gas
of the early Universe. They are thought to be composed from exclusively H & He
(Ostriker and Gnedin [1996)) and have masses around 100 - 1000 My (Nakamura and
Umemura 2001). Thus, their collapse would create a larger black hole seed than if
formed from a later generation star (Madau and Rees |2001). However, figure
shows that to reach the observed masses in this short period, these Population III
seeds would have to undergo a series of above-Eddington accretion episodes (Madau
et al.|2014)). Such high rates of accretion could be avoided if the Population III stars
were part of a cluster. In this scenario, the resultant seeds would merge to form

more massive black holes (Miller and Davies 2012)).

Black holes are also thought to form from the direct collapse of a proto-galactic gas
cloud. Low metallicity gas is believed to cool inefficiently, so instead of fragmenting
and forming stars, the material collapses into a higher mass black hole seed (Begel-
man et al. 2006). Crucially, however the low angular momentum gas required for
this method of formation only existed in sufficient quantities in the early Universe.
As the Universe evolved and disk-like structures began to form, the gas within would
gain angular momentum and become less likely to collapse and form a black hole.

For a more detailed discussion of these formation mechanisms, see Latif and Ferrara

(2016).

To determine which formation mechanism dominated in the early Universe, we can
look for their observational consequences in the present day dwarf galaxy popula-
tion. Dwarf galaxies are well suited to this task because, unlike their higher mass
counterparts, they have experienced a much calmer merger history (Reines and Co-
mastri 2016, making the observational signatures clearer in this mass regime (e.g.
Bellovary et al. 2011). For example, Volonteri et al. (2008)) shows that at higher
velocity dispersions, and thus stellar masses, the fraction of galaxies hosting black
holes is the same regardless of formation mechanism. These high mass structures
grew via numerous merging and accretion episodes which would remove any direct
observational correlation between the black hole and how it formed. However, some

early galaxies will have evolved without being merged into a larger counterpart.

2
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Figure 1.1: Tllustration of the relative amounts of growth required by each proposed
black hole formation mechanism to form 109 - 10'® My quasars at z ~ 6 — 7. Source:
Smith and Bromm (2019)

Thus, present day low mass galaxies will retain some signature of the mechanism by
which its black hole was formed. By calculating the black hole occupation fraction
in this low mass regime, we can constrain the dominant formation mechanism. Since
formation by direct collapse requires low angular momentum gas, the redshift regime
within which it could dominate would be limited. If this were the dominant seeding
mechanism then the fraction of dwarf galaxies hosting black holes is expected to
be much lower than if the Population III stellar seeding mechanism was dominant
(Greene 2012). For a more in-depth review of the observational evidence for black

hole seeds in dwarf galaxies, see Reines and Comastri (2016).

1.2 AGN Structure

Identifying black holes in the early Universe, low mass galaxies or any other environ-
ment is difficult as, by definition, black holes cannot be directly observed. Instead
we have to infer their existence from AGN emission or the black hole’s effect on the
host galaxy. To understand the origin of this emission we must first consider the
structure of an AGN.
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Figure 1.2: The unified model of an AGN (Urry and Padovani [1995) with the
expected AGN classification highlighted at the appropriate viewing angle. Source:

Beckmann and Shrader

In figure we can see an illustration of the 'unified model’ (Urry and Padovani
for an AGN. The model aims to unify the full range of AGN observations into
a single structure. It argues that the full range of AGN activity can be explained by
the presence or absence of radio activity, and the observer’s viewing angle. In this
scheme, AGN are classified as type-1 if the central region is within the observer’s

line-of-sight. Otherwise, it is classified as type-2.

1.2.1 Central SMBH

At the centre of this structure lies the SMBH whose gravitational potential en-
ergy is the primary driver of AGN emission. Material is accreted onto the SMBH,
transforming the gravitational potential energy into electromagnetic energy. This
process, and the resulting mechanisms, produces a unique spectral energy distribu-
tion (SED), shown in figure [1.3] Soltan (1982) outlined the relation between AGN

4
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luminosity, L, and the mass accretion rate, m,
L =vmc? (1.1)

where v is the accretion efficiency and c is the speed of light. By fitting a radiatively-
efficient accretion disk model to optical quasar observations, Davis and Laor (2011))
suggest that SMBH rotation has a strong effect on the conversion efficiency. They
find non-rotating SMBHs have ~ 6% conversion efficiency, whereas for maximally
rotating SMBHs this rises to ~ 29%.

The resultant electromagnetic emission exerts a radiation pressure on the incoming

material. Accretion onto the SMBH can continue as long as the gravitational force

is greater than outward force due to radiation pressure. The maximum luminosity

at which accretion can occur is the Eddington luminosity, Lgg4s, and is given by,
L = ZGMmpe o 1055 (ML) erg 51 (1.2)

or Mo
where GG, m,, and op are the gravitational constant, the proton mass and the Thomp-
son cross section respectively. This limit assumes a spherically symmetric accretion

of a fully ionised gas.

1.2.2 Accretion Disk

One of the main factors preventing accretion onto the SMBH is the gas’ angular
momentum. To conserve this quantity, the incoming gas orbits the SMBH forming
an accretion disk. Gas in the accretion disk can lose angular momentum through
viscous or turbulent processes. As this occurs, the gas moves inwards, angular mo-

mentum moves outwards and the temperature of the disk increases.

Emission from a typical optically thick, geometrically thin accretion disk (Shakura
and Sunyaev 1973), is described by a black body spectrum. This is thermal emission
that arises from a perfect emitter and depends only on the temperature of the body.
The black body spectral energy distributions can be described by Planck’s law, a
continuous frequency spectrum with the peak of emission directly related to the
body’s temperature. Assuming all the energy released when material moves from
radius 7 to r +dr in an disk accreting at a rate, mn and orbiting a black hole of mass
M is radiated as a black body then,

G Mmdr

— ~ o 2mrdr T (1.3)

r

5
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where o is the Stefan-Boltzmann constant. Thus the temperature, 7" in an annular
black body follows T o r=3/4. To obtain the full emission spectrum, we integrate
across the full disk radius. The total emission spectrum can be interpreted as a multi-
colour black body emission, with the highest temperature found at the innermost
stable circular orbit. For a SMBH of stellar mass 102 My, the temperature of the
innermost disk region is # 105K. Thus accretion disk emission dominates in the UV
region and is responsible for the “big blue bump” in the AGN SED, shown in figure
1.3

1.2.3 X-ray Corona

The X-ray corona is composed of a hot cloud of electrons very close to the centre of
the accretion disk. As can be seen in figure [1.4] emission from the corona produces
a unique X-ray spectrum. Its underlying form is a power law. Lower energy pho-
tons emitted by the accretion disk interact with the relativistic electrons that make
up the corona. This inverse Compton scattering boosts the interacting photons to
higher energies and produces this continuum of hard X-ray emission. As we reach a
few hundred keV, however, the power law is subject to a sharp cut-off. Significantly
fewer photons are boosted up to these energies as the electrons performing the scat-
tering are only as energetic as the overall temperature of the corona (Haardt and
Maraschi 1991)).

There are additional features overlaid on the underlying power law form. Above 6
keV, are the iron Ka line and Compton reflection hump. Both these features are
caused by corona and accretion disk radiation reflecting off other material in the
AGN. For the iron Ko line, the radiation causes iron in the broad line region (BLR)
to fluoresce. The Compton reflection hump occurs at 30-40 keV and is thought to
be caused by the superposition of reflection from material in both the inner part of
the accretion flow, and material further away in the BLR or torus (Nandra et al.
1989; Pounds et al. (1989 1990).

At lower energies, the AGN X-ray spectrum is dominated by the “Soft Excess”. Its
origin is uncertain. It could be caused by blurred reflection in the inner parts of
the accretion disk, or a second cooler corona scattering to lower energies (Crummy
et al. 2006, Done et al. 2012; Petrucci et al. 2018)).

Figure|l.2|shows the “electron plasma” of the X-ray corona as a sphere in the central
region, however, the exact shape of this sea of energetic electrons is unclear. There

are several proposed models: a hot sphere surrounding the SMBH (Zdziarski et al.
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Figure 1.4: The main components of the X-ray spectrum of unobscured AGN are
shown: the soft excess whose origin is uncertain (red); power law from Comptoniza-
tion of photons from the accretion disc (green); reflection continuum and narrow
Iron (Fe) line due to reflection of the hard X-ray emission from dense gas (blue).
Source: Fabian and Miniutti (2005)

1994)); parallel planes covering the accretion disk (Haardt and Maraschi|1991; Haardt
et al. 1994); a hot sphere with an inner warm disc (Matt et al. 1991} Miniutti and
Fabian 2004)); or an extended sphere and plane structure (Petrucci et al. 2013]).

1.2.4 Emission Line Regions

Further out from the SMBH are the emission line regions. Photons from the accre-
tion disk photo-ionise the material in these regions. Soon after, the emitted electrons
re-combine to produce photons at characteristic wavelengths. The aggregate effect
of this ionisation and re-combination produces the prominent optical emission lines
that characterise these regions. However, there are distinct changes in the form
and combination of emission line spectra with increasing distance from the central

SMBH.

Closer to the SMBH is the broad-line region (BLR). It is filled with high-density
(> 10° cm™3) gas predominantly emitting lines in the Hydrogen Balmer and Lyman

series. By observing the delay between UV variations (originating in the accretion



Keir Birchall Introduction

disk) and optical variations in the same AGN’s spectrum, a process called Reverber-
ation Mapping, we can estimate that the emission line region tends to be a few to
hundreds of light days in radius. At these distances, the speed of the gas’ rotation
around the central SMBH causes Doppler broadening of BLR emission lines up to

thousands of km/s.

Further out, the gas in the narrow line region (NLR) slows down significantly, with
gas velocities of hundreds of km/s, hence this region lacks broad emission lines in
its spectrum. The gas in the NLR is also significantly less dense (» 10 cm=3). Such
low densities mean very few atomic collisions occur which allows the existence of
forbidden emission lines, alongside Hydrogen Balmer lines, in the NLR spectrum
(Netzer 2013)).

1.2.5 Obscuring Torus

Along some lines of sight, shown in figure the optical and UV radiation is ob-
scured by an optically thick torus. As noted earlier, this is the crucial structure
required to divide the AGN population between type-1 and type-2. If viewed along
the obscured lines of sight then the emission from the central region is absorbed by

the toroidal material and emitted at IR wavelengths. This forms an “IR bump” in
the AGN SED, shown in figure [I.3], peaking between 10 - 30 um.

Initial studies of this structure considered a simplified torus model with a homo-
geneous dust distribution. However, subsequent work has found the picture to be
much more complex. From both IR and X-ray observations, the gas in the torus
has been shown to be clumpy (Markowitz et al. 2014; Ramos Almeida et al. 2009).
Detailed ALMA observations have also shown evidence to suggest that the torus
funnels gas into the central engine, and back out to the host galaxy’s circumnuclear
disk (Garcia-Burillo et al. [2016; Miiller Sanchez et al. [2009). An increasing number
of AGN also show evidence of extended polar gas flows (Lopez-Gonzaga et al. |2016)
which, when included alongside a nuclear dust disk, could form the shape of the

obscuring structure.

1.2.6 Radio Jets

As outlined earlier, the other major classification parameter is whether the AGN ex-
hibits strong, non-thermal radio emission. Approximately 10% of optically-selected
AGN are radio-loud (Ivezi¢ et al. 2002)). The jets that characterise these radio-loud
AGN are believed to be produced by the SMBH’s spin. As the highly conducting ma-

terial of the accretion disk rotates around the SMBH, a magnetic field is generated.

9
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This changing magnetic field produces a strong electric field capable of accelerating
the plasma produced by the accretion disk. These electrons spin around the dy-
namic magnetic field lines, are accelerated to relativistic velocities and produce jets

that can extend out to kiloparsec scales (Blandford and Znajek [1977).

1.3 Extragalactic Sources of X-ray Emission

Whilst AGN are capable of producing emission across the electromagnetic spectrum,
this thesis focuses on identifying AGN using their X-ray emission. Studying in this
wavelength presents a number of advantages to identifying AGN activity, but there
are other significant populations of X-ray emitting objects that have to be taken

into account before a detection can be confirmed.

1.3.1 Non-AGN X-ray Emission

There are several non-AGN phenomena that produce significant amounts of X-ray
emission. It is important to understand their origin so their effect on the galactic

X-ray luminosity function (XLF') can be modelled and accounted for.

Galaxies are known to have significant amounts of hot-ionised gas at sub-keV tem-
peratures. This is a source of copious amounts of X-ray emission (e.g. Grimes et al.
2005; Li and Wang 2013). The morphology of this gas suggests that it is associated
with galactic outflows from supernovae and winds from massive stars (e.g. Chevalier
and Clegg 1985). For example, Tyler et al. (2004)) traced mid-IR and Ha emission
across a sample of spiral arms and found strong correlations between these sites of
star-formation and the diffuse X-ray emission. Thus, the total gas luminosity has

been found to correlate strongly with the host galaxy’s SFR (e.g. Mineo et al. 2012b)).

The X-ray output of a typical galaxy is dominated by the emission of its X-ray
binary (XRB) population. They consist of a compact object - typically a neutron
star or stellar mass black hole - accreting matter from a donor star. X-ray emis-
sion is produced through accretion processes similar to those occurring in an AGN.
XRBs can be split into low- and high-mass categories, depending on the mass of
the donor star. Low-mass-XRBs (LMXBs) are fairly long-lived as they accrete from
their donor star on longer timescales, thus these objects are typically found in older
stellar populations. High-mass-XRBs (HMXBs), on the other hand, accrete from
their donor stars much more rapidly so are typically found in younger stellar popula-
tions (Tauris and van den Heuvel 2006). Given these differing accretion timescales,
the contributions that HMXBs and LMXBs each make to the galactic XLF are cor-
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related with different galaxy properties. For example, Lehmer et al. (2016) correlate
the LMXB contribution with the galaxy’s stellar mass, the HMXB contribution with
the SFR and also a redshift component to account for the changing metallicity of
the galaxy. From this model, they match with typical XRB population luminosities
of between 1037 — 103 erg s~! (Fabbiano 2006).

The brightest non-AGN source of X-ray emission is the ultraluminous X-ray source
(ULX). They are typically off-nuclear X-ray point sources with observed X-ray lu-
minosities generally exceeding 103 erg s=!. ULXs are thought to be distinct from
XRBs because these luminosities are too bright to be associated with accretion onto
neutron stars or stellar mass black holes (Miller et al. [2004). Assuming that the
radiation is emitted isotropically, ULX emission could be evidence for the existence
of intermediate mass black holes (Fabbiano et al. 2001). However, it could also be
explained by beamed radiation from a stellar mass black hole (King et al. 2001)).
ULXs are thought to be relatively rare. Where they are found, no more than one
ULX, on average, was hosted in that galaxy. Thus, their contribution the host’s
XLF can be folded into the high luminosity end of the XRB’s XLF (Swartz et al.
2004]).

1.3.2 Identifying AGN Activity

X-ray surveys are particularly suited to identifying AGN activity for a number of
reasons. First, X-ray emission appears to be nearly universal in luminous AGN.
Even when identified at other wavelengths they almost always show signs of X-ray
AGN emission as well (Avni and Tananbaum [1986; Gibson et al. [2008; Mushotzky
2004)). Second, X-ray emission can easily penetrate the substantial amounts of ab-
sorbing material that surround the AGN. This emission is believed to travel through
hydrogen column densities up to Ny ~ 1024 cm=2, above which the AGN are classified
as Compton-thick. This ability to penetrate absorbing material is crucial as a signif-
icant portion of AGN are believed to be obscured. The column density distribution
for the obscured AGN population has a log-normal shape, peaking around 1023 cm=2
(Tozzi et al. [2006)). Third, X-ray emission from AGN activity tends to dominate over
the stellar processes previously discussed. Finally, the distinct shape of the AGN’s
X-ray spectrum can aid their detection, and help isolate a purer sample of active
galaxies. Given these advantages, it has been argued that this wavelength produces
the most complete samples which are best suited to studying the AGN population
(e.g. Brandt and Alexander [2015; Mushotzky [2004)). As a result, there are numer-

ous ways in which X-rays have been used to identify AGN emission. Brandt and
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Alexander (2015) summarised the most popular as follows:

e AGN emit strongly in the X-ray band, so sources with X-ray luminosity greater
than 3 x 1042 ergs~! are good candidates as the star-formation rates necessary
to reach such high X-ray luminosities exceed 200 Mg yr=! (Ranalli et al. [2003))

e Numerous studies have established relations between X-ray luminosity and
SFR for galaxies without AGN (e.g. Lehmer et al. 2016; Mineo et al. 2014)).
X-ray sources that lie at a significant distance above these thresholds can be
considered AGN

e X-ray emission from an AGN experiences little dilution from starlight so

sources with high X-ray:Optical /NIR flux ratios are strong AGN candidates

e Given the unique structure of the AGN’s spectrum, there are features that
can be used to identify AGN activity: for example, a flat effective power law

or high hardness ratios

e Rapid X-ray variability of a significant magnitude is commonly seen in AGN

where emission from regions close to the SMBH is directly observed

e AGN are also, typically (but not exclusively (Reines et al. 2020))), coincident
with the apparent nucleus of the host galaxy

Whilst these techniques have been used to identify large and secure AGN samples,
they can still be biased towards SMBHs that dominate over galaxy emission. This
presents an issue if we want to understand AGN activity in lower mass galaxies,
as low mass black holes that are detected are the much rarer, more actively ac-
creting ones. Combining some of these techniques, however, has facilitated a huge
increase in the number of AGN detected in dwarf galaxies. For example, X-ray
selected AGN in dwarf galaxies can be identified through isolating centrally located
emission that cannot be explained by other sources, including X-ray binaries and
hot gas (e.g. Baldassare et al. 2017; Lemons et al. [2015; Mezcua et al. 2018; Pardo
et al. 2016]). Generally, the most secure detections are those that meet several of the
above criteria, or successfully match the X-ray signal to a multi-wavelength galactic

counterpart.
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1.4 The Connection between AGN and their Host

Galaxies

It is in part due to the application of these selection techniques that we now believe
SMBHs are ubiquitous at the centres of the most massive galaxies in the Universe.
This ubiquity drove the idea that the SMBH and host galaxy might influence one
another as they evolve (Kormendy and Ho 2013). For example, galaxies grow by
forming stars, a process driven by the availability of cold gas. This material is also
thought to fuel the growth of SMBHs (Alexander and Hickox 2012). However, a lot
of uncertainty remains around the nature of this co-evolution. Large scale surveys
of AGN activity across the electromagnetic spectrum have been employed to shed
light on this relationship. By exploring how the incidence of AGN changes with the
SFR of its host galaxy we have uncovered several key pieces of evidence that suggest

the growth of SMBHs and their host galaxies are connected.

One of the most well-constrained relationships of this nature is the correlation be-
tween a SMBH’s mass and the luminosity of the host galaxy’s classical bulge. The
first signs of this correlation appeared in small scale studies (e.g. Dressler and Rich-
stone 1988; Kormendy and Richstone [1992). Magorrian et al. (1998) was the first
study to observe this correlation using a larger sample; a mixture of ground and
space-based observations of a sample of 32 galaxies with their black hole masses
measured using dynamical techniques. Soon after, similarly strong correlations be-
tween the related bulge quantities like mass and velocity dispersion (e.g. Ferrarese
and Merritt 2000; Gebhardt et al. 2000) were found. A sample of kinematically
detected SMBHs displaying these correlations can be seen in figure [I.5] Observa-
tions such as these have been used to argue for the existence of historic, correlated
SMBH-galaxy growth.

Another strong piece of evidence for the existence of the correlation between SMBH
and galaxy growth can be seen in figure [I.6] It shows several well-known determi-
nations of black hole accretion rate density (BHARD) distributions with redshift,
and compares them to the best-fit star formation history (SFH; solid, black line)
(Madau and Dickinson 2014). Using Soltan’s argument outlined in equation (1.1)),
the observed AGN luminosity can be used to estimate the amount of accretion onto
a SMBH. Aird et al. (2010)) derived the BHARD distribution from measurements of
the 2-10 keV X-ray luminosity function across a large redshift range (green region).
This distribution appears to peak later and decline more rapidly than the best-fit
SFH. Bolometric AGN luminosity functions from Shankar et al. (2009)) (red) and
Delvecchio et al. (2014) (blue) are also shown in figure These studies appear to
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Figure 1.5: A sample of kinematically-detected SMBHs displaying strong correla-
tions between black hole mass, M,, K-band bulge magnitude, Mg puge, and velocity
dispersion o,. Source: Kormendy and Ho (2015)

track the SFH more closely. Both the BHARD distribution and SFH increase from
z =6, peak at around z = 2, and then decline to about a tenth of their peak in the

present-day Universe.

When directly attempting to connect the AGN activity with the host galaxy’s SFR,
however, the results are less clear. On the one hand, numerous studies found that
the average SFR of AGN-hosting galaxies increased out to at least z ~ 3 (Harrison et
al. 2012; Mullaney et al. 2012b; Rosario et al. 2012, [2013)) consistent with the results
in figure [I.6] and that the SFR is found to tightly correlate with the average AGN
luminosity (e.g. Chen et al. [2013; Mullaney et al. 2012a)). On the other hand, it was
found that AGN at a fixed X-ray luminosity can have a broad range of SFRs (e.g.
Alexander et al. 2005; Mullaney et al. 2010)) - in some cases covering up to 5 orders of
magnitude (Rafferty et al.|2011)). Thus, it became increasingly clear that there exists
a strong connection between star formation and SMBH growth but not a correlation
between the SFR of individual galaxies and their AGN. Hickox et al. (2014) tried
to reconcile these contradictory observations using the relative stability of these
processes. AGN activity varies on shorter timescales, typically on Myr timescales,
whereas star formation typically varies over much longer periods, > 100Myr. To test
this hypothesis, they constructed a model that assumed the long-term SMBH growth
rate is exactly proportional to the SFR, but allowed the observed X-ray luminosity
to vary by orders of magnitude on shorter timescales. Their model successfully
reproduced the proportional relationship between SFR and average AGN luminosity,
showing that short-term variations can disguise an underlying long-term correlation,

such as that between AGN activity and the growth of the host galaxy.
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Figure 1.6: Comparison of best-fit star formation history (solid black line) with the
black hole accretion rate density distributions calculated from X-ray (Shankar et al.
(2009) - red line; Aird et al. (2010) - green region) and IR (Delvecchio et al. (2014)
- blue region) data. Source: Madau and Dickinson (2014)
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1.5 Completeness-corrected AGN Samples

Taking large samples of galaxies and identifying the AGN activity therein has been
very effective at highlighting the relationship between the SMBH and host galaxy. If
the sample is sufficiently big, then it is possible to smooth out stochastic differences
and try to identify trends (Aird et al. 2013} Delvecchio et al. |2020; Hickox et al.
2014). However, studies that take this approach often lack sufficient correction for
the limitations of the survey data used. To better understand this relationship, it is

important to model and correct for any sample incompleteness.

Aird et al. (2012) was one of the first AGN population studies to attempt to correct
for these observational limitations. They started with a sample of galaxies out to
z =1, from the Prism Multi-object Survey (Coil et al. [2011; Cool et al. 2013) and
identified AGN activity using X-ray data from Chandra and XMM-Newton. In this
investigation, they aimed to determine the probability of finding AGN activity as
a function of host galaxy colour, stellar mass and redshift. However, the varying
sensitivity of their X-ray data prevented them from detecting low luminosity or
high redshift AGN activity. Since the observed distribution is not reflective of the
underlying AGN population they created a method which corrects for this imperfect
detection process. They estimated the probability of detecting AGN activity of
luminosity, Lx; hosted in a galaxy at redshift, z;, - paet(Lx.i, 2;) - by calculating the
fraction of the survey sky area that is sensitive to the resulting flux, fx(Lx,,z). It

has the form,

A(fX(LX,’H Z,L))
Atotal

where A(fy) is the survey sky area sensitive to a given flux, and Ay is the total

Paet(Lxis 2i) = (1.4)

survey sky area. These probabilities were calculated for each galaxy in a given mass

and redshift bin, and their sum used to correct the observed AGN count in that bin.

Aird et al. (2012)) showed that the probability of hosting an AGN can be described
by a power-law distribution of specific black hole accretion rates (sBHAR). This
quantity has the form,

25Lo-10kev _ Lyal

~ 1.5
1.26 x 1038 x 0.002M,  Lgaa (15)

AsBHAR =

They considered A;guar as a tracer of the rate of black hole growth relative to its

stellar mass, not an Eddington ratio. In doing so, they could present an Eddington-
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ratio-scaled accretion rate but disregard any uncertainties in the assumption of black

hole mass.

Figure shows the key results from Aird et al. (2012). Overall, they find that the
AGN population is well described by a power law with most accretion onto the black
hole occurring at low rates. These distributions were found to be consistent over
a broad range of stellar masses (9.5 < log;, M, /Mg < 12) but with a normalisation
that evolves strongly with redshift. This shows us that the probability of hosting an
AGN with a given sSBHAR is independent of stellar mass but drops rapidly between
z ~ 1 and the present day.

The effect of the completeness corrections can be clearly seen in the bottom-right
panel of the lower plot in figure[L.7] Aird et al. (2012)) contrast the AGN probability
distribution (dashed black line) for the full stellar mass range with a histogram de-
scribing the observed AGN distribution (to which no completeness corrections have
been applied). It is clear that the observed distribution misses a significant amount
of low-level AGN activity. Thus, the application of completeness corrections, as
pioneered in Aird et al. (2012), is crucial to understanding the relationship between
SMBHs and their host galaxies.

Similar approaches to Aird et al. (2012) have been adopted by subsequent AGN
population studies and adapted to suit the surveys used. These studies tend to
agree on the overall shape of the AGN distribution, with activity increasing towards
lower sSBHARs. However, this distribution has been modelled using a simple power
law (e.g. Aird et al. 2012; Bongiorno et al. 2012; Wang et al. 2017)), a broken power
law (e.g. Bongiorno et al. 2016; Yang et al. 2017, [2018) and with complex non-
parametric models (e.g. Aird et al. 2017, 2018| 2019; Georgakakis et al. |2017)).

There is also agreement around the general decrease in AGN activity towards lower
redshifts (e.g. Aird et al. |2018; Bongiorno et al. 2016)), and that the incidence of
AGN increases in star-forming galaxies (e.g. Aird et al. 2019; Azadi et al. |2015;
Georgakakis et al. 2014). The effect of stellar mass, however, is unclear. Bongiorno
et al. (2012) recreated the mass-independent distributions from Aird et al. (2012)
at higher redshifts, whereas Georgakakis et al. (2017)), Yang et al. (2018) and Aird
et al. (2018)) find evidence of differential stellar mass growth rates when probing a
wider range of masses and redshifts. Furthermore, since stellar mass, redshift and
SEFR are correlated quantities, it can be difficult to disentangle these effects and
uncover the precise nature of the relationship between the AGN and its host galaxy.
This completeness-corrected approach has produced some promising results, but

more work is needed, with bigger samples to effectively disentangle the correlation
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Figure 1.7: Results from Aird et al. showing the probability of finding AGN
activity, p(Agaa| My, 2), as a function of Eddington ratio, Agqq. Above, the sample
was split into redshift bins, and evaluated at the centre of that bin. Below, the
sample has been split into stellar mass bins, and evaluated at the median sam-
ple redshift, z = 0.6. The bottom-right panel fits the calculated AGN probability
(coloured points) for the full sample mass range with a power law (dashed black
line) and compares it to the histogram describing the observed AGN distribution
(to which no completeness corrections have been applied).

18



Keir Birchall Introduction

between these properties.

1.6 This Thesis

Robust measurements of the AGN X-ray luminosity and Eddington ratio distribu-
tions at the lowest redshifts would provide a useful benchmark to understand how
this population evolved through cosmic time. Unfortunately, none of the papers
outlined in section focus on this region. There are a few studies that attempt
to characterise the AGN population at low redshifts (e.g. Kauffmann and Heckman
2009; Schulze et al. 2009)) however they are subject to issues which have been dis-
cussed previously. Firstly, they use optically-selected AGN samples which are not
as complete as X-ray-selected samples. Secondly, these studies of the nearby AGN
population make little attempt to correct for their incompleteness. This would bias

the results towards the brightest, most actively accreting AGN.

Thus in this thesis I perform a robust quantification of the X-ray selected AGN
population in the nearby Universe (z < 0.35). I combine galaxy samples from the
Sloan Digital Sky Survey data release 8 (SDSS-DRS8) with XMM-Newton serendipi-
tous sources (3XMM-DR7) to measure the incidence of AGN as a function of galaxy
properties in the nearby (z < 0.35) Universe, carefully accounting for the incom-

pleteness of the X-ray imaging.

Chapter [2| provides a discussion of the instruments used, how they detect objects
and outline the data I took from them to perform this work. Chapter |3| focuses on
the AGN content found in nearby dwarf galaxies. I calculate the fraction of galaxies
that host an AGN as a function of stellar mass and redshift. Chapter 4] extends the
work of the previous chapter by calculating these quantities for the whole nearby
AGN population. Chapter [5| focuses on the effect star formation in the host galaxy
has on the nearby AGN population. Finally, chapter [6] summarises the results of

this thesis and discusses possible future avenues of study.

Throughout this thesis, I assume Friedmann-Robertson-Walker cosmology: €2 = 0.3,
A=0.7 and Hy =70 km s~'Mpc ™.
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Chapter 2
Observational Data & Instruments

Performing a robust survey of the AGN content of the local Universe requires high
quality data appropriate for the task. For each study presented in this thesis I draw
on the galaxy surveys produced by the SDSS and the serendipitous source catalogues
from XMM-Newton. In this chapter I will explain why these surveys were chosen,

outline how they collect data and describe the data sets they produced.

2.1 Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) is an astronomical project which operates
several telescopes located across both hemispheres. The primary telescope in this
network is the Sloan Foundation 2.5m telescope located at Apache Point Observa-
tory in New Mexico. It has been observing for for over 20 years, having seen first

light in May 1998.

Data began being recorded in 2000. Over that period there have been many different
observational priorities. SDSS-I, the first phase of observations between 2000 -
2005, focused primarily on taking images in five bandpasses over > 8000 deg? of
sky. Around 5,700 deg? of this region also contains galactic spectra. SDSS-IT (2005
- 2008) expanded on this work and completed imaging of half the northern sky.
It also completed two primarily spectroscopic projects: a study of supernovae at
the celestial equator, and a kinematic and stellar population study of the Milky
Way (SEGUE). After phase II the imaging camera was retired. Thus SDSS-III,
IV and V all focus on spectroscopic studies. Some of the targets included the
Milky Way (e.g. APOGEE), nearby galaxies (e.g. MaNGA, BOSS) and exoplanets
(MARVELS). This thesis makes use of the Legacy survey, a statistically complete,
magnitude-limited galaxy survey produced in SDSS-I and II. Whilst the imaging
camera was retired and the spectrograph updated several times, what follows is a
description of the instruments used to make these observations, and how these data
20
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were subsequently analysed.

2.1.1 The Sloan Foundation Telescope

The Sloan Foundation telescope uses two hyperbolic mirrors: a 2.5-metre wide pri-
mary and a 1.08-metre secondary in the Ritchey-Chrétien arrangement. Light enters
the telescope, is reflected off the primary mirror, into the secondary which then di-
rects it through the central 1.17 metre hole onto the focal plane. By adding two
corrector lenses to this construction, the Sloan Foundation telescope achieves a 3°
distortion-free field of view (FoV).

The imaging camera collects photometric data using an array of thirty 2048 x 2048
pixels CCDs. As can be seen in figure [2.1], they are arranged in 6 columns, each
containing 5 CCDs. Each row corresponds to an SDSS filter, ordered as follows: r,
1, u, z and g. Table has more information about the imaging camera properties.
An additional 24 CCDs are placed before and after the photometric arrays to collect
astrometric data by focusing on bright reference stars. This camera operates on a
drift scan mode. Data is collected as the camera slowly reads the CCDs. At the
same time, the telescope moves along great circles in the sky so that the objects
move across each CCD row. An object takes 54 seconds to move from the beginning
of a CCD to the end. However, given the gaps between CCDs, it takes an image
71.7 seconds to move from the beginning of one row to the next. Thus, whilst the
effective exposure time is 54 seconds, there are 71.7 seconds between observations
on each row. This approach allows the camera to produce 5 images of the same
object in each filter. However, there are also gaps between the CCD columns, so
two passes along a great circle are required to produce a solid image area, with the

second pass being slightly offset from the first.

Spectroscopic observations are made with the imaging camera by mounting a fibre
plug plate onto the focal plane. These aluminium plates have been individually
drilled for each field and hold around 640 optical fibre cables that collect incident
light from target objects. Each fibre has a projected fibre diameter of about 3”
on the sky. Once collected, the light from the object fibres is directed into two
spectrographs. Each of these spectrographs record the spectra on two 2048 x 2048
CCDs, one covering bluer light (3800A = 6100A), the other covering redder light
(5900A—9100A). Galaxies were selected for spectroscopic observation from extended
objects with strong (> 50) r band detections in the imaging survey. Exposures
typically consist of three exposures of 15 minutes each, so the spectra can reach the

required signal-to-noise. Alongside the object fibres are several fibre bundles which
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Figure 2.1: Diagram of the CCD arrangement in the SDSS camera. Astrometric
CCDs lie above and below the imaging CCD columns. Imaging CCDs are coloured
and labelled with the relevant filter. The imaging direction is highlighted with
arrows. Credit: SDSS
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are aimed at guide stars to correctly align the observation. A further large fibre
bundle, covering about 30", is used to measure sky brightness. After allowing for
slewing, calibration and CCD read times, the total exposure time for a given field
is 63 minutes. See table for more details about the spectrograph parameters
(Gunn et al. 20006)).

Imaging Camera
Filter bands u’ g r i 7’
Central Wavelength (A) | 3551 | 4686 | 6166 | 7480 | 8932
Magnitude Limits 22 12221222 | 213 ] 205
PSF Width 1.4” median in r

Spectrograph

Wavelength Coverage 3800 — 9200A
Spectral Resolution 2.5 - 3.6A
Magnitude Limit r < 17.77 for Galaxies
Signal-to-noise > 4 per pixel for g = 20.2

Table 2.1: Summary of SDSS photometric & spectroscopic properties

2.1.2 MPA-JHU Catalogue

Optical photometry and spectroscopy covering 9274 deg? of the sky can be found
in the Sloan Digital Sky Survey Data Release 8 (SDSS DRS). The MPA-JHU cata-
logue provides estimates of galaxy properties such as stellar mass, SFR and emission
line fluxes, for 1,472,583 objects observed as part of the Legacy survey in SDSS DRS.

The MPA-JHU catalogue is formally deprecated by the SDSS. Alongside MPA-JHU,
three alternative catalogues are presented whose analysis is, formally, favoured: Wis-
consin, Portsmouth and Granadd]l] However, after assessing the catalogues I found
that they were insufficient for these purposes. The Wisconsin catalogue did not cal-
culate any SFR values, nor did they present any spectral quantity from which one
could be derived. The Portsmouth catalogue does calculate the appropriate quan-
tities but 64% of their SFRs have a zero value across a wide range of magnitudes.
In addition, the non-zero SFRs are gridded, implying a lack of precision at lower
values. The Granada catalogue has the most promising quantities, having a greater
proportion of non-zero SFRs. However, there is also evidence of gridding at lower
values. Furthermore, there appears to be a strict limit applied to the specific SFR.

It is unclear why this limit has been applied and it has the effect of structures like

1For more information about these catalogues, visit the SDSS galaxy properties page
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the galactic main sequence of star formation (e.g. Elbaz et al. 2011; Noeske et al.
2007). MPA-JHU is not subject to any of the above issues. It is a widely used cata-
logue with robust stellar mass and SFR values. Thus, despite its deprecated status,

MPA-JHU is the best catalogue for this work and its quantities are used throughout.

Stellar masses are provided by the MPA-JHU catalogue whose calculation method
is based on that described in Kauffmann et al. (2003&). They use template spectra
made from a linear combination of single stellar population models generated using
the Bruzual and Charlot (2003) code. These models consider 10 possible ages -
from 0.005 to 10 Gyr - and 4 possible metallicites - from 0.25 to 2.4 Z. They model
galaxies as a single metallicity population with the chosen model being the one that
yields the minimum y?2. They then subtract this from the observed spectrum and
the remaining emission lines are modelled as Gaussians. For each observed and
calculated property they employ a Monte-Carlo fitting technique. This produces a
probability distribution from which they extract the most likely value, the distribu-
tion median. Given the size of the SDSS fibre aperture, the spectral measurements
required by Kauffmann et al. (2003a) would be dominated by light from the galactic
centre if based on SDSS spectroscopy. Instead, MPA-JHU use the ugriz photometry
from the full extent of the galaxy, and calculate the total stellar mass by fitting to
model magnitudes. They assume a Kroupa (2001) initial mass function. MPA-JHU
stellar masses were found to be largely consistent with those from the Galex-SDSS-
WISE Legacy Catalogue (Salim et al. 2016). The typical difference ranged from
0.03 — 0.13 dex, consistent with the errors on the stellar mass measurement.Thus
throughout this thesis, the median of the mass probability distribution is used as

the mass value.

As with the mass, SFR is measured using fits to the SED. Photometry from the full
extent of the galaxy is taken from the SDSS and GALEX (UV; Martin et al. (2005))).
MPA-JHU SFRs are calculated using the method outlined in Salim et al. (2007).
They construct stellar populations from the Bruzual and Charlot (2003)) popula-
tion synthesis models and a Chabrier (2003) IMF. Star formation histories were not
single stellar populations, but the combination of an exponentially declining contin-
uous star formation oc e, with 0 <y < 1 Gyr™" uniformly distributed across this
range, and with random starbursts superimposed. These bursts were constructed
such that the occurrence of a single event over the past 2 Gyr is 50% and had a
duration uniformly distributed in the 30-300 Myr range. Once constructed, each
model is subjected to the Charlot and Fall (2000) dust attenuation model. The
model SEDs at the redshift closest to the galaxy in question are, in turn, compared

and their y? values evaluated. From this a probability distribution corresponding
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to a range of possible SFRs is produced. Salim et al. (2016) found that the MPA-
JHU SFRs showed no evidence of bias when compared with two independent SFR
measures, including mid-IR SFRs. Thus throughout this thesis, the median of the
SFR probability distribution is used as the SFR value.

2.2 XMM-Newton

The X-ray Multi-mirror Mission (XMM-Newton) is an X-ray space observatory
launched in December 1999. After launch, it was placed into a 48-hour elliptical
orbit, at an inclination of 40°, moving between its perigee of 7,000 and apogee of
114,000 km from Earth. XMM-Newton was the second cornerstone mission of the
European Space Agency’s Horizon 2000 program which had, initially, been planned

to operate for 10 years, but it has now been successfully observing for over 20 years.

XMM-Newton hosts three Wolter type-1 X-ray telescopes which are 250cm long and
90cm in diameter, shown in figure 2.2] Due to their high energy X-rays can be dif-
ficult to focus, so the design of the telescope array is different to other wavelength
observations. Incident X-ray photons hit mirrors on the inside of the telescope at
a shallow angle and are strongly reflected towards the focal plane. To facilitate
this process of glancing reflection, each telescope consists of 58 nested mirror shells.
There are two sets of mirrors: the outer paraboloid mirrors, followed by the inner
hyperboloid shells. The Wolter type-1 design is inset on the upper panel of figure
2.2 Stray light, singly reflected by the hyperboloid mirrors, can also reach the focal
plane. However, each telescope includes baffles made of concentric annular aper-

tures, to diminish stray X-ray light.

At the primary focus of each telescope are the instruments that make up the Euro-
pean Photon Imaging Camera (EPIC). It consists of two types of CCD: the Metal
Oxide Semi-conductor (MOS; Turner et al. (2001)) and PN arrays (Striider et al.
2001). These instruments are designed for X-ray imaging and moderate resolution
spectroscopy. The data used in this thesis is taken largely from the EPIC cameras,

so their construction will discussed further in section 2.2.11

At the secondary focus of two X-ray telescopes are the Reflection Grating Spectrom-
eters (RGSs; den Herder et al. (2001)). These telescopes contain Reflection Grating
Arrays which direct about 40% of the X-ray light away from the EPIC camera and
onto the RGS Focal Plane Camera. Once incident on the camera, the RGS will
provide high resolution spectra for bright sources in the 0.35 - 2.5 keV energy range.
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Figure 2.2: Diagrams showing the construction of the XMM-Newton telescopes.
Above is the construction of the PN telescope. Inset into this figure is a schematic
of the mirror construction for each telescope. Below is the construction of the MOS
telescope. Inset into this figure is a diagram of the Reflection Grating Array. Source:
XMM-Newton User’s Handbook
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An Optical Monitor (OM; Mason et al. (2001)) is mounted on the mirror support
platform, situated alongside the three X-ray telescopes. The 30cm Ritchey-Chrétien
telescope provides optical and UV imaging and spectroscopy in the 170 to 650 nm
wavelength range. It has a 17 square arcminute FoV centred so as to align with the
X-ray telescope’s observation. This alignment with the X-ray image’s FoV allows

for the simultaneous optical and UV data to collected about the target object.

XMM-Newton’s construction gives it several advantages over other X-ray observa-
tories. Firstly, it has good angular resolution. The on-axis point-spread function
(PSF) is narrow and varies little over a wide energy range. Each telescope has its
own PSF: the PN detector has a full width at half maximum (FWHM) of ~ 6” and
half energy width (HEW) of ~ 16”; the MOS detectors have a FWHM of ~ 57 and
HEW of ~ 15”7. Secondly, it has a large effective mirror area, with an effective area
of ~ 1550 ecm? at 1.5 keV. Since the telescopes have their FoVs aligned to within
1-2” this combines to produce an total area of ~ 4650 cm?. And finally, the EPIC
cameras have a moderate spectral resolution (A—E:E ~ 20 - 50). These properties make
XMM-Newton useful for sensitive X-ray imaging over large areas on the sky, and

thus well suited to this work.

2.2.1 EPIC Cameras

For this thesis work, I used data captured on the EPIC cameras. They are capable
of performing sensitive imaging over a 30" FoV in the 0.2-12 keV energy range with
moderate spectral and angular resolution. At the primary focus of each X-ray tele-

scope lie the CCD arrays that make up the EPIC camera system.

MOS CCD arrays share their telescopes with the two RGS spectrometers, shown
in the lower panel of figure For this reason, only about 44% on the incoming
light is incident on the MOS arrays. Figure [2.3| shows the circular arrangement of
seven identical silicon CCD chips that compose the MOS detectors: one lies at the
centre of the array, with the others surrounding it. These 600 x 600 pixel CCDs
are arranged as such to follow the curvature of the focal plane, however this causes
the surrounding chips to overlap the central one, creating unusable areas. To ac-
count for this, both MOS detectors are rotated at 90° with respect to each other.
The MOS detector is front-illuminated meaning its quantum efficiency is limited at

higher energies.

At the focal plane of the third telescope is the PN Array, shown in the upper panel
of figure 2.2l This array consists a single silicon wafer with tweleve 200 x 64 inte-
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30’ Field of View

EPIC MOS EPIC PN

Figure 2.3: CCD arrangements for the MOS (left) and PN (right) arrays on the
XMM-Newton 30’ field of view. Source: XMM-Newton Users’ Handbook

grated CCD chips arranged in parallel, shown in figure [2.3] These chips are slightly
offset from the optical axis so the observing target object does not fall along a chip
boundary. Unlike MOS, the PN CCDs are back-illuminated meaning they have high
quantum efficiency across the full XMM energy range. In addition, the readout of
the PN chips is much faster than MOS because each pixel column has its own read-

out node.

2.2.2 X-ray Upper Limits

XMM-Newton’s ability to detect an X-ray source is limited by the sensitivity of the
EPIC cameras, the strength of the X-ray background and exposure time. Sensitivity
is represented as the flux of the most sensitive possible detection in any given region
of an EPIC pointing. The success of the studies outlined in section depends on
detailed knowledge of the relevant survey’s sensitivity limits, thus, access to accurate
upper limits is crucial for this thesis. These limits allowed me to assess and account

for any incompleteness in my X-ray sample.

A constant lower limit on detection sensitivity is provided by the X-ray background.
This is due to high energy particles interacting with the body of the EPIC detec-
tors and soft photons scattered onto the X-ray focal plane (Hasinger et al. 2001).
The X-ray background also experiences strong fluctuations, which can commonly
increase by factors of > 10 (Watson et al. 2001)). Furthermore, detections made

at high off-axis angles will have fewer photons reaching the focal plane, a process
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known as vignetting. In fact, at large offset angles, the fraction of signal reaching

the EPIC camera can be as low as 20% of the incident flux.

To assess the sensitivity of XMM-Newton’s detections, I used the Flux Limits for
Images in XMM-Newton using DR7 data (Flix) service?] This uses data from the
Serendipitous Source Catalogue, 3XMM-DR7 (see section , to estimate the
upper limit of the X-ray flux sensitivity at a given point in an image. Flix follows an
algorithm outlined in Carrera et al. (2007) to calculate this upper limit. It builds on
the sensitivity calculations from image processing pipeline (see section 2.2.3). They
identified empirical relations between the observed EPIC PN count rates and the
pure Poisson count rate calculated from the background map. From this analysis
they found a series of coefficients for each XMM band to modify the upper limit
calculation. Flix assesses the upper limit at any given XMM pointing by, first, using
the observed background and Poisson fluctuations to find the number of counts
which exceeds a chosen detection threshold. Then the predicted count is divided by
the product of the average exposure time at that location and the relevant coefficient
for that band. This process can be repeated for any set of co-ordinates and threshold

values for any region of the sky observed by XMM-Newton.

2.2.3 Serendipitous Source Catalogues

Given XMM-Newton’s large effective area and good spatial resolution, pointed ob-
servations with the XMM-Newton EPIC cameras can reach very faint flux limits.
At these fluxes each EPIC field contains substantial numbers of “serendipitous” X-
ray sources. For any given XMM pointing, it has been estimated that between 50
- 100 serendipitous detections are made (Watson et al. 2009). As XMM-Newton
makes around 600 observations per year, covering a sky area of around 100 deg?,
the number of unique serendipitous sources grows by, on average, 30,000 per year
(after allowing for overlaps in sky coverage and areas where EPIC was not used).
XMM-Newton thus provides a sensitive, large area sky survey which is well suited

to this thesis work.

Source detection in EPIC fields is performed as part of the image processing pipeline.
Since July 2013, the XMM-Newton Science Operation Centre has been responsible
for the bulk processing of observation data files with this pipeline. The source detec-
tion process is multi-stepped, with each step being performed simultaneously across
all bands and cameras. First, a detection mask is made for each camera. This de-

fines the suitable area for source detection: only those CCDs where the unvignetted

2Found at ledas.ac.uk/flix/flix.html
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exposure map values are at least 50% of the maximum.

Next, prominent X-ray sources are found using “local mode box detection”. This
moves a 20” x 20” box across the image region within the detection mask. A local
background to this source is also established in the 8” region around this box. Us-
ing a maximum likelihood approach, measurements from both the search region and
background for each band were used to calculate the probability and corresponding
likelihood that the observed count rate was due to fluctuations in the background.
These band-specific likelihoods are then summed and used to calculate the full-band
fluctuation probability, Pr. A source is only included in the initial source list if the

detection likelihood, calculated from 1 — Py, exceeds a given threshold.

After this, a more sensitive detection pass is carried out. New background maps are
created for each camera and energy band with areas of the image where sources were
previously detected, blanked out. The cut-out radius depends on the source bright-
ness, increasing until the source count per unit area fell below 0.002 counts arcsec=2.
A 12 x 12 node spline surface was fitted to the source-free image so as to create the
new smooth background map. The box detection method described above was then

repeated on the new background map.

Maximum likelihood PSF fits are then made to the count distributions in each source
list. The spatial distribution of an input source is compared to the PSF model and
a likelihood value that both distributions are the same is calculated by varying pa-
rameters like position, extent and counts. Values for the total source count rate,
hardness ratios and detection and source extent likelihoods are derived. If the de-
tection likelihood after this fitting process exceeded a given threshold then it was

included in the final source list.

Over the course of XMM-Newton’s operation, these serendipitous detections have
formed the basis of the Serendipitous Source Catalogues. 1XMM, the first Serendip-
itous Source Catalogue, was released by the XMM-Newton Science Survey Centre
(SSC) in September 2003. To date the SSC have been responsible for 10 further

catalogues released.

The X-ray data used in this study comes from the 3XMM DR7 catalogue released
in June 2017 (Rosen et al. 2016) and was the most recent release at the time this
thesis work began. Whilst slightly bigger catalogues were subsequently released,
3XMM-DR7 remained the most up-to-date version available with comprehensive

upper limits from Flix. It is based on 9,710 pointed observations with the XMM-
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Newton EPIC cameras. DR7 contains ~ 400,000 unique X-ray sources based on
727,790 individual detections. Typical position errors for DR7 are ~ 1.5” (1o) and
extend down to a flux limit of ~ 1071 erg cm=2 s~!. For this work I use the unique
source list rather than the individual detections. The results are thus averaged over
several individual observations for a significant number of sources. From this sample
I summed fluxes in the 2 - 4.5 keV and 4.5 - 12 keV bands and converted them to
luminosities in the 2 - 12 keV energy range using the MPA-JHU redshifts. Since

these objects are at such a low redshift, no rest-frame correction was applied.

31



Chapter 3

The Incidence of AGN in Dwarf

Galaxies

3.1 Introduction

Identifying AGN within dwarf galaxies (M, < 3 x 10 M) is of increasing inter-
est having been catalysed by a combined X-ray and radio detection in Henize 2-10
almost 10 years ago (Reines et al. |2011)). Cataloguing these objects can provide
insights into numerous aspects of galaxy evolution. Since some dwarf galaxies have
much lower metallicity relative to their high mass counterparts and have not tidally
interacted with their neighbours, they can be considered an analogue for galaxies in
the high redshift Universe (Bellovary et al. 2011). Thus this quantification of AGN
in dwarf galaxies can be used to provide insights into the possible mechanisms that

seed SMBHs in the very early Universe.

There are two possible mechanisms by which black holes may have formed in the
early Universe: formation from Population III stars (Madau and Rees 2001)) or by
direct collapse (Begelman et al. 2006). Black hole formation from stellar collapse
is possible at all redshifts but the early Universe contained low metallicity gas in
abundance which facilitated the growth of more massive Population III stars. Af-
ter collapsing into stellar mass black hole seeds (Madau and Rees 2001) they could
have undergone a series of intermittent super-Eddington accretion episodes (Madau
et al.|[2014)) or merged with other seeds to form more massive black holes (Miller and
Davies 2012). Black holes could also form from the direct collapse of a proto-galactic
gas cloud if it is subject to inefficient gas cooling (Begelman et al. 2006). Crucially,
however the low angular momentum gas required for this method of formation only
existed in sufficient quantities in the early Universe. As disk-like structures began

to form, the gas within would gain angular momentum and become less likely to

32



Keir Birchall AGN in Dwarf Galaxies

collapse and form a black hole. This restriction means that if direct collapse were
the dominant seeding mechanism then the fraction of dwarf galaxies hosting black
holes (and thus hosting AGN) is expected to be much lower than if the Population
11T stellar seeding mechanism was dominant (Greene 2012)). For a more in-depth re-

view of black hole formation mechanisms see the review by Latif and Ferrara (2016)).

Before the applicability of these models can be discussed, however, the black holes
need to be found. Within massive galaxies, black holes can be identified using
dynamical methods, however current technological limits mean these methods are
difficult to apply at lower galactic masses. Hence the field focuses on AGN. There is
increasing evidence across a range of wavelengths to show that at least a small num-
ber of AGN do exist within the dwarf galaxy mass range (see review by Reines and
Comastri|2016). Some of the first large-scale studies into this area focused on optical
emission (Reines et al. 2013) finding black holes through a combination of identi-
fying broad line emission and measuring line strength. However, the effectiveness

of this method can be limited by obscuration from dust or star formation signatures.

AGN emission in the X-ray band generally dominates over other sources and is less
easily obscured. A number of studies have had success in using this emission to
identify the presence of AGN in dwarf galaxies (e.g. Lemons et al. 2015, Mezcua
et al. 2018, [2016; Paggi et al. 2016; Pardo et al. [2016; Reines et al. 2011)). However,
the techniques employed are not free from problems. Lower mass galaxies, like the
ones being studied, tend to host lower mass central black holes hence less luminous
emission is expected. This difficulty can also be compounded if the AGN being
studied are very weakly accreting. The biggest challenge for studies like these is to
rule out emission from other potential X-ray sources. In this chapter, I quantify the

X-ray selected AGN population in local dwarf galaxies.

3.2 Identifying AGN in Dwarf Galaxies

As discussed in chapter[2], the parent sample is constructed using data from the SDSS
value-added catalogue, MPA-JHU, and 3XMM DRY7. In this section I outline the
matching and verification process applied to these catalogues to construct the dwarf
galaxy (M, <3x10? My) and comparison high mass galaxy (M, > 10'° M) samples.
This is followed by a discussion of how AGN were selected from the resulting sample

of X-ray emitting galaxies.
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3.2.1 Position Matching

To get a sense of how many AGN-hosting galaxy candidates are present, I first
searched for any MPA-JHU galaxies within a 10” search radius of every 3XMM-DR7
X-ray object; this yielded 3,440 matches. From within this sample of X-ray emitting
galaxies, possible AGN-hosting dwarf galaxies could be found. To achieve this I
first established a set of more robust matching criteria to improve the confidence
of association between the optical and X-ray objects. For each dwarf galaxy/X-ray

pair I calculated the position-error-normalised separation, x, as follows,

. do.x
Ax

(3.1)
where dg x is the separation between the X-ray and optical signals, and Ax is the
error in the X-ray position. A dwarf galaxy was considered robustly matched only if
x < 3.5. This gave a sample completeness of 99.8%. I also limited the extent of the
X-ray source to less than 10” to ensure point-like emission consistent with an AGN
(Rosen et al. 2016). This approach yielded 101 possible AGN hosts. Applying the

same matching criteria to the high mass sample yields 2,237 matches.

3.2.2 Verifying the Matches

I performed a number of checks on the matches produced by the position-error-
normalised separation criterion in equation . By imposing the dwarf galaxy
mass limit, I could have removed higher mass objects with a smaller separation
to the X-ray source, resulting in a poorer dwarf galaxy match being included. To
check if any better matches to excluded objects exist, I uploaded the 101 X-ray co-
ordinates to the SDSS SciServer and compared them to the full SDSS DRS to find
their nearest neighbour. 11 X-ray sources were found to have smaller separations
to a higher mass galaxy but had been removed by imposing the dwarf galaxy mass
limit during the matching process. These sources, and their dwarf galaxy matches,

were removed from the X-ray emitting galaxy sample.

I then performed a visual assessment of the dwarf galaxy sample. The optical images
from the SDSS Finding Charts identified 3 sources that were extremely off-nuclear.
If the photometry was constructed correctly for these objects then the refinement
process outlined above should have removed them, however this was not the case.
In certain instances a galaxy that should not have passed the mass criterion was

being broken into smaller sections and only had the MPA-JHU mass calculations
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Figure 3.1: Separation in arcseconds between the X-ray and optical signals for the
86 dwarf galaxies that meet the matching criteria outlined in section 3.2, 84% of
the signals in this sample are matched within 5” and the median matching radius is
2.27.
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Figure 3.2: Position-error-normalised separation distribution (dark blue) for the 86
dwarf galaxies that met the matching criteria described in section[3.2] Poisson errors
are assumed in the histogram bins. The Rayleigh distribution fit (red) has a o0 = 1.4
implying an underestimation in the XMM positional errors, a result that has been
noted previously (Watson et al. . A sample of high mass galaxies (light blue)
has undergone the same matching process and had its normalised separation scaled
using the normalisation found from the Rayleigh fit.
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applied to this small section. This was then matched to a nearby X-ray source,
fooling my identification criteria into thinking it was a valid target. These 3 sources
were removed from the sample leaving 87 dwarf galaxies with nuclear X-ray activity.
This photometric fragmentation process has been observed in other, similar studies
such as Sartori et al. (2015]).

A final assessment of the data found an object with extremely high redshift error.
This is indicative of a poor fitting process, leading me to doubt the accuracy of this
object’s data. Removing this object left me with a final sample of 86 dwarf galaxies.
Their distribution of separations between the X-ray and optical signals is shown in
figure 3.1} 84% of these dwarf galaxies match an X-ray object within 57, and the
median matching radius is 2.2”7. A sample of dwarf galaxy images, with their X-ray

sources and position error overlaid, can be found in appendix [A]

Despite all these checks, there remains the possibility that some matches are due
to chance alignment. To understand whether this might affect the validity of my
sample, I estimated the expected number of false matches. Assuming a uniform dis-
tribution of the 65,461 dwarf galaxies in the SDSS area (9274 deg?), the dwarf galaxy
sky density would be 7.05 deg . Also within the SDSS sky area, I found 122,834
point-like X-ray sources. Assuming I then perform a search, of radius 3.5 x Ay,
around each of these sources it would cover a sky area of 0.91 deg? within which I
would expect to falsely match to 6 dwarf galaxies. However, given a lot of these X-
ray sources will have well-defined counterparts, this value represents a conservative

upper limit on the false match number.

Once all of the matches had been checked, I performed one final test to assess the
accuracy of my position-error-normalised separation criterion. Figure|3.2] shows dis-
tributions of this quantity for both the dwarf galaxy and high mass samples. I
performed a 1-D KS-test to compare this distribution to the expected distribution
of XMM errors, described by the Rayleigh distribution. The KS-test returned a
p-value of 1074, indicating the observed distribution is not consistent with the ex-
pected Rayleigh distribution, given the fiducial positional uncertainties provide in
the 3XMM catalogue. To investigate whether the observed distribution was better
described by a skewed Rayleigh function, I fit it to this equation,

f(x) = N%eﬁ (3.2)

where z is the position-error-normalised separation. The normalisation constant, N

and o value were both free and I assumed Poisson errors for the number of objects
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per bin. Figure shows the results of this fitting: it was found that the skewed
Rayleigh distribution (red) had a ¢ = 1.4, with a reduced x? of 1.90, implying
that the X-ray errors were underestimated. It is also clear that both the dwarf
galaxy and high mass distributions are consistent with this error underestimation.
The underestimation of errors is a known issue in 3XMM, as noted in Watson et
al. (2009). Given these positional uncertainties, I was confident the position-error-
normalised separation criterion functioned correctly, thus I expect the dwarf galaxy

X-ray sources to be nuclear.

3.2.3 X-ray Emitting Galaxies’ Properties

Figure [3.3| summarises some of the properties for both the dwarf galaxy and high
mass samples. The top panel shows the distribution of both samples of objects in
mass and redshift. The dwarf galaxies, in dark blue, and high mass sample, in light
blue, are plotted over the full sample of 3XMM X-ray detections within the SDSS
area, in grey. Dwarf galaxies are found out to z = 0.25 and span a mass range of
3.08x10% Mg to 2.92x10° Mg. Higher mass objects span a mass range 1.01x101° Mg
to 2.84 x 10?2 Mg and can be detected at redshifts up to z = 0.33.

The bottom panel of figure |3.3| shows the distribution of X-ray luminosities for both
samples. I summed fluxes in the 2 - 4.5 keV and 4.5 - 12 keV bands and converted
them to luminosities in the 2 - 12 keV energy range using the MPA-JHU redshifts.
Since these objects are at such a low redshift, no rest-frame correction was applied.
The dwarf galaxies, in dark blue, have observed X-ray luminosities of between 2.43 x
1036 erg s7! and 5.35 x 10%2 erg s~!; the modal group is between 5 x 1039 erg s~ and
1x10%0 erg s=1. My dwarf galaxies are significantly less luminous than their high mass

counterparts, shown in the arbitrarily-scaled light blue distribution, as expected.

3.2.4 Identifying AGN

Given most of the dwarf galaxy X-ray detections do not meet the suggested 3 x
10%2 erg s~! threshold, other aspects of the emission need to be assessed in order to
identify any AGN activity. One possible source of X-ray contamination is the com-
bined emission of unresolved X-ray binary (XRBs) populations within the galaxy.
To estimate the contribution these objects make to a galaxy’s X-ray emission, I used
the relationship provided in Lehmer et al. (2016). It takes into account a galaxy’s
stellar mass (M, ), SFR and redshift (z) and takes the following form,

LXRB = Oég(l + Z)’YM* + ﬁo(l + Z)JSFR, (33)
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Figure 3.3: A summary of the observed properties of the dwarf galaxy (dark blue)
and high mass (light blue) samples. In the top panel is stellar mass against redshift
(contrasted with the underlying MPA-JHU sample in grey). In the bottom panel is
the X-ray luminosity distribution (the high mass distribution has been arbitrarily
scaled to allow for comparison). Section breaks down the X-ray emission
properties of these samples. 39
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where log,o(ap) = 29.37 £ 0.15, v = 2.03 £ 0.60, log,,(5y) = 39.28 £ 0.03 and § =
1.31£0.13 for 2 - 10 keV.

The low-mass X-ray binary (LMXB) contribution is correlated to the stellar mass,
the high mass X-ray binary (HMXB) contribution to the SFR and the redshift de-
pendence accounts for changes in metallicity and evolution of the XRB population.
About 15% of the galaxy sample used to fit the Lehmer et al. (2016) relationship
falls within the dwarf galaxy range defined in this chapter. Thus equation was
appropriate to calculate the expected emission from every dwarf galaxy’s binary
population, Lxgrg. A total of 76 galaxies were found to have an observed luminosity
that is greater than Lxgrp. Thus, there is a significant sample of X-ray emitting
dwarf galaxies whose emission cannot be accounted for solely by their XRB popu-

lation.

Hot gas in the interstellar medium can also produce X-rays, which could also po-
tentially account for some of the emission. Its contribution can be estimated using
the Mineo et al. (2012b)) relation,

Lcas = (8.3+0.1) x 10% SFR (Mg yr') (3.4)

About a third of the sample used to derive this relationship fell within my dwarf
galaxy definition. Thus equation (3.4)) was appropriate to calculate the expected
emission from the hot gas, Laga.s. I then added this to each galaxy’s Lxrp to de-
termine the expected non-AGN contribution to the X-ray emission. Despite its
relatively low magnitude, Lgas was still useful to calculate as all significant alter-
native X-ray sources needed to be considered. However, as expected all 76 objects
which already have observed emission exceeding Lxgrgp also exceed the sum of Lxrp

and LGas .

Before 1 accepted this sample of 76 objects as AGN hosts, a level of significance
needed to be applied to allow for potential uncertainties in the observed values of
the relationships used. For this reason, dwarf galaxies which met or exceeded the

following X-ray excess criterion,

Lx obs
X0bs 53 (3.5)

LxrB + Lgas

where Lx obs is the observed X-ray luminosity, were considered to have sufficiently
excessive X-ray emission to potentially host an AGN. Figure [3.4] shows the results
of these calculations. A total of 61 objects highlighted in dark blue and red both
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have sufficiently excess emission to pass this criterion and host an AGN. However,
they have their SFR measured in different ways. The point colour indicates the
method by which that galaxy’s SFR was calculated: the 56 galaxies indicated by
the dark blue points had SFRs calculated from their SED fits by MPA-JHU; the 5
red points were flagged as having poor SFR fits so instead I used the Kennicutt and
Evans (2012) formalism and the Ha emission line flux to give an SFR. Given the Ha
emission line can be contaminated by AGN light, this SFR is a conservative upper
limit. X-ray detections that do not meet the criterion given by my excess X-ray
criterion are plotted in grey. As a comparison, I also performed the same analysis
to the high mass sample. It identified 1,316 objects with emission likely originating
from an AGN.

To confirm if these dwarf galaxies with AGN had been previously identified, I entered
their RA and Dec co-ordinates into both SIMBAD and NED. Of the 61 AGN I have
identified, 40 have not been found previously. In appendix [B|T present a breakdown
of the observed and calculated properties for this sample of 61 AGN alongside the

references of any previous identifications.

3.3 Spectral Properties

In this section I analyse the X-ray and optical spectra to see how AGN in dwarf

galaxies compare to other samples.

3.3.1 Hardness Ratio

Hardness Ratios (HRs) are defined between -1 and 1, with more positive values
indicating harder X-ray emission, likely from an AGN, and more negative values
indicating softer emission, likely from stellar processes. It is calculated using the

counts from two different energy bands, A and B,

~ Band A - Band B

HR = Band A + Band B

(3.6)

I compare two HR bands: the soft band is the mean HR of the 0.5 - 1.0 keV and 1.0
to 2.0 keV bands; the hard band is the mean HR of the 1.0 to 2.0 keV and 2.0 - 4.5
keV bands. Analysing this quantity can help indicate whether the X-ray emission

from our dwarf galaxy sample is coming from an AGN, rather than stellar processes.

Figure (3.5 shows the error-weighted distribution of hardness ratios for both my X-

ray detected dwarf galaxy sample (upper panel) and high mass comparison sample
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Figure 3.4: X-ray luminosity as a function of SFR for the 86 X-ray emitting dwarf
galaxies. A total of 56 objects (blue) have observed X-ray emission which exceeds
the excess X-ray criterion: possessing X-ray emission three times greater than the
sum of Lxgrp, predicted X-ray emission from X-ray binary stars, and Lg,s, predicted
X-ray emission from hot gas. 5 objects (red) are those which meet or exceed the
excess X-ray criterion but have their SFR calculated using the Kennicutt and Evans
(2012) formalism and H« emission line. The grey points are those that did not meet
the X-ray excess criterion.
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(lower panel) before (dotted line) and after (solid line) applying the X-ray excess cri-
terion. By overlaying the distributions in this way it is clear the criterion is working
as intended: the emission in both distributions becomes, on average, harder. The
contour lines can be seen to shift towards more positive values as objects with softer
emission are removed. This effect is particularly pronounced in the high mass dis-
tribution, where a distinct group of harder emission objects had been isolated from
the full high mass sample. However, less strict attention was given to matching this

sample so it does appear more diffuse than that of the dwarf galaxies.

Higher mass galaxies generally have a larger number of confirmed AGN so this dis-
tribution will reflect some of their spectral properties. To determine whether the
thresholded dwarf galaxy distribution shared any similarities with the high mass
distribution and thus with AGN spectra I performed two KS tests. Firstly, the
thresholded dwarf galaxy distribution was compared with the full high mass distri-
bution but they were found to be inconsistent, with a 2D 2 sample KS test producing
a p-value of 1073. When both the thresholded dwarf galaxy and thresholded high
mass galaxies were compared, however, a 2D 2 sample KS test showed they are
consistent at a 30 confidence. Thus the emission from my thresholded dwarf galaxy

sample shows characteristics of coming from AGN.

These X-ray spectra alone are not definitive in determining the source of emission.
XRBs can also produce hard spectra, similar to an AGN. Plotting these spectral
distributions next to each other and performing the KS tests, however, highlights
similarities between the dwarf galaxy and high mass distributions which suggest the

dwarf galaxy emission is dominated by AGN.

3.3.2 BPT Classification

AGN can also produce signatures detectable in the visible part of the spectrum.
The central accreting black hole ionises the surrounding gas causing various emis-
sion lines to come to prominence in the galaxy’s spectrum. Other processes such as
star formation can also ionise a galaxy’s gas and dust but the associated radiation is
much softer than from an AGN. The BPT diagram plots a pair of optical emission

line ratios - [011131;\5007 and [NII]H26583 - against each other to try and distinguish the

source of this ionising radiation (Baldwin et al. [1981). Given the BPT diagnostic’s
popularity in the field, I investigate whether the 61 AGN hosts identified using X-
ray selection techniques would also be found by the BPT diagram. Of the 61 AGN

hosts in my sample, 53 had significant detections (% > 3) in each of the
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Figure 3.5: Error-weighted hardness ratio (HR) distributions for dwarf galaxy and
high mass samples before (dotted line) and after (solid line) the application of the
X-ray excess criterion. The soft band is the mean hardness ratio of the 0.5 - 1.0
keV and 1.0 to 2.0 keV bands; the hard band is the mean hardness ratio of the
1.0 to 2.0 keV band and 2.0 - 4.5 keV bands. Applying the X-ray excess criterion
shows a positive shift in HRs, indicative of possible AGN activity. The plots have
been smoothed using a Gaussian kernel, whose width corresponds to the sample
size and dimensions of the data: ~ 0.5 for the dwarf galaxies and ~ 0.3 for the high
mass galaxies. In addition, the points are weighted by their errors. The contours
encompass 80%, 60%, 40% and 20% of the samples in each plot.
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required emission lines so these were used in this analysis.

The results of the BPT analysis are shown in figure with AGN hosts plotted
as large, coloured points in the foreground. Black lines separate the AGN hosts
into different classifications: objects with ionisation signatures predominately from
AGN lie in the top-right, those dominated by star formation in the bottom-left,
and those that have a composite spectra are in the central region (Kauffmann et al.
2003a; Kewley et al. 2001). Underneath these points, the BPT classification for the
62,703 galaxies in MPA-JHU with M, <3 x10° Mg and 2z < 0.25 are plotted in light
grey. They are dominated by star-forming objects. The dark grey points show local
galaxies in MPA-JHU with an X-ray counterpart within 10”. These points are more
concentrated in the upper-right region as they likely contain significant numbers of

high mass AGN-hosting galaxies.

To investigate whether star formation dominates optical emission in my AGN hosts
I attempted to isolate emission from AGN processes at a single wavelength and com-
pare it to the total observed optical emission. I chose to investigate it at 35504, ~
the central wavelength of the SDSS u-band as this UV /Optical region will contain

light from active star-formation.

First, I consider the AGN emission prediction. To ensure little contamination from
stellar processes I used the X-ray emission to calculate the AGN’s contribution to
the observed optical light. Lusso and Risaliti (2016) published the apx relation

which has the form,

1
logy (Lu, 2500A) = 0.6 (logyg (L, 2 kev) = 7) (3.7)

It relates the luminosity density at 2 keV, L,, 5 v to that at 25004, L, 25004, from
a sample of SDSS quasars. Assuming my dwarf galaxies follow the same relation it
can provide a useful starting point in my efforts to estimate the effects of the AGN
on optical observations.

To find the luminosity density at 2 keV, I calculated the geometric means of 3XMM
bands 2 & 3 and bands 4 & 5, giving the luminosity densities at 1 keV and 5 keV
respectively. Using linear interpolation between these values I calculated L, 2 kev
and used it in equation to find L, 55004 Translating L, 5004 to the required
emission at 3550A required the composite UV-optical quasar spectrum from Vanden
Berk et al. (2001)). They model this region as a power law spectrum, f, = cv=, where
a =0.44. This required L, 45,04 to be converted to flux density, f, 5094 Which was

used, first, to scale the power for each AGN host. From this an average spectrum
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was constructed and the flux density at 3550A extracted.

The total observed optical emission was more straightforward to find, I simply con-
verted the SDSS w-band magnitude to a flux density at 3550A. I then divided
the predicted AGN emission at 3550A by the observed optical emission at 35504,
L, 3550 i (AGN predicted/ (AGN + Galaxy ) opserved ) ; and split each object into groups based
on this value. These dictate the colours used for the AGN host points in figure [3.6]

A total of 50 AGN hosts have predicted optical AGN contributions less than the
total observed optical emission - 44 have AGN contributions < 25% of the total - the
majority of which lie in the star-forming region. This helps confirm the idea that the
AGN emission in this part of the spectrum is being hidden by star formation pro-
cesses, causing the BPT diagnostic to mis-classify them. Of the 2 remaining AGN
hosts with a predicted optical AGN excess, only one lies in the AGN region. This
host has the largest predicted optical AGN excess in the sample, over 10 times that
of the galaxy emission. The other lies within the star-forming region because it has
a much smaller excess, only 1.08 times that of the galaxy. This is likely insufficient
to produce emission lines of the appropriate proportions to move it into the AGN
region. This further suggests that the BPT diagnostic is biased against identifying

the low-luminosity AGN expected in dwarf galaxies.

Some studies have shown that the Lusso and Risaliti (2016) relation used to predict
the relative optical AGN contribution has an increased dispersion in the regime of
dwarf galaxies. Furthermore, this relation assumes that the galaxies are un-obscured.
However, due to the MPA-JHU selection criteria, the galaxies in my sample are
all narrow-line objects. This produces an overestimate of the AGN contribution
making L, 3550(AGNpredicted/ (AGN + Galaxy )observea) appear larger (Baldassare et
al. 2017; Plotkin et al. 2016]). This can be seen in the two cases where the predicted
AGN contribution is larger than the total optical emission. Despite this, I have
still identified a significant number of X-ray selected AGN mis-identified as star-
forming galaxies. This finding is consistent with a increasing body of work suggesting
that optical spectroscopic measurements are insufficient to identify AGN in these

environments (Agostino and Salim 2019; Cann et al. 2019).

3.4 Specific Black Hole Accretion Rate

To investigate the activity of the central black holes powering my AGN I calculate
their growth rates in terms of the specific black hole accretion rate (sSBHAR), A\sguar.
This compares the bolometric AGN luminosity of the galaxy with an estimate of the
black hole’s Eddington luminosity to give an indication of how efficiently the black
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Figure 3.6: BPT diagram for various subsets of the MPA-JHU. The large, coloured
points highlight the 53 dwarf galaxies identified as likely to contain an AGN with
significant emission line detections. Their colour indicates the size of predicted
optical AGN luminosity compared to total optical emission, both at 3550A - see
section for details on how this was calculated. The smaller, background points
are defined as follows: the light grey points show all the low mass objects (M, <
3 x 10° Mg) found within the MPA-JHU highlighting a large distribution of points
along the star-forming track; the dark grey points are the objects in the MPA-
JHU that have an X-ray counterpart, largely dominated by the high mass AGN-like
objects.
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hole is accreting. It is found using,

25Lo 10kev N Lol
1.26 x 1038 x 0.002M,  Lgaq

AsBHAR = (3.8)
and is taken from Aird et al. (2012)). I assume that the black hole and stellar masses
scale in the same way as their higher mass counterparts to get a sense of the black
hole growth relative to the total galaxy mass. In order to clarify the validity of this
assumption, I would need to compare this scaling relation to black hole masses but
these are very difficult to accurately ascertain. Instead I looked at the morphologies
of my AGN hosts to see if they are bulge dominated. Of the 36 AGN hosts found in
the Galaxy Zoo DRI (Lintott et al. 2011]), 33 have uncertain morphology and the
remaining 3 are likely spirals. Despite this, I chose to cautiously continue using the
relationship and present the results in figure It plots the mass of a particular
host against its observed X-ray luminosity, the colour gives an indication of the
sBHAR. I have also plotted lines of constant sSBHAR to give an idea of the typical
mass and luminosity expected from these galaxies.

The most common object in my sample is a host of mass ~ 109-9° Mg. None of the
SMBHs are accreting very efficiently; most of this sample have an sBHAR of less
than 1% of their Eddington luminosity with the most frequent accretion rate being
around 0.1%, with only one rising above 10%. In the high mass region I see a wide
range of SBHARs which is restricted further down the mass scale. This effect is likely
due to the fact that objects with lower sSBHAR are missing at low masses as less
efficiently accreting hosts will be more difficult to observe (due to their extremely
low X-ray luminosities), and likely won’t appear on the plot because of the threshold

applied in the excess X-ray criterion.

3.5 Completeness-corrected Luminosity and Ac-

cretion Rate Distributions

Currently the sample is subject to significant observational biases as I preferentially
identify the most luminous and actively accreting AGN, this shows a skewed picture
of the distribution of AGN in the wider galaxy population. In this section I attempt
to correct these biases to try and understand how the probability of a galaxy hosting
an AGN as a function of luminosity and accretion rate varies across the full dwarf

galaxy population.

Firstly, I made sure that my sample of AGN was consistent with the bulk of the
underlying galaxy population. Figure shows how the shape of the underlying
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Figure 3.7: Figure showing the X-ray luminosity against galaxy mass for the 61 AGN
hosts identified in section [3.2.4. The colour gives an indication of the accretion rate
for the central black hole described in section
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galaxy distribution changes with increasing mass and that some of my observed
AGN lie at a comparatively high redshift. To correct this I took galaxies of all
masses in narrow bands of redshifts from MPA-JHU and worked out the mass which
contained ~ 90% of the galaxies. Through this process I defined a mass complete-
ness limit as a function of redshift. The observed AGN were split into 3 mass bins:
9 -logyy (M./My) < 9.5; 8 —logy, (M./My) <9; 6.8 —log,, (M./My) < 8. Each
had the completeness function applied to it and any AGN that fell below it were

removed. As a result, the sample was also limited to z < 0.06.

In addition, my sample needs to be constrained so it only contains AGN with a sta-
tistically significant detection in the energy bands used in the X-ray completeness
analysis. This analysis needs to be done to account for AGN that may have been
missed due to the varying sensitivity of 3XMM. To do this I used Flix (Carrera et al.
2007), 3XMM’s upper limits service. It provides an upper limit, flux estimate and

associated error broken down by band and instrument for the whole of 3XMM.

I use the upper limits and observed fluxes from band 8 in the PN camera; not only
does this band cover the entire energy range of 3XMM but it also has the greatest
number of AGN hosts that meet or exceed the 3XMM'’s detection threshold. Thus I
restricted my observed AGN sample to only those with a detection likelihood > 6 in
this band. Taking this and my mass and redshift corrections into account leaves me
with 28 AGN hosts. I will refer to these AGN as the statistical sample which form
the basis of the probability distributions. These AGN are marked with an asterisk
in the summary table found in appendix [B]

To account for the varying sensitivity, I need to characterise the distribution of X-
ray detection upper limits in the region of MPA-JHU with coverage from 3XMM.
There are 6,447 dwarf galaxies in MPA-JHU within 15’ of a 3XMM source. The co-
ordinates of these galaxies were uploaded to Flix. 4,331 dwarf galaxies fell within the
3XMM sky so Flix was able to produce X-ray flux limits at their co-ordinates. Thus
these 4,331 dwarf galaxies are considered as the parent sample. Using the dwarf
galaxy’s redshift, this flux limit could be turned into a luminosity upper limit. Once
all the luminosity upper limits were recorded, they were converted into a cumulative
histogram as a function of X-ray luminosity and normalised by the size of the parent
sample. This gave me a distribution of the fraction of galaxies where an AGN could
have been detected above a given X-ray luminosity, a distribution which will be re-
ferred to as the luminosity sensitivity function. I can use this information to correct
the observed distributions of luminosities and account for the varying sensitivity

of 3XMM, allowing the recovery of estimates of the true underlying distribution of
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luminosities within my samples of dwarf galaxies.

To produce the probability distribution, the observed AGN in each mass interval
were binned as a function of the observed X-ray luminosity. For each luminosity
bin, I use the sensitivity function to determine the number of galaxies within the
parent sample where the 3XMM data is sufficiently sensitive to detect an AGN of
this luminosity. I then divided the total number of X-ray detections by the expected
number of galaxies to provide an estimate of the true probability of finding an AGN
with such luminosities. This process produced the probability distributions seen in
the left-hand column of figure [3.§f They show the probability of finding an AGN
within nearby dwarf galaxies, in each mass and redshift interval, as a function of

the observed X-ray luminosity.

Correcting the statistical sample of AGN with its corresponding luminosity sensi-
tivity function has removed some of the observational bias described earlier and can
be seen in figure [3.8] In contrast to the observed distribution shown in figure [3.3]
the probability of finding an AGN generally increases towards lower observed X-ray

luminosities across all mass bins.

Up until this point I have assumed all these objects are AGN, based on the low-mass
and high mass X-ray binary checks applied to my sample. Whilst the models used
do consider the integrated X-ray emission from the galaxy up to around 10%%rg s!,
an ultra luminous X-ray object (ULX) located in the galactic centre and emitting
significantly more than the rest of the galaxy could potentially have been included
in this sample. To check whether or not these objects had been included in my
sample, I used the Mineo et al. (2012a)) X-ray luminosity function (XLF). It models
the XRB populations, including ULXs, as a two-part power law normalised by the
host galaxy’s SFR. In each mass interval, the galaxies’ XLFs were calculated and
averaged to show how the average number of ULXs compared to the average number
of AGN as a function of observed X-ray luminosity. As can be seen on the plots
in the left-hand column of figure the vast majority of the data points do not
overlap with the ULX XLFs.

Whilst this large gap does exist, it is important to quantify how many ULXs are
expected in this sample. Stochastic star formation could produce a single, very lu-
minous ULX which may account for some of the overlap seen in the lowest mass
probability distributions. To calculate the number of expected ULXs, I folded the
ULX luminosity function through the correction fractions extracted from the 3XMM

sensitivity curve. This calculation suggests there are 1.26 individual ULX detections
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within my dwarf galaxy sample. Thus, the probability that 1 or more of my X-ray
detections is in fact a ULX, rather than an AGN, is ~72% whilst the probability of

2 or more contaminants is ~36%, assuming a Poisson distribution.

It has also been noted that galaxies with lower than solar metallicities, like the
dwarf galaxies being studied, have an enhanced HMXB population (Brorby et al.
2014). Thus the Mineo et al. (2012a) XLF could be underestimating the probability
of finding a HMXB in this population of galaxies. Lehmer et al. (2019)) observes
this enhancement in 4 dwarf galaxies of similar masses and metallicities to those
in my sample. I follow the same procedure outlined earlier but instead use the
normalisations calculated in Lehmer et al. (2019)) and observe some increase in the
probability of finding a HMXB at any given X-ray luminosity. I have not shown this
relationship on figure because the small sample size means the relationship will
have large and undefined uncertainties and I believe plotting the relationship would
appear overly definitive. When the Lehmer et al. (2019)) relationship is plotted on
the lowest galaxy mass panel it is clear that the increase does overlap with the lower
luminosity half of the fit line which suggests that some of these detections may not
be AGN. However, when plotted in the higher host galaxy mass bins the increase
is shown to be insufficient to overlap with the probability distributions. Thus, I am

confident that the observed sample residing in the higher mass dwarf galaxies are
AGN.

After confirming my sample were AGN I could confidently construct probability
distributions for the sSBHAR, as first considered in section [3.4f Observed X-ray lu-
minosity can be affected by a number of host galaxy properties so by doing this I can
reduce the observational bias whereby a black hole growing at a given accretion rate
in a low mass galaxy produces a similar observable X-ray luminosity when compared
to a black hole with a lower accretion rate in a higher mass host galaxy. I can also
confirm whether the results shown in figure [3.7] are consistent with the underlying
population of AGN in dwarf galaxies. I repeated the upper limits correction process
described earlier but instead binned the observed and upper limits data as a func-
tion of sSBHAR. The results, plotted in the right-hand column of figure [3.8 show a
similar dynamic range to the observed X-ray luminosities that varies significantly
depending on the stellar mass bin. In addition as we move down the mass scale, the
average sSBHAR increases. This is consistent with the results in figure [3.7] as lower

mass galaxies require a larger SBHAR to be observed.
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A power law of the following form is fit to each of these plots,

logyo(p(X)) = A+ k(log;o(X) — 2') (3.9)

where p(X) is the probability of observing an AGN with corresponding X-axis quan-
tity, X. Each equation is centred at x’ = 40.5 for luminosity and -2.5 for sSBHAR,
this is the median value for each quantity in the full statistical sample. The power
laws are shown as a dashed red line allowing me to more clearly identify how the
probability of finding an AGN in a dwarf galaxy, within a given mass and redshift,

changes as a function of observed X-ray luminosity and sBHAR.

These power law fits reinforce the effect of the upper limits correction, giving me
insight into the true extent of black hole activity across the dwarf galaxy popula-
tion. I can confidently say that, in the higher mass plots (top and middle rows),
the average number of AGN in dwarf galaxies as a function of both luminosity and
sBHAR are well described by a power law. The luminosity power law in both these
mass bins is distinct from the Mineo et al. (2012a) XLF in both normalisation and
index, highlighting the fact I have identified a distinct sample of AGN. Moreover,
the luminosity power laws describing the high and middle mass samples are identical
within the error regions. The sBHAR power laws do not have the same degree of
similarity. However, they are very likely derived from a clean sample of AGN and
their error regions are of a similar size to the luminosity power laws which suggests
that sSBHAR, like luminosity, could be a fundamental property of an AGN. This has
been previously observed in Aird et al. (2012) for a higher redshift and higher mass

sample.

A slight downward trend exists in the lowest mass bins but it is much more uncertain
given only 4 AGN were identified in this region (compared to the 15 and 10 AGN
found in the high and middle mass bins respectively). Thus each point is based on

a single observation and leads to comparatively large errors.

Overall, AGN in dwarf galaxies are detected emitting at a range of luminosities,
driven by a correspondingly large range of accretion rates. For each mass bin, the
average number of AGN increases with decreasing X-ray luminosity and sBHAR.
This is consistent with other AGN population studies (e.g. Aird et al. 2018; Geor-
gakakis et al. 2017)), highlighting the expectation that AGN with lower luminosities

and sSBHARs are much more numerous, despite our current inability to detect them.
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Figure 3.8: Distributions showing the probability of finding an AGN within the
completeness corrected dwarf galaxy sample as a function of both observed X-ray
luminosity (left-hand column) and specific black hole accretion rate (right-hand
column). Power laws (dashed red line) were fit to each distribution, their uncertainty
is also shown (pale red region). The redshift and mass limits applied to each row are
shown. The blue line shows the expected average contribution from discrete, stellar-
origin sources (HMXBs, ULXs) within my galaxy sample, based on the Mineo et al.
(2012a)) XLF scaled by the average SFR of the galaxies in my sample. It is plotted
on each of the left-hand luminosity plots to rule out the possibility of a central ULX
or group of ULXs being responsible for some of the low luminosity emission. See
section for more details on how these plots were constructed.
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3.6 AGN Fraction as a Function of Host Galaxy
Mass and Redshift

The fraction of galaxies that host an AGN within given mass and redshift regimes
can be easily derived from the probability distributions shown in figure In this
section I use the luminosity probability distributions shown in the left-hand column
of figure to calculate robust AGN fractions above fixed luminosity limits which

provide a direct comparison with previous work.

First, I consider how AGN fraction varies as a function of host galaxy mass. For each
plot in the left-hand column of figure the probabilities were summed, converted

into fractions, with the following equation,

42
J(Lx > Linin) = LZ p(logyo(Lx)) x Alogy(Lx) (3.10)
where f(Lx > Lyjy) is the AGN fraction with X-ray luminosity > Ly,. The AGN
fractions for the full range of X-ray luminosity (Lx > 103? erg s7!) are plotted in
green on figure |3.9| at the median mass for that sample. The higher luminosity half
of the observed AGN hosts (Lx > 10405 erg s7!) are plotted as purple squares on
the same figure. Overall there appears to be an increase in AGN fraction with host
galaxy mass. This is consistent with the expectation that black holes in higher mass
galaxies are increasingly common, thus as the incidence of black holes increases so
too does the the incidence of AGN. As highlighted in section [3.5, AGN with low
accretion rates are more common, thus the likelihood that an AGN would produce
detectable emission rises with host galaxy mass. However, the Lx > 1039 erg s7!
fractions are also consistent with no change across the dwarf galaxy mass range.
At a fixed host galaxy mass, an increased luminosity threshold highlights the higher
accretion rate end of the AGN probability distributions. As expected from the
downward slope of the power laws in figure [3.8] there is a clear overall drop in
Lx > 10%05 erg s71 AGN fraction. The increase with stellar mass for these fractions
appears more statistically significant. It could suggest increasing host galaxy mass
has some effect on increasing the incidence of AGN activity in highly accreting AGN.
However, I cannot confirm this result for the lowest stellar masses in this regime as
there were no AGN observed with these properties. The upper limit, presented as a
triangle, is based on the assumption that a single AGN does actually exist; a black
hole in a host of this mass would have to be accreting at an exceptionally high rate

to produce detectable luminosities.

The errors on the AGN fraction as a function of host galaxy mass, f(Lx > Lym),
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Figure 3.9: AGN fraction (100 x f(Lx > Lym)) as a function of host galaxy mass
for the full (green circles) and high luminosity (purple squares) samples as a func-
tion of host galaxy mass. AGN fraction increases with stellar mass in both lumi-
nosity regimes, however, the increase is only statistically significant for AGN with
IOgm(Lx) > 40.5.

are found by summing the errors on each data point in quadrature. For the full
luminosity bin, log;,Lx > 39, the errors are consistent with a constant fraction up
to M, ~ 1095 My. Perhaps host galaxy mass is not the only property that affect the
incidence of AGN for the bulk of the population.

I also consider how the AGN fraction varies as a function of the host galaxy’s
redshift and compare it to Mezcua et al. (2018]). They looked at dwarf galaxies
(10" < M, /Mg < 3 x 10%) in the Chandra COSMOS-Legacy survey out to z ~ 2.4.
Using similar techniques to those outlined in section [3.2.4] they identified a sample
of 40 AGN which they use to study the evolution of the AGN fraction as a function
of stellar mass, X-ray luminosity and redshift. Their sample allows them to measure
the AGN fraction out to z ~ 0.7 and log,, Lx ~ 42.4; there is only one observed AGN

in my sample that reaches luminosities in that range.
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By extrapolating the power law fit made in section I can estimate the AGN
fraction at higher luminosities that are not directly probed by my study. I used the
power law from the high mass bin (9 < log,q(M,/Ms) < 9.5) and re-ran the X-ray
upper limits analysis for the 7 <log,, (M./Mg) <9 bin used in Mezcua et al. (2018)).
I calculated the predicted AGN fraction as follows,

Lma

Fortran (L) = fL " A+ k(logyo(Lx) - 40.5) dlog,(Lx) (3.11)

min

where fextrap(Lx) is the predicted AGN fraction between the mass and luminosity
limits shown in figure [3.10] This figure shows my results plotted as circular points
at the median redshift of each luminosity and mass bin. Shown alongside this is the
Mezcua et al. (2018) data (square points), and others studies as lines, regions and
points. The errors in each of my AGN fractions is found by accounting for the 1o
uncertainty in the power law fit parameters. Due to the limited redshift range of
MPA-JHU, my points cover only the low redshift end of the axis, however in both

panels they are consistent, within the errors, with the results from prior studies.

For the lower luminosity AGN, in the upper panel, my AGN fractions are consistent
in both stellar mass bins. Within the uncertainties, my data is also consistent with
Mezcua et al. (2018). Thus I don’t find any evidence for a mass dependence in these

lower luminosity AGN.

Generally lower fractions, in the bottom panel of figure [3.10] show that higher lumi-
nosity AGN are less abundant than their dimmer counterparts. This is consistent
with earlier findings suggesting that AGN are more numerous at lower observed X-
ray luminosity. Mezcua et al. (2018)) suggested that the AGN fraction may decline
with increasing redshift, although given the large uncertainties, their measurements
are consistent with a constant AGN fraction out to z = 0.7. My result, in this mass
and redshift bin, provides an estimate at low redshift, consistent with the Mezcua
results at higher redshifts. My results, therefore, indicate that the AGN fraction in

dwarf galaxies is constant with increasing redshift.

3.7 Conclusion

In this chapter, I have rigorously matched a sample of dwarf galaxies to their central
X-ray counterpart. I then predicted the contribution that XRBs and hot gas may
make to this X-ray emission based on each galaxy’s mass and SFR. Any galaxies that

had observed emission three times greater than what was predicted were considered
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Figure 3.10: AGN fraction (100 X fextrap) as a function of redshift for different ob-
served X-ray luminosity ranges, adapted from Mezcua et al. . The circular
points were derived from power law fits, within highlighted mass and corresponding
90% complete redshift regimes discussed in section .
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likely to be host an AGN. I showed that placing this threshold likely isolated the
hardest X-ray emission in this sample. Off-nuclear emission cannot be completely
ruled out given the resolution of 3XMM, however recent simulations by Bellovary
et al. (2019) and observations in Reines et al. (2020]) suggest that such a detection
could still be an AGN. Thus, I can confidently say I have identified 61 dwarf galaxy
AGN hosts. 40 of these AGN are brand new detections (see appendix [B| for details).

I then performed BPT analysis on the 53 AGN hosts with significant detections in
the required emission lines to see if their optical characteristics matched their X-ray
classification. I found that the vast majority of these galaxies were classified as
star-forming. My result adds to a growing body of evidence suggesting that optical
selection methods may miss AGN, particularly those residing in dwarf galaxies. To
investigate if star formation dominated the optical component of AGN emission,
I took the X-ray emission - dominated by the AGN - and translated it down to
the SDSS wu-band, to find out the AGN’s contribution to the host galaxy’s optical
emission which is compared to the observed u-band flux. All but one of the X-ray
selected AGN classified as star-forming had their optical emission dominated by the
galaxy. This finding shows that star formation can confuse the results from BPT

diagnostics and hide the signatures of AGN.

Next I investigated the activity of the central SMBHs powering our AGN by calcu-
lating their accretion rates. I found that the SMBHs span a wide range of accretion
rates but that none are accreting at high rates. The most common environment in
my sample is a host of mass ~ 1099% My with an SMBH accreting at about 0.1%
of its Eddington luminosity. The most active SMBH has an accretion rate of ~ 10%
of its Eddington luminosity.

Finally, T attempted to correct my sample to account for AGN that could have
been missed due to the varying sensitivity of 3XMM. To do this, the observed AGN
sample needed to be reduced so it matched the underlying galaxy distribution and
had significant detections in the appropriate 3XMM band. Thus the observed sam-
ple was reduced from 61 to a statistically robust sample of 29 AGN, which were
then split into 3 mass and redshift bins. To correct the observed distribution, I
determined the upper X-ray flux limit at the positions of the 4,331 dwarf galaxies
in MPA-JHU that lie within the 3XMM footprint. I used these flux upper limits
to determine a sensitivity function that allows me to correct the observed distri-
butions of AGN luminosities for incompleteness and recover the true probability
distribution functions of AGN luminosities and specific accretion rates within the

dwarf galaxy population. As a final check, the luminosity probability distributions
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were compared to the Mineo et al. (2012a)) XLF of HMXBs and ULXs. They were
found to lie above the XLF indicating that I am identifying a distinct population of
AGN within dwarf galaxies and are not significantly contaminated by the detection
of individual, bright ULXs within the galaxy. The probability distributions show
that AGN in dwarf galaxies have a wide range of activity, with the probability of
identifying an AGN being well described by a power law. AGN are more numerous

at lower X-ray luminosities and sBHARs.

I used my robust measurements of the probability of hosting an AGN as a function
of X-ray luminosity to determine how the incidence of AGN varies as a function
of other galaxy properties. I found evidence that the fraction of galaxies with an
AGN above a luminosity limit of Lx > 10% erg s~! increases as a function of stellar
mass, rising from ~ 2.7% at M, ~ 107* Mg to ~ 6% at M, ~ 1095 My. However,
the fractions are consistent with showing no change across the stellar mass range. I
also extrapolated my measurements to higher luminosity thresholds and compared
to higher redshift measurements from Mezcua et al. (2018), finding no evidence for

any evolution in the AGN fraction in dwarf galaxies out to z ~ 0.7.
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Chapter 4

The Incidence of AGN in the

Nearby Universe

4.1 Introduction

The degree to which an SMBH and its host galaxy interact and affect each other’s
evolution is an important and contested question. Among the well-studied and con-
strained examples of co-evolution are the relations between an SMBH’s mass and
the velocity dispersion, mass and luminosity of the host galaxy’s classical bulge.
(Ferrarese and Merritt [2000; Gebhardt et al. 2000; Magorrian et al. [1998). Such
relationships imply that the SMBH and bulge co-evolve by regulating each others
growth (Kormendy and Ho [2013). SMBH growth can also be identified through
a range of electromagnetic signatures released when they undergo periods of ac-
cretion. Tracing the features of AGN activity across cosmic time has highlighted
more evidence of co-evolution. For example, total AGN accretion rate density is
highly correlated with changes in star-formation rate (SFR) density (Aird et al.
2015; Delvecchio et al. 2014; Madau and Dickinson 2014)); the effect of AGN on
their host galaxies in the form of feedback is associated with the quenching of star
formation (Di Matteo et al. 2005; Fabian [2012; Greene et al. |2020)); and feedback
could also explain the observed bi-modality in colour-magnitude and colour-mass
space (Baldry et al. 2004; Martin et al. 2007; Schawinski et al. [2014)).

It is still unclear what mechanism is the main driver of gas and dust moving down
into the centre (Alexander and Hickox [2012). As discussed in a number of studies,
taking large samples of galaxies is a useful way of constraining the AGN fuelling
mechanism as it allows us to smooth out stochastic differences and try to identify
trends (Aird et al. 2013; Delvecchio et al. 2020; Hickox et al. [2014). The most
complete AGN samples are typically found by using X-ray surveys as they can iden-
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tify AGN across large redshift ranges and down to relatively low luminosities where
non-AGN emission may dominate (Brandt and Alexander 2015). Studies that have
adopted this approach suggest that AGN are much more likely to be found in higher
mass galaxies, and in galaxies at higher redshifts (e.g. Haggard et al. 2010; Hernén-
Caballero et al. 2014} Mendez et al. 2013; Williams and Rottgering [2015; Xue et al.
2010).

Whilst these surveys employ large samples of AGN, they are subject to several ob-
servational biases. Firstly, most X-ray detection techniques define AGN as objects
that exceed absolute luminosity thresholds, or more generally dominate galaxy emis-
sion (Brandt and Alexander 2015)), causing them to miss the lower luminosity black
holes, accreting at lower rates, typically found in dwarf galaxies. Any low mass black
holes that are detected are the much rarer, more actively accreting ones. However,
over the past decade there has been a huge increase in the number of AGN detected
in dwarf galaxies aided, in part, by adapting these techniques. X-ray selected AGN
in dwarf galaxies are identified through isolating a centrally located excess emission
that cannot be explained by other sources, including X-ray binaries and hot gas
(Baldassare et al. 2017, Birchall et al. 2020; Lemons et al. [2015; Mezcua et al. 2018;
Paggi et al. 2016; Pardo et al. |2016). Such a change in detection method allows us
to overcome the bias towards actively accreting, higher mass black holes associated
with the absolute X-ray luminosity thresholds and helps challenge the assumption

that AGN are less likely in lower mass galaxies.

Secondly, a lot of these studies make little attempt to understand and correct for the
limitations of the survey data used. Aird et al. (2012) was one of the first AGN stud-
ies to attempt to overcome these observational limitations and apply completeness
corrections to their sample. By applying these corrections to a sample of galaxies
out to z » 1, from the Prism Multi-object Survey (Coil et al. [2011; Cool et al. 2013)),
they were able to determine the probability of finding an AGN as a function of vari-
ous host galaxy properties. Aird et al. (2012)) showed that the probability of hosting
an AGN can be described as a power law of X-ray luminosity and specific black
hole accretion rate (sSBHAR). Both X-ray luminosity and sBHAR distributions were
found to be consistent over a wide range of stellar masses but with normalisations

that dropped rapidly with decreasing redshift.

Similar approaches to Aird et al. (2012) have been adopted and adapted by subse-
quent AGN population studies (Aird et al. 2017, 2018 Birchall et al. 2020; Bongiorno
et al. |2016; Georgakakis et al. 2017). In chapter , I found power law distributions

describing the AGN incidence in dwarf galaxies as a function of X-ray luminosity

62



Keir Birchall AGN in Nearby Galaxies

and sSBHAR. From this I identified a redshift-independent fraction out to z ~0.7. 1
also found a weak increase in AGN fraction with stellar mass, however it was also

consistent with being flat for the range probed.

In this chapter, I extend the work done in chapter [3, remove the mass threshold
and investigate the X-ray luminosity and sBHAR distributions for this expanded
sample of local AGN. With these distributions I aim to extend the ranges probed
previously and identify whether there is any connection between AGN incidence and

stellar mass or redshift.

4.2 Data & Sample Selection

As this chapter builds upon the work done in chapter [3 I continue to use the SDSS
value-added catalogue, MPA-JHU, and 3XMM DR?7. See chapter |2 for more infor-
mation on these catalogues. In this section, I will outline the new position-matching

process needed to efficiently match my expanded sample.

4.2.1 Position Matching

In chapter [3 the dwarf galaxies in MPA-JHU catalogue were matched to 3XMM
with a simple but robust statistical technique. The small sample size allowed for
individual inspection of degenerate matches i.e. galaxies matched to multiple X-ray
signals, and vice versa. By removing the mass threshold, the potential AGN sample
expands massively. This opened up the possibility of thousands of potential degen-
erate matches between MPA-JHU and 3XMM. An automated method that assessed
the strength of these degenerate matches would be needed to feasibly process such

a large catalogue.

To overcome this challenge I turned to the ARCHES cross-correlation tool, xmatch
(Pineau et al. 2017)). It is an astronomical matching tool able to identify the coun-
terparts of one catalogue to multiple others, whilst also computing probabilities of
associations using background sources and positional errors. In consultation with its
creator, I wrote a script to match MPA-JHU and 3XMM DR7. It uses a standard
approach adopted when working with XMM, where the data and matching process
is broken down into individual XMM fields. Every 3XMM and SDSS object within
15" of the field’s central co-ordinates was found. Once complete, a level of quality
control was applied, to isolate the most secure X-ray detections - those entries whose

absolute position error was no greater than 4” and whose physical extent was less
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than 10”. Crucially, xmatch calculates the Bayesian probability of association and
non-association for each remaining pair of X-ray and galaxy co-ordinates within the
current 3XMM field. After repeating this process for all 3XMM fields, xmatch iden-
tified 110,274 potential matches.

Unfortunately, by focusing on individual fields the matching process did not ac-
count for any overlap that might occur between them. Before I assessed the match
strengths, I removed repeating galaxy or X-ray matches produced from overlapping
fields. Omnce done, I isolated the SDSS objects with an entry in MPA-JHU. All
the SDSS co-ordinates were matched to MPA-JHU co-ordinates within 17, leaving
3,357 galaxies with mass and SFR estimates. Next, I identified the most likely X-
ray & galaxy pairs. I chose to set a 90% probability of association as the matching

threshold which produced a well-matched sample of 1,559 X-ray emitting galaxies.

4.2.2 Clarifying the Effect of High Optical Emission on the
SFRs & Stellar Masses

As outlined in section I am confident that these values are robust and well-
suited to our study. However, in this sample I expect to find high luminosity
AGN. Thus I want to check that strong central optical emission, likely originat-
ing from an AGN, is not biasing these quantities within my sample of candidate
AGN-hosting galaxies. To determine what proportion of the total observed opti-
cal emission originates from the AGN, I drew upon the techniques used in section
[3.3.2] This technique aimed to calculate and compare the luminosity densities at
35504 originating from the AGN and compare to it the overall optical emission
(LV’3550 i (AGN predicted/ (AGN + Galaxy )opservea)). Thus, for the sake of this calcula-
tion, I make the assumption that all 1,559 X-ray emitting galaxies host an AGN.

Figure |4.1] shows the stellar mass and SFR distribution of the 1,559 X-ray emit-
ting galaxies as black contours. Overlaid on these contours are the galaxies with
high predicted AGN contributions, shown as coloured points. As discussed previ-
ously, the Lusso and Risaliti|2016 relation assumes the AGN are un-obscured. Since
MPA-JHU selects only narrow-line objects this predicted AGN luminosity will be an
upper limit on its contribution. Thus some of these AGN have predictions that are
greater than the total. However, this constitutes less than 20% of the galaxy sam-
ple. This drops to ~ 7% at L, 3550 A (AGNpredicted/ (AGN + Galaxy ) opservea) > 10 and
~ 1% at L, 3550 i (AGNpredicted/ (AGN + Galaxy ) observea) > 100. These are the AGN
with strong optical emission that I am interested in. Figure clearly shows that

even with a strong predicted AGN contribution, the stellar mass and SFR values
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Figure 4.1: Comparing the stellar mass and SFR of galaxies with a high, predicted
relative optical AGN contribution (LV’3550 A (AGNpredictea/ (AGN + Galaxy ) observed );
coloured points) against the the full X-ray emitting galaxy sample (black
contours). The contours encompass 90%, 70%, 50%, 30% and 10%
of the galaxy sample. See section for more information on how
L, 3550 i (AGNpredicted/ (AGN + Galaxy ) opservea) Was calculated.
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Figure 4.2: Observed X-ray luminosity against SFR for the 1,559 X-ray emitting
galaxies which are candidates to host AGN. For clarity, these candidates were split
up into three panels of different host galaxy masses (highlighted in text on each
panel). Objects that met or exceeded the threshold are plotted in blue, those that
did not are grey. The red line is the Lehmer et al. (2016) equation, the dominant
source of X-ray emission prediction, described in section [£.2.3] Variation due to
uncertainty in coefficients is highlighted by the dashed lines. By comparing it across
plots we can clearly see the variation in mass and SFR dependencies.

calculated are consistent with the wider X-ray emitting galaxy distribution. Thus I

can continue to confidently use these values.

4.2.3 Identifying AGN

To identify emission from an AGN, I modelled the combined emission coming from
other X-ray emitting sources - X-ray binary stars and hot gas emission - and com-

pared it to the observed X-ray luminosity, following the process used in chapter [3]

Based on this criterion, 949 X-ray emitting galaxies were classified as AGN. Figure
4.2 shows a breakdown of this classification process, comparing the observed X-ray
luminosity with the SFR for every X-ray emitting galaxy and highlighting whether
it has been classified as an AGN. The sample was split into several mass bins for
clarity but it also highlights the changing nature of the Lehmer et al. (2016) equa-
tion. Each illustrated line was calculated using the mean stellar mass, indicated
on the panel, and mean redshift of the bin. So each line should be considered an
illustrative threshold. As the stellar mass increases, so too does the normalisation
of equation at low SFR. So for the highest mass galaxies, this relationship
behaves almost like a luminosity cut of > 10*! erg s~!, lower than the typical thresh-
old of 10%2 erg s~! (Brandt and Alexander 2015). At such low redshifts and SFRs,
however, I trust that the selection criterion will continue to identify AGN activity.
This increase in normalisation is believed to originate from a growing population of
long-lived low mass X-ray binaries that occurs in more massive galaxies. Variation
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due to uncertainty in coefficients is highlighted by the dashed lines.

To measure an accurate AGN fraction for this sample I had to ensure it is a statis-
tically complete sample of galaxies above a given stellar mass limit. Thus, I took
galaxies of all masses in narrow bands of redshifts from MPA-JHU and determined
the mass range which contained ~ 90% of the galaxies. This process allowed me to
create a 90% mass completeness function. Figure [4.3[shows the distribution of AGN
on the redshift and stellar mass plane, with the completeness function highlighted as
a red line. I have split this into 6 redshift intervals between 0 and 0.35 - 5 of width
0.05 and the final being 0.1 in width. These bins are highlighted by their colour in
the figure. Only those AGN which lie above the completeness function were binned,

resulting in the removal of 32 objects.

4.3 BPT Classification

AGN activity can impact the host galaxy’s emission across the electromagnetic spec-
trum. The BPT diagnostic (Baldwin et al. [1981)) is a commonly used technique to
identify the primary source of ionising radiation in the optical part of the spectrum.
By comparing the ratios of various emission lines, it is possible to gain insight into
whether star formation, AGN or a composite of both processes dominate in any
given galaxy. In chapter 3] I found that this diagnostic would have missed around
85% of my X-ray selected AGN in dwarf galaxies. Now with this larger sample I

am able to investigate how the accuracy of this diagnostic changes with stellar mass.

Of the 917 AGN hosts I identified using X-ray selection techniques, 658 had signifi-

Line Flux

c > 3) in each of the required emission lines so these were
Line Flux Error

cant detections (
used in my analysis. In the upper panel of figure[.4] T present the results of the BPT
analysis with my AGN sample plotted as large points, coloured to indicate their stel-
lar mass. Black lines separate the AGN hosts into different classifications: objects
with ionisation signatures predominately from AGN lie in the top-right, those dom-
inated by star formation in the bottom-left, and those that have composite spectra
are in the central region (Kauffmann et al. [2003b; Kewley et al. 2001). Underneath
these points, in grey, are a subset of the MPA-JHU galaxies used to illustrate the
underlying BPT distribution. Encouragingly, the vast majority of my AGN appear
to lie within the AGN region. However, the colours clearly show that most of the
objects found here are higher mass galaxies, with the lower mass points favouring
the star-forming and composite regions. The behaviour exhibited by these low mass

galaxies mirrors what I found in chapter |3| and is consistent with a growing body of
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Figure 4.3: Redshift against stellar mass for the 949 AGN identified with equation
(3.5). This sample has been limited by the 90% mass completeness function (red,
dashed line), resulting in the removal of 32 AGN (grey points). The remaining 917
AGN have been split into 6 redshift bins outlined in section and separated by
colour for clarity.
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Figure 4.4: BPT diagnostics for the 658 X-ray selected AGN with significant detec-
tions in all the emission lines shown. In the upper panel, the colour of each AGN
point represents the mass of the host galaxy, outlined in the legend. In the lower
panel, the colour of each AGN point represents the observed X-ray luminosity of
the AGN. Inset into each panel, we see the fraction of X-ray selected AGN with the
same classification from the BPT diagnostic, as a function of the relevant property.
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work suggesting that these optical spectroscopic measurements are less effective at

identifying AGN in lower mass galaxies (Agostino and Salim 2019; Cann et al.[2019).

To further interrogate this trend, I calculated the proportion of X-ray-selected AGN
with the same BPT classification as a function of stellar mass. Inset into the up-
per panel of figure we can see that the effectiveness of the BPT diagnostic in
reproducing my X-ray based classification increases with stellar mass. At the low
mass end we can see similar behaviour to that found in my previous work, with the
diagnostic missing around 75% of my dwarf galaxy AGN. However, the accuracy

rises steadily until it identifies 93% of my AGN in the highest mass host galaxies.

Chapter |3| concluded that the AGNs’ relatively low luminosity caused their stark
mis-classification. In the lower panel of figure [4.4] T investigated how the changing
X-ray luminosity affects the BPT classification. Inset in this panel is a distribu-
tion showing the changing BPT accuracy with X-ray luminosity. Whilst there is an
increase in BPT accuracy, it clearly peaks before reaching the highest luminosity
AGN: rising from 36% accurate, in the lowest mass bin, to 74% in the most popu-
lous. Clearly then, increasing X-ray luminosity is not the only variable that affects

mass dependence of the BPT accuracy.

Behroozi et al. (2019) collated the quenched fraction of galaxies in the nearby uni-
verse (based on Bauer et al. [2013; Moustakas et al. [2013; Muzzin et al. 2013) and
showed it increases strongly with stellar mass. This means higher mass galaxies are
much less likely to have their emission lines driven by star formation activity. As we
move towards higher mass galaxies, the typically higher luminosity AGN combined
with this drop in star formation would see AGN-driven signatures dominate and

produce the concurrent increase in BPT accuracy.

4.4 Specific Black Hole Accretion Rate

AGN are powered by mass accretion onto a galaxy’s central SMBH. However we
gain little insight into this accretion process by only looking at the observed X-
ray luminosity. For example, one black hole growing at a higher accretion rate
in a lower mass galaxy could produce a similar X-ray luminosity to another black
hole with a lower accretion rate in a high mass galaxy. To break this degeneracy
and understand more about how the black hole activity is distributed across my
observed AGN sample, I looked at the specific black hole accretion rate (sSBHAR),
AspHAR- This quantity compares the bolometric AGN luminosity of the galaxy with

an estimate of the black hole’s Eddington luminosity to give an indication of how
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efficiently the black hole is accreting. It is found using,

25Lo 10kev N Lol
1.26 x 1038 x 0.002M,  Lgaq

ASBHAR = (4.1)
and is taken from Aird et al. (2012). Figure[4.5shows how my observed AGN sample
are distributed on the stellar mass and X-ray luminosity plane, with the data point
colour giving an indication of the sSBHAR of each galaxy. I have also highlighted lines
of constant SBHAR to give a sense of the luminosities expected from a host galaxy
of a given mass at those accretion rates. This figure further highlights that the vast
majority of the observed AGN sample lies above stellar masses of 10 Mg. There
is also a clear preference for black holes with relatively low accretion rates. Most
of them have accretion rates that are less than 0.5% of their Eddington luminosity

and only a handful of the most massive galaxies venturing above 10%.

4.5 Completeness-corrected Probability Distribu-

tions

Despite using AGN selection criteria that modify the X-ray luminosity threshold
depending on the mass, SFR and redshift of the host galaxy, figure [4.5| clearly shows
that my sample as it is currently constructed preferentially identifies AGN found
in the highest mass galaxies. In this section I will extend the method described in
chapter |3 to the full mass and redshift range. In doing so, I will create a series of
probability distributions comparing different configurations of host galaxy properties
with the effects of observational bias removed. From these distributions I aim to

understand more about the underlying distribution of AGN in the nearby Universe.

4.5.1 Calculating Completeness Corrections

Using the 3XMM serendipitous source survey as my X-ray catalogue introduced a
significant amount of variation in the detection sensitivity. Such variation brings
with it the possibility that lower luminosity AGN within the overlapping region of
3XMM and MPA-JHU could have been missed as the flux limit was insufficient to
detect it. To overcome this, I established the fraction of the parent galaxy sample
that lie within 3XMM fields with sufficient sensitivity to detect an AGN above a

given luminosity threshold.

To perform this analysis, I made use of Flix (Carrera et al. 2007), 3XMM’s upper
limits service. It provides upper limits broken down by band and instrument for the

whole of 3XMM. From this data I chose the upper limits and observed fluxes from
71



Keir Birchall AGN in Nearby Galaxies

46
—_ ASBHAR
L B >05 o ©
O 451 mm 05-01 .
Q BN 0.1-0.05
S
—~ 44| ™ 005-0.01
o 0.01 - 0.005
B 0.005 - 0.001
8 43 - 0.001 - 0.0005
E < 0.0005
5

S 42- 20 o
~ 7\66\’\P\V\ [
>\ o9

('B =z

S 414 et

I 0_006
> "
= 40+ 15 0

o 09

o) e

1628

O 39-

80 85 9.0 95 10.0 105 11.0 11.5 12.0
log1o (Stellar Mass) (M)

Figure 4.5: Stellar mass against the observed X-ray luminosity for the 917 AGN
detected in section 4.2.3 Each point has been assigned a colour to provide an
indication of the accretion rate (Asguar) of the galaxy’s central SMBH, calculated
in section [£.4] . Several grey lines of constant sSBHAR have also been plotted for
reference.
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band 8 in the PN camera as it covers the entire energy range of 3XMM. Because
of this restriction, I also limited the observed AGN to only those with detections in
that same band. Not all objects will meet this detection threshold and some XMM
fields will not have been observed by the PN camera so my observed AGN sample
was reduced from 917 to 739.

To characterise this sensitivity variation, I need to find the X-ray detection upper
limits of all the galaxies in the region of MPA-JHU that have coverage from 3XMM.
There are 28,545 MPA-JHU galaxies found within 3XMM whose co-ordinates were
uploaded to Flix. It returned the X-ray flux upper limits at the co-ordinates of 25,949
galaxies — my parent sample. I then extracted the flux upper limits for a given range
of stellar masses and redshifts. These fluxes were then converted into luminosities
using the redshift of the galaxy associated with each upper limit. Finally, these
upper limits were used to construct a cumulative histogram function normalised by
the total number of galaxies in the current mass and redshift range. This luminosity
sensitivity function allowed me to determine the fraction of galaxies where an AGN
could have been detected above a given X-ray luminosity within a range of masses
or redshifts.

4.5.2 Creating the Probability Distributions

I am interested in calculating how the probabilities of finding AGN vary in the
nearby Universe as a function of stellar mass and redshift. To illustrate the process
of constructing these probability distributions, I will focus on how the probability

varies with X-ray luminosity and stellar mass.

For this configuration of host galaxy properties, I split up the parent sample into a
series of stellar mass bins. In each of these stellar mass bins, the data was further
broken down as a function of X-ray luminosity, producing an observed AGN count
distribution. In addition, I constructed a bespoke luminosity sensitivity function, as
outlined in section [4.5.1} Each bin’s count distribution was divided by the correction
fractions extracted from this sensitivity function to recover the expected number of
galaxies sensitive enough to detect an AGN as a function of luminosity. Finally, I
divided these corrected AGN counts by the parent sample size in this bin to pro-
duce a series of probability distributions. The results of this process are shown in
figure [4.6] It shows the probability of finding an AGN as a function of luminosity in
bins of increasing mass. Some useful reference information is printed on each panel
including the sizes of the AGN and parent samples, and the stellar mass range of

the galaxies included therein.

73



Keir Birchall AGN in Nearby Galaxies

By applying corrections extracted from the luminosity sensitivity function to the
observed AGN counts I am able to provide robust measurements of the true inci-
dence of AGN within the nearby galaxy population. In figure we see that there
is an abundance of AGN across stellar mass despite the clear favouring of higher
mass AGN seen in figure 4.5 Of particular significance are the continuation of the
findings from chapter [3} AGN populations are well described by power law distri-
butions, with AGN being found predominantly at lower X-ray luminosities (see also
Aird et al. 2012).

To calculate the errors in each probability data point I used the confidence limits
equations presented in Gehrels (1986) meaning that the size of the error is deter-

mined based on the number of detected AGN in a given bin.

One final check is performed on the AGN populations shown in figure Section
highlights how I have considered contamination from X-ray binaries and hot
gas, but there remains the possibility that this emission could originate from a ULX,
particularly in lower mass galaxies. To check whether a ULX could account for this
emission, I used the Mineo et al. (2012a) XLF. XRB populations, including ULXs,
are modelled using a two-part power law normalised by the host galaxy’s SFR. In
each stellar mass bin, XLF's associated with each individual galaxy were calculated
and averaged to show how the predicted number of ULXs compared to my AGN
observations. The blue lines in each panel of figure show that the vast majority
of the data points do not overlap with the ULX XLFs. The only point at which the

two distributions do meet is at the low luminosity end of the lowest stellar mass bin.

Since the overwhelming majority of my sample are now all confirmed AGN I could

confidently fit power laws to each of these panels. They have the following form,
X\ F
p(X) =A(—,) dlog, X (4.2)
x

where p(X) is the probability of observing an AGN with corresponding X-axis quan-
tity, X and centred on a value z’. For this probability distribution configuration,
each power law is centred on the median luminosity of the sample, log,,z’ = 42.1
(and log,, " = =2.55 for sSBHAR). The power laws are shown as dashed red lines in
each panel and more clearly identify how the probability of finding an AGN, within
the highlighted mass range, changes as a function of X-ray luminosity. The pale red

regions surrounding each power law function give an indication of the error in each
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fit. This was calculated by performing a x? fit with equation to the black data
points in each bin and their associated errors. Fit parameter errors were estimated
by taking the square-root of the covariance matrix’s diagonal. With this I could
outline the extent of the uncertainty in each fit. Encouragingly, in nearly all of the

bins the power law fits are appropriate.

4.5.3 Probability Distribution Comparison

Using the method outlined in section [£.5.2] I created a number of other probability
distributions to investigate how different configurations might shed light on the AGN
population in the nearby Universe. As can be seen in figure[4.7] T have added redshift
and sBHAR to my properties of interest. By including redshift in my range of host
galaxy properties, we can gain some insight into how the changing conditions of the
Universe might affect the AGN population. Each configuration has been split up
into 6 colour-coded bins of the corresponding property — either redshift (top row)
or stellar mass (bottom row) — and had a probability distribution calculated from
the data points in that region. For ease of comparison, each set of distributions has
been placed in the appropriate column - sSBHAR on the left, and X-ray luminosity
on the right. The results from figure have been placed in the bottom-right panel
of this figure. For clarity, I have only included the fits and their error region in each
configuration panel. However the full set of data points for each configuration can
be found in appendix [C| Table [D.I] outlines the best-fit coefficients, and associated
errors, used in equation to create these probability distributions. Overall,
this figure shows me that regardless of the host galaxy property configuration, the
average number of AGN in the nearby Universe are well described by a power law.
However, there are key differences between these configurations which I will outline

in this section.

Slope

In each panel of figure [£.7], there is some evidence of the slope changing with the
respective property. Along the top row, we can see a series of slopes steadily steep-
ening with redshift. This steepening effect is most pronounced in the right-hand
X-ray luminosity column. However, we see in the top-left panel that AGN at higher
redshifts favour more moderate accretion rates. This drives the increase in the in-
cidence of relatively low luminosity AGN emission for the corresponding redshift
bin in the top-right panel. A similar steepening can be seen in the bottom-right
stellar mass, X-ray luminosity panel, however the trend is much less consistent. It

shares the steepening seen in the redshift, X-ray luminosity panel but there is a lot
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Figure 4.6: Probability of finding an AGN in the nearby Universe, using the
completeness-corrected AGN samples, as a function of observed X-ray luminosity
and stellar mass. Power laws (dashed red lines) have been fit to the data in each
panel and displayed alongside their 1o uncertainty (pale red region). Information
about the number of PN-8-detected AGN and parent galaxies in the each mass range
are printed on the panels. The blue line shows the average number of high luminos-
ity stellar sources like ULXs. The form of these lines are based on the Mineo et al.
XLF, scaled by the average SFR of the galaxies in each bin. Dashed grey
lines indicate the AGN detection limit in each bin. See section [£.5.2] for more details
on how these plots were constructed. 76
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of variation between these two extremes.

Normalisation

As outlined in section [£.4] studying sSBHAR allows me to break observational de-
generacies associated with X-ray luminosity so we can see how mass accretion is
distributed across the AGN population. What is most striking about these distribu-
tions is that the distributions in the left-hand column of figure all appear to be
within the same limits. Regardless of redshift or stellar mass, there is little change
in the normalisation, implying that the average amount of material a black hole

accretes remains relatively consistent in the nearby Universe.

This trend is in stark contrast to that seen in the luminosity plots, in the right-hand
column of figure 4.7, Both redshift and stellar mass distributions show consistently
increasing normalisations. There are a number of processes that could be feeding
into this shift: the magnitude limitation of the galaxy sample removing high redshift,
low luminosity AGN; and the stellar mass and redshift dependencies of the Lehmer
et al. (2016) XLF in equation . However, these effects only explain why the
lower limits increase and don’t account for full shifting of these luminosity-dependent
distributions. This can be understood if we consider the lines of constant sSBHAR in
figure [4.5] for a fixed accretion rate, stellar mass determines the range of observable
luminosities. At higher stellar masses the much more common, lower accretion rate
sources have higher observed luminosities. When we consider that these mass and
redshift bins have the same accretion limits, it is clear that changing stellar mass is
the primary driver of this shift in normalisation, whether caused by explicit binning

or the effect of magnitude limitation.

4.6 AGN Fractions

Using the fits produced in section [4.5.3] I can calculate how the AGN fraction varies
with stellar mass and redshift in the nearby Universe. The results of these calcula-
tions are shown in figure [4.8 In this section I will outline this calculation process

and the significance of the results.

AGN fractions were calculated by integrating under the probability distributions
shown in figure .7 Each distribution produces a single point in the correspond-
ing position, colour and panel of figure Upper and lower limits on each AGN
fraction were calculated by integrating both edges of the error region. The limits

of these integrations are shown in the bottom-right-hand corner of the stellar mass
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Figure 4.7: A comparison of the probability distributions and associated error re-
gions calculated using different configurations of host galaxy properties. The left-
hand column looks at how the probability varies with sSBHAR and the right-hand
column shows this with X-ray luminosity. The top row bins the AGN in redshift
intervals, the bottom row does this in stellar mass. The fits for the bottom-right
hand plot were taken from figure the rest are presented in appendix |g
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Figure 4.8: AGN fractions as a function of stellar mass (upper panel) and redshift
(lower panel) calculated from the probability distributions in figure Each proba-
bility distribution was integrated within the relevant limit shown in the bottom-right
of the upper panel. There is a clear difference in AGN fraction depending on whether
the luminosity (blue stars) or sSBHAR (red circles) distributions were integrated.
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panel. Consistent limits were chosen to encapsulate the region within which the
majority of the distributions are defined and to make sure each point is directly

comparable.

This approach leaves me with two sets of AGN fractions in each galaxy property
panel: luminosity-derived fractions (blue stars) and sBHAR-derived fractions (red
dots). In effect, I have created two separate AGN definitions to compare. The
luminosity-derived points create an observational-style definition whereby an AGN
is an object emitting at an X-ray luminosity > 1042 erg s=!. Whereas the sBHAR-
derived points define an AGN as a black hole accreting at rates Aggpar > 10735,
As is evident from figure [4.8] these differing definitions have implications for the
predicted distribution of AGN.

In the upper panel, we can see how the two AGN fraction definitions vary with
stellar mass. The sBHAR-derived fractions predict a constant occupation of just
over 1% across the stellar mass range. Whereas the luminosity-derived fractions
predict a much lower AGN fraction at low stellar mass before rising to agree with
sBHAR.

In the lower panel, we can see how both AGN fraction definitions vary with redshift.
The sBHAR-derived fractions show a steady increase rising from 1% to 10%. The
luminosity-derived fractions describe an even steeper increase from about 0.1% to
10%, agreeing with the sSBHAR-derived data at the highest redshifts.

Clearly, these two AGN fraction definitions follow different trends. Since the luminosity-
derived fractions only consider higher-luminosity AGN, the sample used to calculate
these will be restricted and so a drop in AGN fraction is likely. As discussed pre-
viously, all the AGN in my sample appear to be accreting over a similar range of
sBHAR, so stellar mass is the main driver of changes in observed X-ray luminosity.
Therefore, we would expect that lower mass AGN, which are much less likely to
meet such high luminosities, are the objects most likely being excluded. In addi-
tion, figure [4.3| shows that most of the lowest mass AGN are found at the lowest
redshifts. So this would also concentrate this deficit to the lowest redshift regimes.
To pinpoint where this deficit occurs, I first split the AGN by stellar mass - those
above and below the median stellar mass of 10108 Mg - and recalculated the AGN
fractions as a function of redshift. The top row of figure [4.9| confirms my expecta-
tions by showing that this luminosity-derived fraction deficit very clearly occurs in
the lowest stellar mass and redshift galaxies. The right-hand, high-mass panel shows
that when both limits encapsulate the majority of the AGN sample, they predict

very similar trends. We can see that the luminosity-derived fractions are still subject
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to observational biases despite being calculated from completeness-corrected data.
Other studies, with different samples, have observed this effect as well e.g. Aird
et al. (2012), Bongiorno et al. (2016)), and Weigel et al. (2017).

Whilst the sBHAR-derived points are not free from these biases, selecting AGN
based on an Eddington ratio limit has been shown to yield a wider range of AGN
and host galaxy properties compared to a luminosity limit and so better represents
the underlying AGN population (Jones et al. |2017)). It is for these reasons that I
focus on the sSBHAR-derived points when drawing conclusions about the underlying
AGN population in the nearby Universe. The upper panel of figure showed us
that the sBHAR-derived AGN fraction was constant across the stellar mass range.
Furthermore, the bottom row of figure |4.9| shows that when I split the AGN by red-
shift - those above and below the median redshift of 0.11 - and recalculate the AGN
fractions as a function of stellar mass, that this flat distribution remains. Thus,
the sSBHAR-derived AGN fraction does not depend on stellar mass in the nearby

universe.

In figure 4.8 we saw that the SBHAR-derived AGN fraction increased from 1% to
10% with increasing redshift. We see similar behaviour in both panels of the top
row of figure 4.9, where the sample is split by stellar mass. Furthermore, when I
compared the low and high redshift bins in the bottom row, we see evidence of a
systematic increase in AGN fraction for both the sSBHAR- and luminosity-derived
values. My results show that there is an intrinsic increase in the sBHAR-derived
AGN fraction with redshifts out to z ~ 0.35.

Figure compares my sBHAR-derived AGN fractions with other predictions de-
rived from Eddington ratio-based probability distributions: Aird et al. (2018), Aird
et al. (2012), Birchall et al. (2020]), Bongiorno et al. (2012), Wang et al. (2017)), and
Yang et al. (2018). I have increased the limits of integration compared to figure
to incorporate the generally higher threshold of AGN activity used in these other
studies. By shifting the lower limit from log,; Asuar = —3.5 to -3, I have halved
the average AGN fraction predicted from my data to 0.5%. This shows there is a

significant amount of low level accretion in the nearby Universe.

My results provide one of the first, robust measurements of the incidence of AGN
within the nearby galaxy population. To highlight this I presented the median red-
shift of each paper’s sample in the legend. Overall we see that as redshift increases
so too does the AGN fraction. It is thought that the increased availability of cold
gas at earlier times (Popping et al. 2012; Vito et al. |2014) would drive this increase

81



Keir Birchall AGN in Nearby Galaxies

8.00 = logig (Mx/Mq) < 1+.89 10.89 = logip (Mx/Mg) < 12.00
10 4 ‘F E *
§ 1
c
S #
= . J
EBESS il
g %
; » —'+'—
5 %ﬂ*_
42.0 =logio Lx=< 44.0 4 Luminosity
-3.5 = |Oglo /\sBHARS -1.5 -+- sBHAR
0.01 : r . : r . . . ; ; : ;
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.350.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
V4
10 4 E
0.00 = z<0.11 0.11 z<0.35
9 ——
=
: ——
_*—
o
m %
<
42.0 =logyo Lx= 44.0 % Luminosity
3.5 = |0910 ASBHAR = -1.5 -+- sBHAR
0.01

10.0 10.2 104 106 10.8 11.0 11.2 114 10.0 10.2 104 106 10.8 11.0 11.2 11.4

log1o Stellar Mass (M )

Figure 4.9: The top row depicts AGN fractions as a function of redshift split up into
stellar mass bins - those above and below the median mass. Below are the AGN
fractions as a function of stellar mass split up into redshift bins - those above and
below the median redshift. The limits between which the full AGN sample has been
split are shown in the top-left of each panel. As with figure [4.8] the luminosity-
derived fraction are blue stars and the sSBHAR-derived fractions are red circles.
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Figure 4.10: A comparison of how AGN fraction changes as a function of stellar
mass at different redshifts. My data is calculated from the sBHAR-dependent fits.
Alongside this are numerous other AGN fractions calculated from Eddington ratio
based probability distributions within the limits shown in the bottom-right of the
plot. The median sample redshift is highlighted in the legend. My results agree
with other studies that probe the lowest stellar masses. However, it is clear there is
strong redshift evolution of the AGN fraction at higher stellar masses.
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in activity. Other AGN samples taken from a range of redshifts and wavelengths
appear to show similar patterns of activity (Aird et al. |[2018; Delvecchio et al. |[2018;
Yang et al. 2018). To check whether my results are consistent with this evolution,
I re-integrated equation (12) of Aird et al. (2012)) between the same sBHAR limits
shown in figure [£.10] However, this time I modified the redshift-dependent normal-
isation term by evaluating it at z = 0.11, the median redshift of my work. This

produced a new fraction of 1.1%, consistent with most of my fractions.

However, figure shows that this evolution is suppressed in lower mass galaxies.
We can see significant alignment between points accounting for AGN samples mea-
sured out to z = 1 in the dwarf galaxy mass range (log,, M./Mg < 9.5); consisting
of my results, and those from Birchall et al. (2020) and Aird et al. (2018). It is
thought that since the potential wells for lower mass galaxies are shallower, gas is
less likely to fall into the galactic centre and fuel the SMBH (Bellovary et al. 2013)).
A similar drop in AGN activity at lower stellar masses has also been observed in
different AGN samples (Aird et al. 2018; Yang et al. |[2017).

4.7 Summary & Conclusions

In this chapter I have rigorously matched a sample of local galaxies from MPA-JHU
to their X-ray counterparts in 3XMM using xmatch. Before identifying AGN, I con-
firmed that the nuclear emission from my matched sample did not affect the stellar
mass and star-formation rate measurements. With this confirmation I could use
these quantities to confidently predict the X-ray luminosity due to emission from
X-ray binaries and hot gas. Any galaxies that had observed X-ray emission at least
three times larger than the sum of these predictions was considered an AGN host.
Finally, any AGN that fell outside of the 90% mass completeness function were re-
moved from the sample. This left me with 917 AGN.

I then performed BPT analysis on the 658 AGN with significant detections in all
relevant emission lines. I have demonstrated that there is a strong stellar mass de-
pendence in the BPT diagnostic. Higher mass X-ray selected AGN are much more
likely to be assigned the same classification by the BPT diagnostic. In contrast, I
found little dependence in the BPT-selected fraction of AGN on X-ray luminosity.
Since the quenched fraction of galaxies is believed to increase with stellar mass, then
the influence of star-formation on these emission lines would drop significantly and

produce the increase in BPT accuracy.

Next I investigated the activity of the black holes powering my AGN by calculating
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their specific accretion rates. I found that there is a clear preference for black holes
with relatively low accretion rates. Most of them have accretion rates that are less
than 0.5% of their Eddington luminosity (assuming a nominal scaling between black
hole mass and galaxy stellar mass), with only a handful of the most massive galaxies
venturing above 10%. Only two AGN have an accretion rate that is greater than
50% of their Eddington luminosity.

I then corrected for observational bias in my AGN sample. Drawing on the method
used in chapter [3] I used Flix to determine the flux limits of the 25,949 MPA-JHU
galaxies found within 3XMM - my parent sample. These upper limits form the basis
from which a sensitivity function can be created and used to correct my observed
distributions of AGN. From this I created a series of probability distributions split-
ting the AGN population by stellar mass and redshift, and looking at trends with
observed X-ray luminosity and specific black hole accretion rate. These distribu-
tions are well-described by power laws but when compared show distinct trends. As
redshift increases, the power laws steepen suggesting more moderate accretion rates
and thus luminosities, are favoured at earlier times. A similar steepening trend can
be seen with stellar mass, however, the progression is less certain. I also find my
galaxies contain AGN accreting over approximately the same, broad range of specific

accretion rates (3.5 S log Asguar S —1.5) regardless of stellar mass or redshift.

Finally, integrating under each of these distributions allows me to calculate robust
AGN fractions and determine how these vary with host galaxy stellar mass and
redshift. Since I have investigated the AGN distribution as a function of both X-ray
luminosity and specific black hole accretion rate, I adopt two definitions of an AGN
when determining the fraction. The first is pseudo-observational, defining an AGN
an object with X-ray luminosity > 10%? erg s!; the second defines an AGN as a
black hole accreting at rates Aggpar > 10735, I find that the pseudo-observational
luminosity-limited definition reproduces observational biases inherent in previous
AGN studies so I focus on the accretion rate derived fractions. I find no evidence
that my accretion-rate-derived AGN fractions depend on the stellar mass, finding a
constant fraction of just over 1% for 8 < log,o(M./Mg) $ 12. In addition, I find that
AGN fraction increases with redshift, rising from 1% to 10% at z ~ 0.35.

I then derived AGN fractions from sBHAR distributions produced by other studies
and compared them to my results. My low redshift results help confirm the pre-
viously identified, strong redshift evolution of the AGN fraction in galaxies with
M, 2 10 Mg brought about by an increase in the availability of cold gas. In
contrast, my results confirm a lack of evolution at low stellar masses, indicating a

constant AGN fraction out to z = 1 (see also Birchall et al. 2020) The suppression
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in this region is thought to be driven by the shallower potential wells in lower mass

galaxies that are unable to capture as much gas as their higher mass counterparts.
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Chapter 5

The Relationship between AGN &
Star-forming Activity

5.1 Introduction

Numerous studies have linked star-forming activity with an increase in the inci-
dence of AGN (e.g. Aird et al. 2017; Aird et al. [2012; Rosario et al. 2013, Wang
et al. 2017) through the common fuelling mechanism of cold gas accretion. One
of the most compelling pieces of evidence supporting this relationship is the strong
correlation between the SFR and BHAR density distributions. Both increase from
z = 6, peak at around z = 1-3, and then decline to about a tenth of their peak in the
present-day Universe (e.g. Aird et al.|[2015; Boyle and Terlevich 1998; Delvecchio et
al. 2014; Madau and Dickinson [2014)). Concurrently there is a significant change in
the star-forming composition of the overall galaxy population. Since z = 2, there has
been a significant build up of the quiescent galaxy population, particularly in higher
mass galaxies (Barro et al. [2017; Brammer et al. [2011; Tomczak et al. [2014)), which
highlights a significant amount of star-formation quenching in this period. This
decline in the density of star-forming activity across recent cosmic time is thought
to be driven by a decreasing density of molecular gas (Maeda et al. 2017; Popping
et al. 2012).

An observed excess of AGN in star-forming galaxies would imply that quiescent
hosts are less effective at fuelling their central black holes. Kauffmann and Heckman
(2009)) explained this disparity in activity through their “feast and famine” fuelling
model. By analysing the Eddington ratio distributions of a sample of optically-
selected SDSS AGN they were able to demonstrate the existence of two distinct
populations of AGN implying there were different regimes of black holes growth.

The “feast” mode is associated with galaxies containing significant amounts of star
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formation in their central regions. The large amounts of cold gas required for this
star-forming activity fuels black hole growth. The “famine” mode is associated with
galaxies hosting older stellar populations. In this case, black hole growth is regu-

lated by the rate at which stars lose their mass.

Whilst the optical selection method used in Kauffmann and Heckman (2009) pro-
duced an incomplete sample (Jones et al. 2016), this dual fuelling model has been
observed in more recent studies with more complete samples. For example, Aird
et al. (2019) explores the effect of star-forming activity on a sample of AGN from
the CANDELS survey (0.1 < z < 4), selected using Chandra X-ray data. After
applying observational corrections to this sample, they also find evidence of an
SFR-dependent fuelling mechanism, reflective of the model proposed in Kauffmann
and Heckman (2009). Given the incomplete nature of the Kauffmann and Heckman
(2009) sample, performing a detailed analysis of the star-forming properties of AGN
activity in this redshift regime would be invaluable in confirming the nature of this

relationship.

In this chapter, I will explore how the star-forming properties of a host galaxy affect
the likelihood of finding a local (z < 0.35) X-ray selected AGN. This analysis makes
use of the AGN sample constructed in the previous chapter, see section for more

information about how these AGN were identified.

5.2 Star-forming Classification

The galaxy population in the nearby Universe is strongly bimodal: there are star-
forming galaxies that lie on the main sequence (e.g. Elbaz et al. 2011; Noeske et al.
2007) and quiescent galaxies that lie below. However, to accurately split these two
populations I cannot just use absolute SFRs. As previously discussed, the level of
star formation has changed dramatically through recent cosmic time. In addition,
Salim et al. (2007)) found that for a large sample of star-forming SDSS galaxies,

065 " To isolate any

stellar mass and SFR are related by a power law, SFR o Mass
effect that star-forming activity may have on the incidence of AGN in the nearby
Universe, I need to account for the effect that both stellar mass and redshift have

on SFR.
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5.2.1 Star-forming or Quiescent

My method for splitting the sample into different star-forming classes is based on
Moustakas et al. (2013). They calculate a quantity referred to as the “rotated SFR”,
SFR,ot, which attempts to account for the stellar mass effect on SFR. Thus SFR,

has the form,
log,o(SFRy6t) = logyo(SFR) - 0.65(log;, Mass — 10) (5.1)

where SFR is in units of Mg yr~! and mass is in units of Mg. I plotted histograms
of SFR, binned by redshift to produce distributions of this mass-independent SFR
for the underlying galaxy population. This then allowed me to identify the SFR,q
corresponding to the local minimum between the star-forming and quiescent peaks
in each redshift bin. Fitting a straight line to the change of SFR,, minima with
redshift produced an appropriately normalised equation which could be used to split
the whole galaxy population into star-forming and quiescent, SFRgp/q. It took the

form,
z—-0.75

0.79
Figure [5.1] shows the results of this analysis. My AGN sample is plotted as large,

log,,(SFRgr/q) = 0.65(log,, Mass — 10) + (5.2)

coloured points on the mass and SFR plane and contrasted with the underlying
MPA-JHU galaxy population. Each panel contains a green line, described by equa-
tion ([5.2), which is used to split these AGN into star-forming (blue stars) and quies-
cent (red circles). Any objects that lie above the line are classified as star-forming,

those below it are quiescent.

5.2.2 SFR relative to the Main Sequence

Dividing the sample into star-forming and quiescent galaxies is useful to compare
the general effect of star-formation on AGN activity. However, to understand this
effect in greater detail I extended the above analysis to further divide the galaxy
sample by its changing level of star-formation. For this quantity I shifted equation
(5.2) up to the galactic main sequence of star formation at a given redshift. It has

the form,

z—0.05
0.79

With this equation I established 5 bins of log,,(SFR/SFRys) to track the changing

level of star-formation in the sample:

log,o(SFRg) = 0.65(log;, Mass — 10) + (5.3)

e Starburst: Star-forming galaxies with excess star-formation relative to the
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Figure 5.1: The AGN sample is contrasted with the underlying galaxy population
(black contours, containing 90%, 70%, 50%, 30%, and 10% of the population). The
green dashed line describes the definition of the main sequence of star-formation for
this galaxy population and is used to determine whether an AGN is “star-forming”
(blue, stars) or “quiescent” (red, circular points). See section for more infor-
mation on how this was calculated.
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main sequence (log,,(SFR/SFRys) > 0.3)

e Main Sequence: Star-forming galaxies with SFRs consistent with the main
sequence (0.2 < log;,(SFR/SFRygs) < 0.3) corresponding to 50% of the total

star-forming galaxy population

e Sub-Main Sequence: Galaxies with SFRs lower than the bulk of the main
sequence (—1.3 < log;,(SFR/SFRys) < —0.2) consisting of weak star-forming

galaxies and relatively strong quiescent galaxies.

e Quiescent: Quiescent galaxies with moderate SFRs (1.8 < log;,(SFR/SFRys) <
-1.3)

e Quiescent (Low): Quiescent galaxies with SFRs in weakest 50% of that pop-
ulation (log,,(SFR/SFRys) < -1.8)

Figure[5.2/shows how each bin maps onto the AGN sample. By taking this approach
I have ensured there are sufficient numbers of observed AGN in each bin and that,
for a fixed redshift, an increase in the log,,(SFR/SFRys) tracks only the effects of
SFR.

5.3 BPT Classification

In chapters [3] and [4] T recreated a known fault with the BPT diagram whereby
star-formation signatures dilute the strength of AGN indicators, causing typically
lower mass AGN to be missed by this diagnostic (see also Agostino and Salim [2019;
Cann et al. 2019)). Having established techniques to separate my AGN sample by
star-forming activity, in this section I will outline how the star-forming classification

maps onto the BPT diagnostic.

Of the total sample of 917 X-ray selected AGN, 658 have significant detections

( Line Flux

g > 3) in all four emission lines. These AGN are shown on the BPT

diagnostic in figure [5.3] Blue, star-forming AGN can clearly be seen throughout
the BPT diagnostic, whereas red, quiescent AGN are only found in the AGN re-
gion. Given quiescent AGN are defined by their lack of star-forming activity, this
concentration in the AGN region is expected as there are no significant stellar emis-
sion lines to dilute the optical AGN indicators. However, over half of the X-ray
selected quiescent AGN sample are missing from the BPT diagram, compared with
only a handful of star-forming AGN. These objects do not appear because they lack
sufficiently significant detections in all the emission lines, with the most frequently

weak emission line being H5. Cid Fernandes et al. (2010)) also found a significant
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Figure 5.2: The distribution of stellar masses and SFRs for my AGN sample. Over-
laid are black, dashed lines describing bins of log,,(SFR/SFRys) calculated based
on the underlying galaxy population. Star-forming AGN are shown as blue stars,
and quiescent AGN are red circles. Section [5.2.2] provides an explanation of how
these limits were chosen. This figure was evaluated at the median sample redshift,
z=0.11.
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population of SDSS galaxies were missed out from the BPT diagram due to lack
of significant Hf line detections. This predominantly affected galaxies that would

have been classified as AGN, should the significance criterion not have been required.

To investigate why a large proportion of quiescent AGN are missing, I looked
at how the fraction of BPT-detected AGN changes with stellar mass and star-
forming classification. The results are inset in figure 5.3l The blue star-forming
distribution show high proportions of BPT-detected AGN, reaching 95% in the
10.5 < logyy (M. /Mg) < 11 bin and never dropping below 67%. However, the red
quiescent distribution peaks at 76% in the 10 < log,, (M. /Msy) < 11, before rapidly
dropping to 17% in the highest mass bin. There was only one quiescent AGN de-

tected in the lowest mass bin which was missed, hence the 0% detection rate.

By definition, quiescent AGN are not forming as many new stars as their star-
forming counterparts so stellar absorption lines will dominate their spectra. These
absorption lines will be most pronounced in the spectra of the highest mass galaxies
as there is a larger amount of stellar material. Whilst low level AGN activity in high
mass hosts can be clearly detected by robust X-ray detection, prominent stellar
absorption lines could hide weak optical emission lines in the galaxy’s spectrum.
This would produce the significant drop in the fraction of high mass, quiescent
AGN appearing on the BPT diagram seen in figure |5.3] This is further evidence to
suggest that the BPT diagram is not effective at identifying weakly accreting AGN.

5.4 Completeness-corrected Probability Distribu-

tions

In this section, I build on the probability distribution analysis performed in section
by using the star-forming classifications to highlight how they affect the AGN

population in the nearby Universe.

Figure[5.4]shows sBHAR probability distributions for each property of interest, split
up into quiescent (right-hand column) and star-forming (left-hand column) AGN.
Each panel contains numerous probability distributions coloured to indicate the re-
spective stellar mass (top row), redshift (middle row) or log,;,(SFR/SFRys) (bottom
row) bin. Based on the AGN fraction analysis in section [£.6]I only consider sSBHAR-
based probability distributions. See section for more information about sBHAR.
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Figure 5.3: BPT diagram for the 658 AGN with significant detections in all four
emission lines overlaid onto the underlying galaxy population in grey. Star-forming
AGN are shown as blue stars, and quiescent AGN are red circles. The inset figure
shows the fraction of AGN that have sufficiently strong emission lines to be detected
by the BPT diagnostic, split up by star-forming category and as a function of stellar

mass.
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5.4.1 Normalisation

Only considering sSBHAR-dependent distributions results in few changes in normal-
isation. This is consistent with the distributions in section [£.5] The only significant
shifts occur in the extreme ends of the stellar mass bins. The lowest mass, quiescent
AGN and highest mass, star-forming AGN both appear restricted when compared
to the other bins. This is due to the limited number of observations in these bins.
There is no indication of any significant enhancement or deficit relative to the rest of
the distributions. However, it does highlight the changing mix of classifications with
stellar mass: star-forming galaxies dominate at lower stellar masses and quiescent

at higher masses.

5.4.2 Slope

The clearest changes in slope can be seen in the redshift panels of figure [5.4, The
quiescent distributions are much steeper than those composed of star-forming AGN.
There is also a distinct steepening between the quiescent distributions, showing
that lower accretion rates are favoured with increasing redshift. The star-forming
distributions, however, do not show this trend. In fact, the highest redshift star-
forming distributions appear significantly flatter than their quiescent counterparts,
suggesting that star-forming activity facilitates higher accretion rates. This is a
clear example of star-forming activity having a direct effect on the distribution of
AGN in the nearby Universe.

There is also evidence for some change in slope in the log,,(SFR/SFRys) panels.
Given the nature of this quantity the quiescent/star-forming division occurs along
the log,,(SFR/SFRys) axis, there are only three bins in each panel. However, it
is clear that there are three distinct groups: the bottom two quiescent, the mid-
dle three main-sequence-adjacent and the highest log,,(SFR/SFRys) distributions
share similar forms. Increasing log,,(SFR/SFRys) appears to bring a slightly flat-
ter distribution further highlighting that star-forming activity fuels higher rates of

accretion, similar to the effect seen in redshift.

There does not appear to be any consistent trend within the stellar mass panels,
nor any clear effect when comparing the quiescent and star-forming populations.
Whilst the highest mass, star-forming bin has a distinctly flat gradient, it is poorly

constrained and is consistent with the lower mass bin within the errors.
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Figure 5.4: Comparison of the full range of sSBHAR-dependent probability distribu-
tions. The left-hand column plots the distributions of quiescent AGN, the right-hand
column plots the distributions of the star-forming AGN. The distributions are binned
as a function of stellar mass (top row), redshift (middle row) and log,,(SFR/SFRys)
(bottom row).
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5.5 AGN Fractions

Integrating under the probability distributions shown in figure [5.4] allowed me to
further analyse how star-forming activity affects the AGN population in the nearby
Universe. In this section, I will outline the results of this calculation and explain

their significance.

Figure 5.5 shows the AGN fraction as function of each property, split up into star-
forming and quiescent populations. As before I am only considering the sBHAR-
derived fractions; the corresponding integration limits are shown in the bottom-left
corner of each panel. It is encouraging to see that the top and middle panels, explor-
ing the AGN fraction with stellar mass and redshift respectively, highlight similar
trends shown in section 4.6} Previously I found little change in AGN fraction with
stellar mass, averaging around 1%. In the top panel of figure there is a similarly
flat AGN fraction with stellar mass, averaging about 1% for the quiescent galaxies,
and 2% for star-forming galaxies. Section also shows that I found AGN fraction
with redshift increased from around 1% to 10%. In the middle panel of figure
there is also a clear increase in AGN fraction with redshift. Between z =0 and 0.35,
AGN fraction rises from 0.5% to 4.5% for quiescent galaxies, and from 1.5% to 7%

for star-forming objects.

Splitting the AGN sample by star-forming classification shows that star-forming
galaxies have slightly enhanced AGN fractions. However, this enhancement does
not appear statistically significant. To check its significance, I calculated the overall
fraction of AGN found in star-forming galaxies and compared it to the fraction in
quiescent galaxies. The star-forming AGN fraction was found to be enhanced by a
factor of 2 at a > 3.50 significance. Thus there does appear to be a real increase
in the incidence of AGN in star-forming galaxies. Azadi et al. (2015) observed a
similarly sized star-forming-driven enhancement in a different X-ray selected AGN

sample out to z ~ 1.2.

This enhancement of AGN fraction in star-forming galaxies is also reflected in the
bottom panel of figure .5l The AGN fraction rises from 0.6% to 3.6% with in-
creasing log,,(SFR/SFRys). However, this increase is not linear. As with the
probability distributions in figure the fractions appear to be grouped into sim-
ilar levels of star-forming activity: groups dominated by quiescent galaxies, groups
centred around the main sequence, and starburst galaxies. Each group was observed
to have a slightly higher AGN fraction than the previous. A similar positive cor-

relation has been observed between average black hole accretion rate and SFR in
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samples at higher redshifts (e.g. Chen et al. 2013; Yang et al. 2017)).

Both redshift and SFR/SFRys appear to drive similarly strong increases in AGN
fraction. To disentangle these effects, I divided the galaxy and AGN populations
and re-plotted the AGN fractions as a function of log;,(SFR/SFRys) for these new
samples. It is clear from figure that AGN fraction increases with SFR through-
out the sample. Whether split at the median mass (log,o(M./Mg) = 10.89) in the
top row or redshift (z = 0.11) in the bottom row, both trends show a systematic

increase in fraction and a steepening gradient between the low and high value bins.

The systematic increase between the low and high redshift bins is expected given
the observed trend in figure but for this same reason the systematic increase
between lower and higher mass galaxies is not. By splitting the sample into lower
and higher mass galaxies, however, there would also be a change to the average
sample redshift. So this systematic increase in AGN fraction between low and high
mass galaxies is also likely due to redshift effects. To confirm this, I consolidated
each set of fractions from the low and high mass bins into quiescent and star-forming
classifications at each panel’s median redshift (0.08 for lower mass galaxies, 0.15 for
higher mass galaxies). I found that the increase between these consolidated fractions
was consistent with the overall AGN fraction increase with redshift.

The steepening gradient between low and high value bins will largely be due to
changing combinations of star-forming and quiescent hosts. As I outlined previ-
ously, SFR is known to increase with both stellar mass and redshift. Thus as the
SFR increases in the higher value bins, the proportion of AGN in star-forming galax-
ies will increase and those in quiescent galaxies will decrease, producing a steeper

crease.

5.6 AGN Fractions in Different Accretion Regimes

The AGN fraction definition I used to create figure [5.5| covers a significant range of
accretion rates. With this definition I have highlighted that star-forming activity
could enhance the AGN fraction by a factor of 2. However, the redshift row of fig-
ure [5.4] shows that quiescent distributions at higher redshifts favour lower accretion
rates, whereas star-forming galaxies favour higher accretion rates. So by integrating
across such a broad range of accretion rates I could be obscuring the real role star
formation plays in fuelling AGN. In this section, I change my definition of AGN
fraction: integrating under smaller areas of the probability distributions so I can

further interrogate how star-forming activity affects the incidence of AGN fraction
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Figure 5.5: AGN fraction as a function of stellar mass (top), redshift (middle) and
log,o(SFR/SFRus) (bottom). In each panel star-forming AGN fractions are shown
as blue stars, and quiescent AGN fractions are red circles. The sBHAR (Aguar)
integration limits are also displayed in the bottom-left corner.
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stellar mass (top row) and redshift (bottom row) of the sample. In each panel star-
forming AGN fractions are shown as blue stars, and quiescent AGN fractions are red
circles. The sSBHAR (A\guar) integration limits are also displayed in the bottom-left

corner.
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in different accretion rate regimes.

Figure shows the results of this analysis. The accretion rate limits are shown
in the bottom-left corner and increases from -3.5 < log;, Aspar < —2.5 in the top
panel to —1.5 <log;y Asgar < —0.5 in the bottom panel. The majority of my sam-
ple is found within the low accretion rate limits of figure [5.7s top panel. For this
reason it is unsurprising to see a recreation of the AGN fraction increase with red-
shift seen in figure [5.5] It rises from around about 1% to just under 10% across
the sample’s redshift range, with a slight enhancement in star-forming galaxies. For
moderate accretion levels, in the middle panel, there is an overall drop in AGN
fraction, compared to low-level accretion, to around 0.1%. As before, both popula-
tions maintain similar levels of AGN incidence. However, at z = 0.15 they diverge,
where the star-forming AGN fraction becomes increasingly enhanced compared to
the constant quiescent AGN fraction. Highly accreting AGN, in the bottom panel,
experience a further drop in AGN incidence, to around 0.05%. Both quiescent and
star-forming galaxies, again, have similar AGN fractions at low redshift, however
this time both fractions are decreasing. There is also a divergence at z = 0.15 which
appears more significant: as the quiescent AGN fraction continues to decrease, the

star-forming AGN fraction increases.

Using the data in figure [5.7, T would argue that there are two different mechanisms
that fuel AGN accretion in the nearby Universe. There is agreement between the
star-forming and quiescent AGN fractions for the full redshift range for low accre-
tion rate AGN, and up to z = 0.15 for more actively accreting AGN. This strong
correlation in these regions implies that these AGN are fuelled at the same rate, and
thus by a common mechanism. Above z = 0.15, the quiescent AGN fraction contin-
ues to plateau or drop in the moderate and high accretion rate panels respectively.
Whereas, the star-forming AGN fractions begin to increase. Therefore this second
mechanism dominates in star-forming galaxies, above this redshift threshold. The
presence of these two distinct evolutionary behaviours is reflective of the 'feast’ and
‘famine’ fuelling modes theorised in Kauffmann and Heckman (2009)). However, the
point at which one mechanism dominates over the other depends on more than just

star-forming classification.

Stellar mass loss is thought to be able to provide the necessary supply of gas to
sustain low levels of AGN accretion (Aird et al. 2018, [2019)). This is likely the only
source of fuel in quiescent galaxies and, in the absence of significant amounts of
cold gas, will also fuel AGN in nearby star-forming galaxies (Ciotti and Ostriker
2007; Kauffmann and Heckman 2009; Wang et al. [2017). This fuelling mecha-
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nism dominates at the lowest accretion rates and helps facilitate an increasing AGN
fraction with redshift. Stellar mass loss continues to fuel a decreasing amount of
higher rate AGN accretion at the lowest redshifts in both star-forming and quies-
cent galaxies. Above z = 0.15 in the higher accretion rate panels, AGN activity
in star-forming galaxies becomes increasingly enhanced compared to the quiescent
population. With increasing redshift comes a greater density of cold gas which fuels
more star-formation and black hole accretion (Madau and Dickinson 2014). Fig-
ure provides an estimate of the redshift at which a critical density of cold gas
becomes available for gas-driven accretion to become the dominant fuelling mecha-
nism. The upward trend of the star-forming fractions suggests that an ever greater
amount of AGN activity at higher redshifts is fuelled by cold gas accretion. By
definition, this star formation does not occur in the quiescent galaxies which serves
as further evidence that two distinct mechanisms fuel AGN at higher redshifts. The
plateauing and declining quiescent AGN fractions highlight that stellar mass loss
alone is insufficient at fuelling highly accreting AGN.

Other AGN studies tend to focus on higher redshift regimes, thus their studies are
less sensitive to lower level X-ray emission. For this reason, they tend to adopt
Eddington ratio thresholds of 1072 or an equivalent X-ray luminosity threshold of
102 erg s7* (for 10'° M, galaxies). When compared to figure 5.7} it is clear that the
star-forming AGN fraction enhancement would dominate their results (e.g. Rosario
et al. 2013; Wang et al. 2017; Xue et al. 2010; Yang et al. 2018)). Thus they observe
the regime where gas-driven accretion dominates and largely miss the AGN fuelled
by stellar mass loss. However, by including AGN at lower redshifts and accretion
rates I have further highlighted the existence of a second fuelling mechanism that

dominates in these regimes.

5.7 Conclusions

In this chapter I have extended the analysis from chapter 4] to investigate how star-
forming activity might influence the distribution of AGN in the nearby Universe.
For this investigation I created two sets of definitions designed to track changing
star-forming activity whilst accounting for redshift and mass driven enhancements.
The first definition split the sample into star-forming and quiescent populations; the
second, split the sample into even more refined bins of star-forming activity relative

to the galactic main sequence.

I then applied these star-forming classifications to the BPT-selected AGN sample.
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Figure 5.7: AGN fraction as a function of redshift, split up by specific black hole
accretion rate, Asguar, increasing from the least-actively accreting AGN in the top
row, to the most active in the bottom row. In each panel star-forming AGN fractions
are shown as blue stars, and quiescent AGN fractions are red circles.
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The vast majority of the star-forming X-ray selected AGN had sufficiently strong
emission lines to be placed across the full extent of the BPT diagnostic. About half
of the quiescent X-ray selected AGN were identified by the BPT diagnostic but were
limited to the AGN region. The other half of the quiescent sample was made up of
higher mass galaxies which did not have sufficiently significant emission line activ-
ity to make it onto the BPT diagnostic. I believe this is due to stellar absorption
lines hiding the weaker optical emission lines from low levels of AGN activity. This
is further evidence to suggest that the BPT diagram is not effective at identifying
weakly accreting AGN.

I built on the probability distribution analysis performed in section by applying
the star-forming classifications to highlight how they affect the AGN population in
the nearby Universe. The strongest star-formation-driven changes were seen in the
redshift-binned distributions. Quiescent AGN showed a significant steepening with
redshift, appearing to favour much lower accretion rate activity. Star-forming galax-
ies appeared to show the opposite trend with flatter distributions at higher redshifts.

This implies star formation facilitates more active accretion at higher redshifts.

By integrating under these distributions I could calculate robust AGN fractions
and determine how star-forming activity affects the AGN population in the nearby
Universe. Reassuringly, both AGN fraction trends with stellar mass and redshift
seen in section are recreated when split by star-forming classification. There
is little change in AGN fraction with stellar mass, and a noticeable increase with
redshift. I found that star-forming activity increases the incidence of AGN by a
factor of 2 at a > 3.50 significance. This enhancement is also seen when binning the
AGN fraction as a function of log,,(SFR/SFRus).

Finally, I re-integrated the distributions within reduced accretion rate limits so I
could investigate how the AGN fraction changes in different accretion regimes. This
highlighted evidence for two distinct fuelling mechanisms. Both the star-forming
and quiescent fractions show strong agreement at the lowest accretion rates, and
at very low redshifts for more actively accreting black holes. Stellar mass loss is
thought able to sustain the weak levels of AGN accretion for quiescent galaxies,
and also in star-forming galaxies when there is a lack of cold gas. However, above
z = 0.15 there is a strong enhancement of star-forming AGN activity. This is likely
the threshold at which cold gas forms a critical density to allow gas-driven AGN

activity to become the dominant fuelling mechanism for more active black holes.
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Chapter 6
Summary & Conclusions

In this thesis I have performed a robust characterisation of the AGN population in
the nearby Universe. To perform this analysis, I have adopted a similar approach
to studies outlined in section [I.5] I combined SDSS galaxy samples with XMM-
Newton serendipitous sources (both discussed in Chapter to measure the incidence
of AGN as a function of galaxy properties in the nearby (z < 0.35) Universe, carefully
accounting for the incompleteness of the X-ray imaging. With this novel approach
I was able to perform a focused study of the X-ray selected AGN population in
dwarf galaxies (chapter [3]) and then expand that analysis to include the wider local
galaxy population (chapter ). In addition, I studied how star-forming activity
might affect the probability of finding an AGN in these nearby galaxies (chapter
. In this chapter I aim to summarise the key findings from this work and outline

potential avenues for future research.

6.1 Identifying AGN Activity

My AGN identification technique involved, first, robustly matching X-ray signals to
a galaxy’s optical nucleus. Then I modelled the expected X-ray luminosity due to
X-ray binaries and hot gas from a galaxy of a given stellar mass, SFR and redshift
to further clarify the nature of the matched X-ray emission. If the observed X-ray
luminosity was at least three times larger than the prediction I attributed that emis-
sion to AGN activity. Whilst this approach has been successful, no AGN selection
technique is perfect. This work’s sole reliance on X-ray selection will have missed
AGN that would have been identified with other techniques. Throughout this thesis
I have compared my X-ray selected AGN sample with the BPT diagnostic. This
technique is primarily used to identify AGN activity in the local Universe as some of
the required optical emission lines required are redshifted out of the observed band
above z ~ 0.4. Given its popularity within the field, it would be revealing to see how
effective the diagnostic is compared to X-ray selection.
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Overall, I found that the BPT diagnostic is not as effective as X-ray selection at
identifying a wide range of AGN activity. Around 85% of the dwarf galaxy AGN
sample identified in chapter [3| had sufficiently significant emission lines to be placed
on the BPT diagnostic, this dropped to around 72% for the full AGN sample in
chapter [l In chapter [5 I analysed the properties that increase the probability of
a galaxy not making it onto the BPT diagram. Over half of the AGN I classified
as quiescent hosts did not possess sufficiently strong emission lines, compared with
only a handful of AGN hosts I defined as star-forming. HS was the most frequently
non-significant emission line. Lack of strength in this emission line also caused
large numbers of AGN to be missed by the BPT diagnostic in Cid Fernandes et al.
(2010). At all stellar masses, quiescent AGN made up a smaller proportion of my
BPT-selected X-ray AGN sample, peaking at 75% of the X-ray selected sample in
the 10 < log,o(M./Mgy) < 11 bin, before dropping rapidly to 17% at the highest
masses. [ argued that this is due to strong stellar absorption lines potentially hiding

weak optical emission lines from the central AGN.

Even when X-ray selected AGN made it onto the BPT diagnostic, their classifica-
tions were not always the same. Chapter|3[showed that X-ray selected AGN in dwarf
galaxies primarily lay in the star-forming region of the BPT diagnostic. This implies
star-forming signatures dominated over AGN activity in the optical part of these
galaxies’ spectra. Using the apx relation (Lusso and Risaliti 2016), I attempted
to calculate the contribution made by the AGN to the optical emission, calculated
from the observed X-ray luminosity. This analysis confirmed that emission from the
galaxy, and thus from star-forming processes, dominated over optical AGN emis-
sion. Chapter (4] helped to confirm this analysis. I found that a greater proportion
of X-ray selected AGN have their classifications agree at higher stellar masses. In
the dwarf galaxy mass regime, approximately 25% of galaxies are classified as AGN
based both on X-ray emission and the BPT diagnostic. This rises steadily, reaching
93% agreement at the highest stellar masses. This does not appear to be driven
by increased AGN activity as no correlation was found between AGN classification
agreement and observed X-ray luminosity. Behroozi et al. (2019) collated results
that suggested the fraction of galaxies with ongoing star formation decreases with
stellar mass. Given the low rate of classification agreement at lower stellar masses, I
argued that star-forming activity can cloud the detection of AGN signatures by the
BPT diagnostic and result in misclassification. This result adds to a growing body
of work suggesting that the BPT diagram does not produce accurate classification in
blue, star-forming galaxies (e.g. Agostino and Salim [2019; Cann et al. 2019; Moran
et al. 2002).
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6.2 The Nearby AGN Population

Once a sample of AGN was identified, I constructed sensitivity curves comprised
of 3XMM upper limits within the relevant stellar mass and redshift ranges. These
curves were used to correct for incompleteness in the 3XMM survey. The observed
AGN distributions were divided by the correction fractions taken from these sensi-
tivity curves to recover the expected number of galaxies where X-ray surveys were
sensitive enough to detect an AGN. From these corrected AGN count distributions,
I could measure distributions that described the probability of finding an AGN in
a galaxy as a function of X-ray luminosity and specific black hole accretion rate.
Throughout, these distributions were well described by a power law. In particular,
they highlight significant amounts of activity at low X-ray luminosities and low ac-

cretion rates.

These probability distributions were also useful in understanding the relationship
between AGN activity and the host galaxy. Each probability distribution was binned
as a function of different properties so that possible changes could be observed. To
help clarify the extent of these changes, I integrated these distributions between
certain X-ray luminosity (42 < log;, Lx (erg s™!) < 44) and specific black hole ac-
cretion rate (-3.5 < log;o Asgaar < —1.5) limits to calculate the fraction of galaxies
expected to host AGN. This approach left me with two sets of AGN fractions. The
luminosity-derived points created an observational-style definition whereby an AGN
is an object emitting at an X-ray luminosity > 10%? erg s~'. Whereas the sSBHAR-
derived points defined an AGN as a black hole accreting at rates > 10735, However,
the luminosity-derived points reproduced the observational biases inherent in previ-
ous AGN studies, despite the application of completeness corrections. Thus, these

fractions were disregarded in favour of the sSBHAR-derived fractions.

6.2.1 Stellar Mass & Redshift

In each chapter I analysed changes in the AGN fraction as a function of stellar mass
and redshift. Regardless of how the galaxy population was divided, there appears
to be no change in the AGN fraction with stellar mass. Thus it is unlikely that pos-
sessing a larger amount of gas and dust increases the probability of a galaxy fuelling
AGN activity. Each chapter also found that an increase in redshift increased the
probability that a given galaxy hosts AGN activity. This is believed to be due to the
increased availability of cold gas at higher redshifts (e.g. Popping et al. 2012; Vito
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et al. 2014). This behaviour is also consistent with the increases seen in Madau and
Dickinson (2014) suggesting an increase in the average level of accretion towards
z=2-3.

However, these single property analyses hide a more complex picture. Chapter
compared probability distributions split by stellar mass with those same distribu-
tions from chapter [3| and results derived from comparable Eddington ratio distri-
butions out to z ~ 1. These were used to calculate AGN fractions within reduced
AsBHAR limits which reflected the generally higher threshold of AGN activity used in
other studies. This comparison highlighted the existence of differential stellar mass
growth rates. Higher mass galaxies (typically M, > 10'°My) show evidence of a
strong redshift-driven increase out to z ~ 1. As before, this is thought to be caused
by the increasing availability of cold gas. Aird et al. (2018), Georgakakis et al.
(2017), and Yang et al. (2018) all observed similar behaviour in different AGN sam-
ples taken from a range of redshifts and wavelengths. Lower mass galaxies, however,
have consistent AGN fractions out to z ~ 1. It is thought that their shallower po-
tential wells are less likely to attract gas into the galactic centre and fuel the SMBH
(Bellovary et al. |2013)). A similar drop in AGN activity in these mass regimes has
also been observed in different AGN samples (Aird et al. 2018; Yang et al. [2017)).

Thus, regardless of formation mechanism, black hole seeds appear difficult to grow.

6.2.2 SFR

There is strong observational evidence to suggest a correlation between the volume-
averaged black hole accretion activity and star formation history going back to z ~ 6.
Thus, in chapter [, I investigated whether the incidence of AGN in the nearby Uni-
verse correlates with star-forming activity. Using the “rotated SFR” quantity from
Moustakas et al. (2013), I established a measure of star formation that takes into
account the enhancing effects that stellar mass and redshift have on the SFR of
a given galaxy. I normalised this quantity to my galaxy sample and then split it
into star-forming and quiescent populations. With this definition, I calculated the
AGN fraction as a function of stellar mass and redshift for both the star-forming
and quiescent populations. I found evidence to suggest a factor of two increase in
AGN fraction in star-forming galaxies at a 3.50 significance. A similar level of star-
forming-driven enhancement was observed by Azadi et al. (2015) in a different X-ray
selected AGN sample out to z ~ 1.2. In addition, I further divided the galaxy sample
into five finer bins of rotated SFR. I found that AGN fraction rises with increas-
ing values of rotated SFR. Similar positive correlations have been observed between
AGN activity and SFR in samples at higher redshifts (e.g. Chen et al. [2013; Yang
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et al. 2017). However, it is difficult to determine with the data available whether
this positive correlation is brought about because of the increase in the availability
of cold gas which drives star-formation, the motion of that gas within the galaxy,

or a combination of both.

6.2.3 Fuelling Mechanisms

The AGN fraction definition was chosen to encompass the full range of activity in my
observed sample. However, observations of the probability distributions in chapter
suggested that there were differences in the AGN population that would be hidden
by such a wide definition. There were very distinct differences in the redshift-driven
progression of quiescent and star-forming AGN populations. Quiescent galaxies at
higher redshifts appeared much more likely to host AGN with lower levels of accre-
tion. However, star-forming galaxies at these same redshifts were more likely to host
AGN with higher levels of accretion. To investigate this phenomenon further, I split
the integration range into three smaller bands: low (-3.5 < log,o Aspaar < —2.5),
moderate (-2.5 < log;; Asgaar < —1.5) and high (-1.5 < logy, Aspuar < —0.5) accre-
tion rates. I analysed how these new AGN fraction definitions changed as a function
of redshift. At low accretion rates, and up to z = 0.15 for more actively accreting
AGN, there is strong agreement in AGN fraction. Above this redshift in the moder-
ate and higher accretion rate regimes, however, there is an enhancement in the AGN
fraction for star-forming galaxies. The presence of these two distinct evolutionary
behaviours is reflective of the “feast and famine” fuelling modes theorised in Kauff-
mann and Heckman (2009). Stellar mass loss is thought able to sustain the weak
levels of AGN accretion for quiescent galaxies and star-forming galaxies lacking in
cold gas. And the strong enhancement of star-forming AGN activity above z = 0.15
suggests that gas-driven AGN activity becomes the dominant fuelling mechanism

for these more active black holes.

6.3 Final Remarks & Future Work

In this thesis I have performed a robust characterisation of the X-ray selected AGN
population in the nearby Universe. I identified AGN across the nearby galaxy pop-
ulation, including dozens of new dwarf galaxy AGN. I have highlighted the complex
role that host galaxy stellar mass and redshift play in changing the probability of
hosting an AGN. Furthermore, I have shown that star-forming activity enhances the
overall AGN fraction, particularly in black holes accreting at higher accretion rates
and in higher redshift hosts. These AGN probability distributions and fractions will
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provide useful constraints for simulations and observational studies of black hole

evolution.

This work has been able to effectively explore these relationships because of the large
AGN samples and comprehensive X-ray upper limits which can correct for incom-
pleteness. However, to further explore some of these complex relationships, a larger
AGN sample is required. Such an increase would help disentangle the nature of the
the differential stellar mass growth rates, by allowing the identification of changing
redshift dependencies in different stellar mass ranges. Furthermore, it would allow
for a more detailed study into the existence of multiple black hole fuelling mech-
anisms and where precisely the change occurs. eRosita (Merloni et al. 2012) is a
new X-ray instrument, launched as part of the Spectr-Roentgen-Gamma mission,
that would be well suited to constructing this expanded sample. It is currently over
one year into its three-and-a-half year plan to perform a 0.2 -12 keV all-sky survey,
with ambitions to make around 3 million AGN detections. Samples of this size and
distribution would be invaluable in constructing representative populations of AGN

needed to further study these questions.
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Appendix A

Images illustrating Dwarf Galaxy

Cross-Matching Procedure

Figure provides examples from my dwarf galaxy AGN sample and illustrates
results of the cross-matching process. The images are ordered by increasing sky
separation between the optical centre of the galaxy (black cross) and the X-ray
source (magenta cross). In the top left panel, the X-ray source is 0.3” away from the
optical centre of the galaxy, and it sits well within the X-ray position error (solid
circle). In contrast, the optical centre of the galaxy in the bottom right panel sits
at the edge of the 3.5 x position error (dashed circle) as it lies 6.8” away from the

X-ray source.
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Figure A.1: A sample of 12 fields showing the positions of the galaxy (black cross)
and X-ray source (magenta cross) surrounded associated position error (solid circle)
and 3.5 x position error (dashed circle). These images are ordered by increasing sky
separation between these signals.
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List of Dwarf Galaxy AGN
Candidates

Table |B.1| contains data for the 61 dwarf galaxies that I identified as hosting X-ray
AGN. The table is split into two sections: first are the AGN with a valid photometric
SFR, followed by the AGN whose SFR was calculated from their H, luminosity,
using the Kennicutt and Evans (2012)) method. Each galaxy’s co-ordinates have also
been uploaded to SIMBAD and NED to check if these AGN have been previously

detected. The columns are defined as follows:

e (1) Common name of galaxy taken from SIMBAD and NED. Galaxies marked
with an asterisk are those which made up the statistical sample (see section

for more details).

e (2) A letter in this column indicates that the AGN has been identified previ-
ously. Here follows a list of the studies which have previously identified my
AGN, the letters used to represent them and the wavelength range within
which their study focuses:

— a: Véron-Cetty, M.-P. and Véron, P. (2010) (Optical, X-ray & Radio)
— b: Reines et al. (2013) (Optical)

— c: Lemons et al. (2015) (X-ray)

— d: Sartori et al. (2015]) (Optical & IR)

— e: Sun and Shen (2015)) (Optical)

— f: Baldassare et al. (2017) (X-ray & UV)

— g: Kawasaki et al. (2017)) (Optical)

— h: Marleau et al. (2017)) (IR)

— i: Nucita et al. (2017) (X-ray)
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e (3) & (4) Galaxy co-ordinates taken from MPA-JHU (based on SDSS DRS).

e (5) & (6) X-ray co-ordinates taken from 3XMM DR?7.

(7) Separation between the optical and X-ray co-ordinates in arcseconds.

(8) Total stellar mass of galaxy and associated errors in units of Mg. The

median error for the upper/lower error on the mass is 0.1/0.08 dex.

(9) SFR and associated errors in units of Mg yr='. The median error for the
upper/lower error on the SFR is 0.27/0.21 dex.

(10) Observed 2 - 12 keV X-ray luminosity and associated errors, taken from
3XMM, in units of erg s~

(11) Predicted 2 - 12 keV X-ray luminosity (Lxrp + Lgas; see chapter 3| for

more information) in units of erg s=!.

114



Summary & Conclusions

Keir Birchall

+--98ed 9xou uO panuljUOd

‘NOV ue Surjsoy 1oj sejeprpued Suolls aq 03 paAdl[eq saIxe[eS Jremp 9 [[® I10J ®le( _._.‘.mm_ arqe],

GEHY TF 0T XCGT  GEHSIGF o 0T X €T'T A 0rx80s  SELIT0Tx 0T T 9.8°0 698€FT'8G  G986C8'90C  PFLEPE'8S  09TOES 90T » LEPTSGHT 6TLFETL ININXG
OVAS T (0T X66'€  OVATSF p0Tx26T T8 orxo0or  SAET 0t x0pT 0T¥ T 1T2STO'9S  OLFPIT'90C  0€6¥20°9S  OTOVII'90T 3 0€T09¢+9°LZFFETL ININXE
6EH6 T F 01X L9°€  TPHT TF (01 x¥a'¢  [“20 17 orxeet  SH9 17 01x08g 965°0 9VEEIG 9T L96T8T'GOT  T0VEIS'9T  OVIEST GOT ® LY0€9%+6"LOTPETL ININXE
SEHT LF g 0T X V06 6SHO9F 0T xPeL 78T orxgrg 52010 0Tx60°T 169°€ 08229€'GS  TCTLLLY'66T  0T8TIE'SS  0LI9LY 66T 0°9¥T2Ge+AT 0€6TETL SSAS
SEHAYT F go0T X 09°G  OVAGTF 0T X667 [“A8 17 0Tx2e ;20 %7,01x€0°T 6.2°9 GTTSTS'TT  9TGL80'L6T  €6TSTSIT  00£680°L6T 0°GS0ETT+TY TEROETL SSAS
6EATTF o0 X8L'G  OVAEEF o, 01x687  STAV:T orxoze  SHIST o1x.iec ge8°0 V6€TI6'€S  LILPRL'OBT  L8ETI6'ES  OTTIG8L'96T ! « OVPLGEG+LIROLOETL XSVING
6EAETF (0T X0T'E  OPHETF (0T x6he 2% £r00T X V0T SO a0 X 19T 699'Z €L0LE9°'LT  VESOVT'S6T  99LLED'LE  0OOEOVT G6T i « 90MLTH8ITT ML
SEHASTF go0T X LLTY  68HO9F 01 %208 0017 orxzgzz g2 IF  0Tx€LT 8IT'C $GEGY6'LT  €0LFO0'S6T  9E¥SY6'LT  0FOF00'S6T * €697 VAA'T
SEHALTF go0T X 686 6EHE6F g0 XVI'L S AR 0TxqUy ;72287 01X LP'9 gsT'T 869¥TZ'0-  LT99Z6'88T  TEISIZ'0-  000LZ68]T 2STI00-THETIL SSAN
SEHETF go01 X 92'9  6SHVTF o 0TI x01'T (72907, o1x09c  SHEIT 01 x g8, 862°C TLI6TIG 6E  9L6TER'8ST  96I6IG6E  0E9EER'88T ! 0TTE6E+6'6TSECTL ININXC
9ETYTF g 0T X €29 8EHOLF (0T x6gT  [_ZE4 0Tx26T  g20707 01x 04T 160°0 VSROVS'EE  TBGEST'OST  OL89VS'EE  OTIESH 08T « G6£7 DDN
LEALTF ,0TXTOG  6SHETF 0T x2yg OF0 17 orx06T ;2107 0Tx L1 606'G 86ETGR'SC  98SCE'PRT  9086¥8'S  06TEGEY T8I 6£96€ VAA'T
LEHAT LF ge0T X GTL  6EHVLF ge0IX¥T'e [ A5 17, 01x08's oA 07 01X 60T QLL'9 G0L089°€  8E6E8TFRI  V9TTY'E  088TRT VST * €£°9507€0+68°L0LITIL SSAS
SEAV'TF g 0T XG0T 6EHG8F 01 x9ee ST orxgze  STECT 0TXTT'T L98'S 9690CC VT  9ST6OV'E8T  GETOGZHT  0ELOLY €8T S'CIETPI+L6'CSETZIL SSAS
SEHYEF g 0T X T€'L  OVAETF (0IxTgg  [_ZEET orxorT 52307 0Tx26'T 680°C SILPLY'TY  COPESTT8T  09CSLY'TP  0T.£93°T8T » 9IGTT ODH
SEHG T go0T X €G°G  8EHOGF 0T x 219 OAOTT  orxorT  SA8V 0rx81 08€°0 LEVOTT'EV  6TTCV6'TI8T  FSE9CT'ESF  OFIEH6 T8I ! « LTT¥ DDN
6EHG'EF g0 XTOV  OVHLTF o 01x08'€ [ 2% mES xep'1  EAEET 01x¥1T 0122 VEI6SV'EC  809E66'8LT  €9S8SV'EC  09EE66'8LI r L'0€LTEC+HOV'8SESTIL SSAS
SEHTOF g 0T X G9°'L  6EHTLF (0T x20'T  1-FFC orx098  FZE07 01x22T L06°0 VESEQL'6T  TIVLST'OLT  8PLEOL'6T  0SGLST'OLT « 6VSTET+L TOSPTIL ININXG
6EAT'EF (0T X6L°C  6EALOF ( 0T1x90'T  [“T6 17 orxorT  §2%¢ 0T xge'8 959°0 POSTTFO-  0LTGS0'GLT  TL9TIF0-  0STSG0GLT t * €0ET SN
6EHLTF g0 XTL'E  OVAT'EF (01X 66'C [ A7 17 0TXLTT  gd0e7 01 X821 897 TITg8E'8S  9GPE6TTLT  PEVGRE'8G  000V6T TLI ! « 0°60€289+9¢°0T6ZTIL SSAS
6EHGTF g 01X LT 6EHGGF (01 x10F  [_FOE5 orxuga S ET 01 x0T 4%l LB6LI9S9'8S  68€8TT'TLT  PP8I9S'8E  00€8TTTLI q 627EE8S+LL 0E8ZTIL SSAS
SEAV'TF g0T X VLT 8EHTTF 01 x09'T  17Z0E orxp0e 22957 orxgre 0TT'T GE096E'T9  LTPIOEL9T  TEY6E'TY  0S9TOE LIT ! * T6T9 DDA
SEHE'CF go0T X €LY OVAETF 0T X TT'g A8 orxug1 22070 0T x g1y GE”'T 12S9S0°8  069¥TH'99T  96¥9S0°8€ 0695 99T 8TLITIZ VAA'T
SEH6'GF g 0T X 0L'G  SEHV'TF 0T x8L€  [TH2H orx6lz  J7017, 01x78'¢ €0L°0 VLETOG'ES  80TLRY'6ST  OSPIOS'ES  006989°6ST « T'G00EES+88 FPREOTL SSAS
LEAT6F go0T X T 6EH0EF (01 x8T'T  [“F2 00, orxgro S840V o1x001 869°0 GEVEYO'8S  €0ETFS'8ST  0£9E90'8S  00ETHS8ST > * PEVT N
SEHASTF g 0T X 676 OVAV'TF 0T x2l'e  S_AO® 01x06'¢ ;2507 0T x 178 €00°T VE09€9'6C  GLLYGT LGT  TPTIE9'6T  0997GT LGT 9980¢ VAT
SEAV'F s0TXE0'T  OVALTF 0T xTpg  [“AUET orxsze 528 17,01x20'T €egg 99L09L°TT  TTE6SE'9ST  PIETOL'CT  00809€'9ST € 0VePeI+64-929201L SSAS
SEHOLF 0T X GV T OVAETF (01 xe6'T [ 2810 orxgge  SHIT  01x9vg 661°T YOSLY6'TT  VEITTO'TST  CIELV6'TT  09E120°TST 09952T+1'¢0800TL TTOZOM
BEATV'TF gg0T X FF'E  BEAL'ET 0T X 88'L ﬁwm_m:\i xEUT AT 0T X 08°E 060'T TOTZOP'9E  8EPSER'TPT  L6RIOV'OE  09TSER'TPT i « LOPZIE+T 0CLTO0L TININXT
6EHT LT 0T XEE'9  OVHB'CT (0T X¥T'F ﬁwm L00Tx 08T EAEET 0T x 6T 209'T 6676L7'9T  690LL9°6ET  9096L7°9T  0TEILI'6ET Z°gT DDSSAs
SEHETF go0L X VV'E  6EHS6F (0T Xx OV T [~22% mé-oﬂ x0L9 oA G0T X 6771 aro'e TL8C6T'ST  TLOL6Y'GET  GEOS6T'ST  OPSLESGET 0°ZPTIST+O0P GEL060L SSAS
SEHG6F go01 X TH'6  OVAV TF go01x 0472  [“AUES orxgge SO 01 x0T €69°L 9€G080°'8¢  TPSITIVET  €9CT8O'8E  0T6YTIVET 1°99708€+L46'629980L SSAS
6EA LF (0T XTET  OVASTF o 01x9TF  I“Z7F7 orx19T 5205 0T x 26T vL0'T v69T0Z'6T  €PLTO0'8ZT  LEITOZT'6T  OFPTIZO0'8TT 3 8S0ZT6T+ES00ZEROL SSVING
6SHGETF 0T XVTE  6SH6TF (0T ET'T  [TA9E7 01x0eT 528717 ,0T x€9°9 €75°C 8TOP9L'€  TL66T9'GTT  VLEFIL'E  0890C9°GaT L TGSVE0+E6°825T800 SSAS
SEAS T F g 01 X 98'E€  6EASTVF 501 x69T [ 488 orx00¢  SITE  orxzrt ¥69°C 602790°'1¢  66CTI6'VCT  8TLFIO'TIE  0TLIT6 VLI i + TCSE0TZ+088E6TR0L XSVING
6SHTTF (01 X8T'C  OVATTF (0TI x61°¢ 1_Z2%7 orxsg9  FA0W7 01x28% 60€'S 68VE8R'TS  LEOSEO'ETT  GLRVSR'TS  OTZVEDETT « 61€20V2 VAA'T
LEHOTF ,c0TXE9L  OVHE TF g 0T X I¥'€ Mnmw_im\oﬁ xTgg oAl 0TX60°E 80€°¢ T9TPS0'9  T8TOBT'PY  TTISS0'9 €8668TF¥ €L1£090+08979520C XSVING
SEHYEF g0T X OL'L  6SHLLF 0T X Ty [TAINT, orxggs S0 8T 0rxoLT vrre 0L0T€Z'0-  €980TE'0¥  961TET0-  0STICEOF « €°TSET00-60°LTTFTOL SSAS
SEAV'EF 01X 18T OVAV'OF (0T x 2272 SATOT, orx19g ST otxp11 oree L869LT0 16L14€°9T €V9LLT 0 0T¥TLE 9T ° 0°9£0100+92'62S¥10r SSAS
SEHY T go0T X L7'G  OVATL'GF (01X 067  STEET orx6e T  FZEHT 01x09'8 796'T T66VE9'0  6T66VR'8T  SOPSEQ0  66T0SR'ST « L'808€00+96'€2STTOL SSAS
(1) (o1) (6) (8) L) (9) () (¥) (e) () (1)

({_s Bup) Potdg (-8 Buo) 5907 (;_+fi @) vds (®mr) ssen («) woneredag 29 vy 29 vy ;punog aure N

(o) Ae1-X (o) Teo13dO A[snorasrg

115



Summary & Conclusions

Keir Birchall

"NDHY Uue 3urjsoy I0j sejepipued SUOI)S 9 0} PIAdI[R( SoIXe[esd Jremp 19 [[e 10} ye(] :1°¢ 9[qeL

SEAV'SF go0T X 60°L  TVAT'GF 5,01 xgae'¢  ZTOVET, orxgzL  SAOTT01x.LTT L69°F T90T90°T  $TG966°99€  S0ET90'T  0T6966°95€E T ¥PE0T0+92°65LPETL SSAS
SEHLOF g 0T X V9’8 OVH9'8F 0T x 281 & 2810, orxire  SHVE 01xz6C 608°€ YOVEIS0-  €9TG6F IEE  9ELETS0-  OFIV6F TEE €°670£00-09'8550Z2 SSAS
LEASTF \ 0 X I8'E  OVAOTF (01x99'¢  “IEET orxggy SO0 0rxggl 105°9 69070T° T~  667Z61°9F  9.Z0T'T-  L8TT6I'9¥ « T'80ZTTO-PT9FFOE0L SSAS
SEHYTF go0T X GT'T  OVHETF 0T X20°¢ A7V 87, 0TXPI'T o286 0T x€9'8 880°¢ €69887°0-  €88YS8°0C  T8TE8Y0-  L0GSGR'0T » 7'126Z00-CE STETTOL SSAS
SEHT6F ge0T X €99 TVHTOF L0Ix6¢T S A0ET orxiLe  gAOF 01 xc6'T 8629 9ET8TT'0  8G606G°ST LEGOTZ'0  88G06G'ST 9°G€ET00+€EL TEHITOL SSAS
SEHT 6F 01 XG0T 6EH86F (01 x 6T [_79C¢7, orxgoe  AVE 01x9z'8 0¥T’s VOI8F8'0-  CLIQOT'ESE  FEOLPR'O-  092S0T'€9€ « 670S00-€GTCEETLT SDAPY
SEHALTF g0T X €9°L  OVATTF (0T xFe'c  [_ZSC 0Tx28T  §27 78 0T x61T 902 T T98€29°0  PSPTEPFTE  6LLETG0  OETTEVPTE G°GET€00+69°€VLETEL SSAS
SEHY6 F go0T X L6°L  6EHE'SF 0T X666 [ A58 0Tx9gc  §28 17,01 x 189 vLe'e €88997°0  F8998€°¥TE  TCL99V'0  0TIG8EFTE 1°008200+¥¢'zELETTL SSAS
SEASEF go01 X 69'8  OVAS TF (01 x09'T  [“FC00 orxegge  SEe T o1xg01 €€L°T €06S16'8€  9TPEL8'OFC  0EESI6'8E  0SOVL8'9FT 1°9ehS8E+LL'62LE9TL SSAS
SEA6'9F (OTXTT'T  OVAV'TF o 0Tx¥0'€ 2817 orx06¢  520717.01%g9°L €02°C 8LIGPT'6E  8IFILO'OFE  9TTIPI'6E  090LLOOVT « 8°TF806£+67TFITITL SSAS
6SHOTF c0TX88'T  OVAOTF (0Tx60°T  [“ZFC orxgzg g8 1o 0T x0T L09'9 6€0760°'TS  TO60VE'EFE  000£60°'TS  OTIBEE'EVT 87ES0TS+9Z TEETITL SSAS
LEALLF geOTX €T SEHV'6F 0T X0T'€ [ AP 17 0Txv67 520 01X 79T 812'T LLT8ST'8  GIVEILIFE  L96LST'8  0SSTIL TV ! * €€9292 DDV
SEAB'EF g 0T X €L°L  OVHTEF (0Tx 1679  17ZLL orxger  ETEHT 0Tx79'1 erz0 TTTLOR' LT 6FLT8E'TFE  9LTLOR'LT  00LZ8ETVT 14 4q « GE8VLT+8'TEG09TL ININXE
6EAVTF (0T XG8'T  OVAV T g 0Tx 0L 1“2V orxggg 52880 01x99'T 692°1 T8Y8TI'SE  0TI6LO'LEC ~ PLISTI'GE  0T68LOLET T TPL09E+P6'8T8PSIL SSAS
LEAV'GF 0T XTYG  SEHSTF o 0IXeU'T  [“AEET orxopg  oHL1T 0T x7E L 98T'€ V6TE9T'SS  TOLLITFEE  09079Z'SS  00VLIT'FET « G'099TSG+H8TFOLESTL SSAS
SEAS EF g 0T X LTV 6EHSTVF 501 x 20T | 2887, orxge1 29 T o01x1Ty L8Y'F 69S0T8°€T  96667S'8ZC  0SG608°€T  0FL0SS 8TT « 0608 0D
SEAT T g 0T XVL'E  6SH6'8F (0T xPeT  STZ7 57, 0T xegpT 22980 0T x¥i'l 1087 VEILCS'E  6TESEC'0TE  GAT8TG'E  0T09ET 0TT SPIEE0+E 9G0PV IL ININXE
6SHA6'TF (0T X9E'T  6EATSF (0T x2h'e |20, 0Tx0TL  §20747 0T%99°T L89°0 809G6L°C  99LTG0'0TC  FEYS6L'T  0T6TS0°0TT « TPPLFCO+TLETOPFIL XSVING
SEHT T F go0T X TL'6  6SHE6F 0T x0z'8  [TAO 7 oTx7plg  S2a1o0TxL1°6 86T 9ZTELT'8T  LTIB09L'LTE  TG8ELT'8T  09L09L'LIG 6929182 +LG COTEVIL SSAS
SEHG'GF go0T X 19°9  6EH9TF go0Txa8'¢ [ 2907, orxs1z  SHEOT 01x18°9 662°0 G0E9TL'T  8S0E98°CTT  68C9TL'T  086C98'CIT G126 DDN
6EALTF (0IX6G'E  OPH6'GF L01x888  I7I8C orxogzr BT 01 x8277 8L2°0 068499°AT  TTAT06'90C  09619S°'LT 069106 90T P YOVELT+ 9ELVETL ININXE
(1) (o1) (6) (8) (2) (9) (@) W) (e) (2) 3]

({_s Bup) Potdg (-8 Buo) 5907 (;_+fi @) vds (®mr) ssen («) woneredag 29 vy 29 vy ;punog aure N

(o) Ae1-X (o) Teo13dO A[snorasrg

116



Appendix C

Other Probability Distributions

Figure[C.I|shows the probability distributions split by stellar mass and redshift, and
analysing the remaining trends with X-ray luminosity and sBHAR. They have the
same form as figure [4.6| and are included for the sake of transparency, to show the

strength of our power law fits to the data.
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Figure C.1: Additional probability distribution used to calculate fits and associated
error regions for the other host galaxy properties. This figure shows the probability
of a galaxy hosting an AGN as a function of X-ray luminosity and split into bins of
redshift. As with figure power laws (dashed red lines) have been fit to the data
in each panel and displayed alongside their 1o uncertainty (pale red region). These
plots were constructed using the method outlined in section
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Figure C.1: Additional probability distribution used to calculate fits and associated
error regions for the other host galaxy properties. This figure shows the probability
of a galaxy hosting an AGN as a function of A\;gguar and split into bins of redshift.
As with figure power laws (dashed red lines) have been fit to the data in each
panel and displayed alongside their 1o uncertainty (pale red region). These plots
were constructed using the method outlined in section
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Figure C.1: Additional probability distribution used to calculate fits and associated
error regions for the other host galaxy properties. This figure shows the probability
of a galaxy hosting an AGN as a function of A;ggar and split into bins of stellar
mass. As with figure [4.6] power laws (dashed red lines) have been fit to the data
in each panel and displayed alongside their 1o uncertainty (pale red region). These
plots were constructed using the method outlined in section
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Appendix D

Probability Distribution Fit

Coeflicients

Table outlines the best-fit coefficients, and associated errors, for equation (|4.2))

to create every probability distribution shown in figure 4.7

sBHAR X-ray Luminosity (erg s7!)

(log;y x' =-2.55) (log,, x' =42.1)

z log,y A k log,, A k
0.00 - 0.05 -2.44+£0.11 -0.57+0.13 | -2.73+£0.13 -0.43+0.12
0.05 - 0.10 -248+0.08 -0.72+0.11 | -2.65+0.10 -0.97+0.12
0.10 - 0.15 -254+£0.12 -1.39+0.14 | -2.34+£0.10 -1.78+0.19
0.15-0.20 -2.36+0.13 -1.23+0.18 | -1.72+£0.10 -1.34+0.20
0.20 - 0.25 -2.13+0.17 -1.15+£0.23 | -1.24+£0.15 -1.64+0.32
0.25-0.35 -2.08+0.19 -1.59+0.24 | -0.64+0.20 -2.01+0.39

log,, Stellar Mass (M) log,, A k log,, A k
8.00 - 9.00 -2.24+£0.61 -0.90+0.01 | -3.05+£0.00 -0.37+0.43
9.00 - 10.00 -2.61+£0.22 -090+0.26 | -3.24+043 -0.74+0.25
10.00 - 10.50 -2.49+0.11 -0.49+0.16 | -2.65+0.14 -0.50+0.16
10.50 - 11.00 -2.23+0.06 -0.52+0.08 | -2.16+0.05 -0.48+0.08
11.00 - 11.50 -2.63+0.12 -1.22+0.13 | -1.91+£0.07 -1.07+0.12
11.50 - 12.00 -2.39+£0.25 -1.11+£0.26 | -1.31+£0.14 -1.12+0.27

Table D.1: Best-fit coefficients used to fit equation (4.2)) to all probability distribu-
tion configurations.
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