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Abstract
In this thesis, I present results from population studies conducted on galaxies
across most of cosmic time. Using the unique depth and area combination of
modern, ground-based surveys allows for strong constraints to be placed on the
number density of the most massive and luminous galaxies between redshifts of
0.1 < z < 5.2, while simultaneously allowing for contextualisation of results with
the fainter/lower-mass population. The dataset compiles together ≈ 2, 000, 000
objects over 6 square degrees of the sky and I use these to tackle two issues
facing extragalactic research.

First, I measure the stellar mass function of galaxies from 0.1 < z < 2.0,
covering the peak of global star formation (z ∼ 1.5–2.0). A sample of 320,000
galaxies is used to map the exponential cut off in galaxy number density at high
masses. The survey area used allows for variance attributed to large scale structure
in the Universe to be significantly reduced compared to similar studies in the past
and provides evidence this exponential cut off in galaxy number density shifts
to greater masses with time, matching predictions from some hydrodynamical
simulations such as EAGLE. I suggest this is driven by an increasing population
of massive, passive galaxies produced by mergers.

Second, I measure and examine the ultraviolet luminosity function of galaxies
in the redshift range 3.5 < z < 5.2. With high precision over the luminosity range
in which the dominance of ultraviolet emission transitions from galaxies to active
galactic nuclei (AGN), I find that both the Schechter function and double power
law models can be used to describe the galaxy population. However, they predict
drastically different number counts for ultra-luminous galaxies (MUV < −23).
Alongside, I find the number density of faint AGN (MUV > −24) are high,
generating a steep power law slope −2.1 < αAGN < −1.7. I propose that the large
rise in space density of AGN over this time period can be attributed to a global
increase in the number density of active black holes. Measurements of the galaxy
population are found to match models which suggest that a steep bright-end
slope is driven by dust obscuration and that mass-dependent quenching from
AGN feedback is not yet significant at this time.
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Abstract

In this thesis, I present results from population studies conducted on galaxies across
most of cosmic time. Using the unique depth and area combination of modern,
ground-based surveys allows for strong constraints to be placed on the number
density of the most massive and luminous galaxies between redshifts of 0.1 < z < 5.2,
while simultaneously allowing for contextualisation of results with the fainter/lower-
mass population. The dataset compiles together ≈ 2, 000, 000 objects over 6 square
degrees of the sky and I use these to tackle two issues facing extragalactic research.

First, I measure the stellar mass function of galaxies from 0.1 < z < 2.0, covering
the peak of global star formation (z ∼ 1.5–2.0). A sample of 320,000 galaxies is
used to map the exponential cut off in galaxy number density at high masses.
The survey area used allows for variance attributed to large scale structure in the
Universe to be significantly reduced compared to similar studies in the past and
provides evidence this exponential cut off in galaxy number density shifts to greater
masses with time, matching predictions from some hydrodynamical simulations
such as EAGLE. I suggest this is driven by an increasing population of massive,
passive galaxies produced by mergers.

Second, I measure and examine the ultraviolet luminosity function of galaxies
in the redshift range 3.5 < z < 5.2. With high precision over the luminosity
range in which the dominance of ultraviolet emission transitions from galaxies to
active galactic nuclei (AGN), I find that both the Schechter function and double
power law models can be used to describe the galaxy population. However, they
predict drastically different number counts for ultra-luminous galaxies (MUV < −23).
Alongside, I find the number density of faint AGN (MUV > −24) are high, generating
a steep power law slope −2.1 < αAGN < −1.7. I propose that the large rise in
space density of AGN over this time period can be attributed to a global increase
in the number density of active black holes. Measurements of the galaxy population
are found to match models which suggest that a steep bright-end slope is driven
by dust obscuration and that mass-dependent quenching from AGN feedback is
not yet significant at this time.
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As for me, I am tormented with an everlasting itch
for things remote. I love to sail forbidden seas, and
land on barbarous coasts.

— Herman Melville’s Moby-Dick
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1.1 The Big Picture

Over the past 50 years, the field of extragalactic astrophysics has been in a near-

constant state of revolution. During this period, we have witnessed increasing

observational evidence for dark matter (e.g. Rubin & Ford, 1970) and the discovery

of galaxies located at such distances that we observe them as they were when the

Universe was less than 10 per cent of its current age (e.g. Warren et al., 1987a,b).

1



2 1.1. The Big Picture

Advances in telescope technology and survey strategies have granted access to vast

volumes of the Universe, allowing for a census of galaxies to be taken at different

epochs and ultimately leading to a shift from studying individual cases to handling

upwards of millions of extragalactic sources. This has enabled astronomers to

map global trends in the galaxy population (such as star formation rates, stellar

masses and luminosity) across much of cosmic time. This DPhil thesis details

the results from studies that I have conducted on galaxy populations that span

over 90 per cent of the history of the Universe. I begin this work by providing an

introduction to the key concepts that drive this research, before discussing new

observational results derived from upwards of 2 million luminous sources found

in 6 square degrees of the sky.

1.1.1 The Timeline of the Universe

Spanning around 13.7 billion years of evolution, the Universe is a violent and

turbulent machine that has led to the formation of structure across a variety of

spatial scales. These range from individual hydrogen atoms through to grains

of dust, stars, solar systems, galaxies and clusters. Yet despite this complexity,

the history of the Universe can be broken down into several key phases (See

Figure.1.1). The exact timings where the Universe transitions between these phases

is dependent on the fine tuning of the cosmological model being used, but they

can be broadly described as follows:

1. Pre-CMB Era: During the first ∼ 380, 000 years after the Big Bang, the

Universe is in a dense, hot phase and consists of an ionised plasma of unbound

particles, such as protons and electrons. The ability for these free particles

to interact with light leads to a Universe that is opaque and greatly limits

the information available to researchers about this time. As the Universe

expands and cools to an average temperature of ∼3000K, these particles

bind together to form the first atoms, mostly hydrogen and helium, in a

process commonly referred to as Recombination or Nucleosynthesis. After

Recombination, the Universe quickly transitions to a phase of transparency,
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1. Introduction 3

Figure 1.1: A cartoon diagram showing a broad timeline of the Universe. Time flows
from left to right and some of the key periods of the Universe’s history are labelled.
Source: First Stars: Timeline of the Universe, STSci on behalf of NASA.

emitting thermal radiation which is observed today as the Cosmic Microwave

Background (CMB; McKellar, 1941; Penzias & Wilson, 1965). Today, the

CMB is measured as a background of low energy light that follows a black

body with a temperature of T = 2.73K (Planck Collaboration et al., 2020).

2. The Cosmic Dark Ages: Following the emission of the CMB, random over-

densities undergo a process of accumulating additional mass as a consequence

of gravitational attraction. This in turn forms the first halos of dark and

baryonic matter which become the seeds for future galaxies, galaxy clusters

and the wider cosmic web. This era ends when clouds of gas become dense

enough to initiate nuclear fusion, forming the first generation of stars.

3. The Era of Reionisation: The first generation of stars creates a new source

for emitting energetic photons of light into the Universe. Photons with an

energy greater than 13.6 electron-volts (eV) are capable of breaking apart

hydrogen atoms into the constituent proton and electron, a process called

ionisation. With high surface temperatures, stars in infant galaxies begin a
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4 1.1. The Big Picture

process of ionising the surrounding medium in a process known as Reionisation

(since the Universe began in an ionised state). The result is a neutral Universe

which is embedded with growing bubbles of ionised matter that surround

young galaxies (see Wise, 2019, for a recent review on the subject). The

ionisation process can be mapped with multiple observational signatures, such

as the polarisation of the CMB (Planck Collaboration et al., 2016), 21cm

hydrogen emission (e.g. Morales & Wyithe, 2010; Pritchard & Loeb, 2012)

and Lyα emission (e.g. Dijkstra, 2014), and is thought to be complete before

the Universe is 1Gyr in age (redshift: z > 6). However, debate has persisted

over the exact duration of the ionisation process, as well as the contribution

from exotic objects, such as Active Galactic Nuclei (e.g. Madau & Haardt,

2015).

4. Cosmic Noon: Once the Universe is ionised, galaxies continue to accumulate

mass through accretion from the surrounding intergalactic medium (IGM)

and from merging events. The peak in the global star formation rate is widely

measured to have occurred when the Universe was between 3Gyr–4Gyr in

age (e.g. Madau & Dickinson, 2014), and is commonly referred to as Cosmic

Noon.

5. The Low Redshift Universe: Beyond Cosmic Noon, the Universe becomes

increasingly passive due to a number of factors. For example, dark energy

limits the distance scales in which gravity can induce mergers of galaxies

and galaxy clusters. Moreover, intracluster dynamics, such as ram-pressure

stripping, remove reservoirs of gas from galaxies, and heating induced by

supernovae and AGN activity suppresses star formation rates (a process

commonly referred to as ‘feedback’). The endless expansion of the Universe

combined with a gradual decrease in star formation will ultimately result in

the ‘heat-death’ of the Universe or a ‘Big Freeze’, where galaxies will mostly

consist of various types of dead star (e.g. white dwarfs, neutron stars and

black holes). The fall in global star formation rates is much slower than the
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initial rise to Cosmic Noon. It is currently ∼ 10 Gyr since Cosmic Noon and

the global star formation rate is still measured to be around 10 per cent of

the peak (Madau & Dickinson, 2014).

1.1.2 The Cosmological Model

The current leading theory for the evolution of the Universe is commonly called

‘ΛCDM’. The name refers to the use of Dark Energy (Λ, which provides the energy

that drives the expansion of the Universe) and cold dark matter (CDM, which

drives the collapse of matter onto halos that ultimately form galaxies). The

theory relies on a number of core physical constants. For the purpose of this

thesis, I assume the values of:

ΩΛ = 0.7,Ωm = 0.3, H0 = 70km/s/Mpc3 (1.1)

where the parameter Ω indicates the fraction of the energy density contained in the

form of matter (both baryonic and dark) or in dark energy (Λ). When ΩΛ + Ωm = 1

the Universe is geometrically flat and infinite. The Hubble Constant (H0) is the

present rate of expansion of the Universe.

Since the Universe is expanding, there is a connection between the measured

recessional velocity (v) of an object and its distance from an observer (d) through

the simple relation v = H0d. On cosmological scales, such recessional velocities

are large enough that the Doppler effect stretches observed wavelengths (λ) of

light with the following relation:

λobserved = (1 + z)λrest (1.2)

where the parameter z is commonly referred to as ‘redshift’ and is connected to

a scale factor (a) that changes with time:

a(tobserved)
a(temitted) = 1 + z. (1.3)

The scale factor (a) translates a length scale between two epochs of the Universe.
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6 1.1. The Big Picture

Since the speed of light (c) is a fixed constant in the Universe, a distance

from an observer can be converted into a look-back time (time that has passed

since emission). Ultimately, this enables an individual to make observations of

the Universe at different epochs by simply examining objects at various distances.

However, in a reference frame that expands with time, distance is not such a simple

concept, particularly if the so-called Hubble Constant H0 is not, in fact, constant.

A time-dependant Hubble Constant (or Hubble Parameter H) can be defined as:

H(t)2 =
(
ȧ(t)
a(t)

)2

= 8πG
3 ρ(t)− kc2

a(t)2 + Λc2

3 (1.4)

where G is the gravitational constant, ρ is the energy density of the Universe, k is

the curvature of the Universe (0 if flat) and Λ is the cosmological constant derived

from Einstein’s equations. The rate of change of H is thus:

dH

dt
= d

dt

(
ȧ(t)
a(t)

)
= −

(
ȧ(t)
a(t)

)2

−
(

ä(t)
a(t)

)
= −

(
ȧ(t)
a(t)

)2 (
1 +

(
ä(t)a(t)
ȧ(t)2

))
= −H2(1+q)

(1.5)

where q is denoted as the ‘deceleration’ parameter.

Since k = 0, Λ is theorised to be constant and the energy density in a given volume

ρ will decrease in an ever-expanding Universe. The Hubble parameter decreases

with time, but ultimately converges to a value Λc2

3 or ∼ 57km/s/Mpc3 as t→∞.

An expanding Universe allows a number of distances to be defined, replacing the

traditional rest-frame distance in various mathematical formulae. Examples include

the distance used to convert an apparent luminosity to an absolute luminosity and

the distance used to calculate the proper size of an object based on its angular size.

Under simple circumstances, these relations would be defined as follows:

S = L

4πd2
L

(1.6)

dA = x

sin θ (1.7)

where S is the measured flux of an object of luminosity L at a distance dL and θ is

the angular size of an object of proper size x at a distance of dA. On small length
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scales, where the expansion of the Universe has a negligible impact, both of these

distances are the same. However, at cosmic length scales these distances (called the

Luminosity Distance and the Angular Diameter Distance, respectively) are found

to have dependencies on the changing scale factor a(t), which in turn can be related

to factors of (1 + z). These two distances are thus defined under ΛCDM as:

dL = a0r0(1 + z) (1.8)

dA = a0r0

(1 + z) (1.9)

where the factor a0r0 correspond to a ‘proper’ distance in the case of a static

Universe. This adds a redshift dependence to the distances defined in Equation 1.8

and Equation 1.9, leading to:

S = L

4πa2
0r

2
0(1 + z)2 , (1.10)

a0r0

(1 + z) = x

sin θ . (1.11)

This causes the flux S to decrease at a faster rate with distance. Similarly, the

redshift dependence on angular size causes objects with redshifts greater than

z ∼ 1.5 to increase in angular size because space was more compressed and the

galaxies initially much closer to the observer at emission than they are at reception.

Key to making observations of galaxies is the surface brightness of the source

(I), the amount of flux (S) per solid angle (ω) subtended on the sky. The additional

redshift terms in the formulae for luminosity distance and angular diameter distance

have a significant affect on the measured surface brightness of galaxies, resulting

in the following:

Iobserved = S

ω
= L

4πd2
L

d2
A

A
= L

4πA
1

(1 + z)4 = Iemitted
1

(1 + z)4 , (1.12)

where A is the surface area of the sky the object subtends and Iemitted is the surface

brightness of the object if it was at rest / there was no expansion in the Universe.

This additional factor of (1 + z)−4 causes galaxies of greater distances to become

increasingly difficult to detect as a consequence of cosmology.
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8 1.2. The Formation and Evolution of Galaxies

The galaxy population is dynamic and ever-changing. When discussing how

this population evolves in an expanding Universe, a key unit of measurement is

the co-moving volume (VC). This volume is defined so that the number density of

a galaxy population with no time dependence on its physical properties remains

constant in an expanding Universe. The use of this volume essentially removes the

impact of an expanding Universe when considering the number of galaxies per unit

volume, enabling for evolution caused by physical processes affecting galaxies to

be observed in a manner that is not dominated by the cosmological model. Under

ΛCDM, the co-moving volume is defined as:

dVc = c

H0

(1 + z)2d2
A√

ΩM(1 + z)3 + Ωk(1 + z)2 + ΩΛ
dωdz. (1.13)

Subsequently, a redshift interval (dz) and solid angle dω of the sky can be converted

into a co-moving volume.

1.2 The Formation and Evolution of Galaxies

Arising from the ΛCDM model is much of the physics governing the formation and

subsequent evolution of galaxies. Galaxies are gravitationally bound structures that

consist of both baryonic (stars, dust, gas etc.) and dark matter. The interactions

that these constituent components have with gravity, light, magnetism and pressure

determine how and when galaxies form, and how they became the population that

we observe today. In this section, I will introduce the current understanding of

various components of galaxy evolution.

1.2.1 The First Galaxies

Galaxies are believed to form under a process known as hierarchical growth. In

this model, small dark matter halos, generated by random perturbations in the

very early Universe, assimilate baryonic matter and merge with each other through

gravitational attraction (e.g. White & Rees, 1978; Peebles, 1982; Blumenthal et al.,

1984; White & Frenk, 1991). The capability for baryonic matter to cool by radiating

DRAFT Printed on October 15, 2021



1. Introduction 9

light, causes it to sink to the centre of these halos. It is here that the proto-galaxy

is formed, consisting of clouds of mostly hydrogen and helium gas that cool via

thermal radiation and compress under gravity.

The random initial distribution of over-densities that form dark matter halos is

supported by the non-uniform nature of the CMB, which is measured to exhibit

temperature fluctuations (Planck Collaboration et al., 2020). Furthermore, without

dark matter halos, simulations have found galaxies would form too slow in order to

generate the population that we observe today. Additional observational evidence

for dark matter halos stem from observations of the rotational dynamics of local

galaxies (Rubin & Ford, 1970), where mass requirements for the observed velocities

of the outer parts of galaxies were much larger than could be accounted for based

on knowledge of stars, gas and dust distributions. The orbital dynamics of galaxies

within clusters (Zwicky, 1933; Smith, 1936; Zwicky, 1937), as well as gravitational

lensing, also imply the presence of excess mass than cannot be accounted for by

baryonic matter (Walsh et al., 1979; Soucail et al., 1988).

As baryonic gas cools and sinks to the centre of these halos, compression as

a result of gravitational attraction will increase the pressure within the gas until

nuclear fusion is initiated and a star is formed. This first generation of stars is

commonly referred to as Population III and they are characterised by their lack

of metal content (Kashlinsky & Rees, 1983; McDowell, 1986). A gas seeded with

random density fluctuations will form a population of stars with a mixture of masses.

The distribution in the number density of these different mass stars is commonly

referred to as an Initial Mass Function (IMF: Salpeter, 1955; Carr et al., 1984;

Kroupa, 2001; Chabrier, 2003). The IMF of Population III stars has not been

measured because such metal-poor stars will have existed in only the earliest times,

further than present-day observations have managed to achieve. However, some

authors report evidence from studying newer stellar generations and metal poor

stars that the IMF of Population III stars must be ‘top-heavy’, producing large

numbers of ultra-massive stars (100’s to 1000’s of times the mass of our Sun, M�)

compared to later generations (e.g. Schwarzschild & Spitzer, 1953; Larson, 1998;
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10 1.2. The Formation and Evolution of Galaxies

Sokasian et al., 2004; Marks et al., 2012). The presence of a significant population

of ultra-massive stars can explain why observations of high-redshift galaxies have

struggled to detect strong signatures of a distinct set of Population III stars, since

more massive stars have shorter lifespans and thus be limited to existing at very

high redshifts (see Bromm, 2013, for a review on the subject).

A population of very high mass stars would also generate a population of

intermediate mass black holes as they reach the end of their lives (Madau & Rees,

2001). These black holes would have masses of tens to hundreds of solar masses and

have the potential to form the seeds for the central supermassive black holes we see

in modern galaxies today (M > 106M�). These black holes are a key component

of a galaxy and their evolution is fundamentally tied to the evolution of their

host galaxy (see e.g. Section 1.2.3). However, observations of galaxies at z ∼ 7

indicate that a population of black holes with masses of around M ∼ 109M� are

already in place, when the Universe is only a few per cent of its current age (e.g.

Bañados et al., 2018; Wang et al., 2019; Yang et al., 2020; Wang et al., 2021). Such

observations challenge theories of black hole seed masses, requiring those theories

that produce low initial masses to invoke the need for high and almost constant

levels of efficient accretion in order to explain observations.

There is a natural limit imposed on the growth rates of black holes, the Eddington

Limit. This limit is driven by the balance between the forces of radiation pressure

from an accretion disk heated by viscous stresses and gravitational attraction.

It is defined as:

LEdd = 4πGMBHmpc

σT
(1.14)

where the Eddington Limit (LEdd) is dependent on the gravitational constant G,

mass of the black hole MBH , the mass of the proton mp and the Thompson cross

section σT . An accretion disk generating sufficient radiation pressure will prevent

new gas from being accreted on to the supermassive black hole, leading to this

Eddington limit. Super-Eddington accretion (accretion faster than allowed by the

Eddington limit) may be possible as a consequence of non-spherical accretion by
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1. Introduction 11

Figure 1.2: A compilation of supermassive black hole mass measurements at z > 7. The
lines trace the predicted growth of each black hole if it accreted consistently at 10 per cent
of the Eddington Limit. Shaded regions indicate different black hole formation scenarios
such as Populations III stars and direct collapse of entire clouds (DCBH). Credit: Wang
et al. (2021)

black-holes (Abramowicz et al., 1988). This is because conservation of angular

momentum causes clouds of infalling gas to increase in rotational velocities and

form disk-like structures known as accretion disks. However, pressure resulting

from thermal radiation from the infalling gas would still be a significant limiting

factor in black hole growth rates. Consequently, if Population III remnants are

the seeds for these black holes, they must grow at both high and consistent rates

(greater than 1 per cent of the Eddington Limit) in order to form the black hole

masses observed (see Fig. 1.2).

Strong UV emission from Population III stars could also be capable of disassoci-

ating molecular hydrogen gas H2, which is more efficient at cooling than atomic

hydrogen H. This would reduce the capability of small overdensities to cool at high

rates and form other stars, leading the gas cloud to instead collapse as a singular

entity into a black hole (known as a direct collapse black hole, DCBH) with the

potential for more extreme masses at earlier times (up to M ∼ 104–106M�). Under

DRAFT Printed on October 15, 2021



12 1.2. The Formation and Evolution of Galaxies

such a formation mechanism, black holes would not need to have such high and

consistent growth rates in order to reproduce observations (e.g. Haehnelt & Rees,

1993; Umemura et al., 1993; Begelman et al., 2006).

1.2.2 Forming New Stars in Galaxies

A key component of the evolution of galaxies is the star formation history, the rate

at which a galaxy forms stars versus time. After their initial formation, gravitational

attraction provides galaxies with a pathway to accumulate new mass and generate

new populations of stars. The rate at which galaxies accumulate this new mass

and form new stars is not trivial and it depends on the environment in which

the galaxy and its dark matter halo resides.

As observations of galaxies have advanced, a strong correlation has been revealed

between the star formation rate of a galaxy and its total stellar mass (the total

amount of mass of a galaxy in the form of stars). Galaxies with larger stellar masses

tend to have greater star formation rates than those with lower stellar masses

(Brinchmann et al., 2004; Noeske et al., 2007; Elbaz et al., 2007; Daddi et al., 2007;

Magdis et al., 2010; Schreiber et al., 2015). The relation is consistent up to masses

of around 1011M�, at which point some observational studies have shown it plateaus

(Schreiber et al., 2015; Tomczak et al., 2016). The result is that galaxies of different

stellar masses exhibit very similar specific star formation rates (SSFR), defined as

the star formation rate divided by the total stellar mass. This correlation of stellar

mass and star formation rate is termed the star forming main sequence.

The formation of new stars in a galaxy requires a sustained reservoir of cold gas.

Thus, in order to increase the stellar mass of a galaxy, there must be mechanisms in

place for galaxies to accumulate new stores of cold gas. Measurements of the star

forming main sequence show that there has been a slow decline in the star formation

rates of galaxies across all masses since the Era of Reionisation. In particular, the

most massive galaxies have been measured to experience the greatest decline (See

Fig. 1.3). This evolution in star formation rates generates the peak in the global

star formation rate in the universe at z ∼ 2 and suggests that mass-dependent
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1. Introduction 13

Figure 1.3: The star forming main sequence as measured by Tomczak et al. (2016),
showing star formation rate (Ψ) against stellar mass (M∗). It is clear here that galaxies
were more star forming in the earlier universe (higher z) and that high-mass galaxies have
experienced the largest decrease in their star formation rates with time.

mechanisms enabling the accumulation of new gas and the formation of new stars

are needed. Below, I describe some physical processes which can enable galaxies

to increase their total stellar mass .

Accretion from the Cosmic Web

Galaxies are not isolated systems, but reside within a larger cosmic structure known

as the ‘Cosmic Web’. This Cosmic Web consists of high-density nodes connected to

each other by filaments of matter and voids occupying the remaining space. These

nodes and filaments are made up of both dark and baryonic matter. Galaxies can

reside within these filaments, and galaxy clusters are found to occupy the nodes of

this web-like structure. Subsequently, galaxies can accumulate new material from

these structures, replacing cold gas reservoirs at rates of 10’s of solar masses a year

(e.g. Kereš et al., 2005; Dekel et al., 2009; Kleiner et al., 2017; Martin et al., 2019).
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14 1.2. The Formation and Evolution of Galaxies

Without such accretion of new fuel, galaxies would run out of cold gas within a

few Gyr based on measurements of gas content and star formation rates (Bigiel

et al., 2008; Leroy et al., 2008; Rahman et al., 2012; Ho et al., 2019).

Direct evidence for the infall of new material onto galaxies is difficult to

measure due to the low density of the gas involved. Some experiments have used

luminous background sources in order to search for absorption from intervening

gas surrounding lower redshift galaxies (e.g. Tumlinson et al., 2013). They have

found that substantial quantities of gas do exist beyond the main disks of galaxies.

Simulations have shed further light on this by showing that accretion from filaments

is a dominant form of of gas replenishment in galaxies of all sizes in the early

Universe and remains significant for galaxies of low masses today (e.g. Kereš et al.,

2005, 2009; Brooks et al., 2009). This process is thought to enable low-mass galaxies

to maintain relatively high levels of star formation for longer periods of time.

Merger events

A consequence of gravitational attraction, is that galaxies and dark matter halos

attract each other. On small length scales, where the expansion rate of the Universe

is insufficient to push two dark matter halos apart, the two galaxies can merge with

each other, leading to the assimilation of two smaller galaxies/dark matter halos

into a single larger galactic system. The result is a new galaxy with a mass of the

two original galaxies combined. The merging process of galaxies can take more

than hundreds of millions of years and the increased turbulence of gas can lead to a

temporary elevation in star formation rate (e.g. Duc et al., 1997; Conselice et al.,

2003; Bridge et al., 2007). The original stellar populations are mostly unaffected

by the merger. This is because the combination of the small sizes of stars, large

distances between them and high velocities during the merging process lead to

highly improbable cases of direct collision between individual stars. However,

mergers have been observed to eject a small portion of their stellar populations

during the process (Puglisi et al., 2021).
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Merger events are commonly categorised as two types: major mergers and minor

mergers (Bournaud et al., 2005; Lotz et al., 2010). Major mergers occur when

two galaxies of approximately the same mass merge with each other, while minor

mergers are the case where galaxies with large mass differences (a factor of 10 or

greater) merge with each other. Major mergers can lead to large changes in the

morphology of galaxies (e.g. Toomre, 1977; Negroponte & White, 1983; Hopkins

et al., 2009; Ferreras et al., 2009). Minor mergers typically consist of the accretion

of satellite galaxies onto larger galaxies. They are thought to be the reason that

galaxies follow a size-mass relation (where more massive galaxies have larger effective

radii), indicating that satellite galaxies merge by coalescing with the outer edges

of the larger system (Naab et al., 2009; McLure et al., 2013).

Galaxy mergers can also be defined as ‘wet’ or ‘dry’ mergers, based on how gas

rich the two parent galaxies are at the time of merging (e.g. Lin et al., 2008, 2010).

So-called ‘wet mergers’ generate spikes in star formation rates during the merging

process. Dry mergers occur when two gas-poor galaxies (typically very massive

galaxies) merge, which leads to no change in the overall star formation rate and a

simple summation of the two stellar populations (Khochfar & Silk, 2009).

Galaxy mergers are thus mechanisms that lead to large increases in stellar mass

over shorter periods of time compared to cold gas accretion. However the process

leads to a net decrease in the total number of galaxies. Simulations have shown that

the most massive galaxies contain the highest fractions of stars which were formed

outside of the primary progenitor galaxy (e.g. Rodriguez-Gomez et al., 2015; Qu et al.,

2017). In other words, more stars were formed in a secondary galaxy before merging.

1.2.3 Galaxy Quenching and Feedback Mechanisms.

As well as physical processes that encourage the growth of galaxies and the formation

of new stars, there are processes which can hinder the accumulation of matter and

formation of stars. Galaxies with substantially low star formation rates compared to

the wider population are often called ‘passive’ or ‘quenched’. They are characterised

by their lack of massive, blue, short-lived stars, leading to redder optical colours
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16 1.2. The Formation and Evolution of Galaxies

than their star-forming counterparts. Quenched galaxies can therefore be selected

using rest-frame colours (e.g. the NUV-r-J technique; Williams et al., 2009; Ilbert

et al., 2010) or by selecting galaxies with measured star formation rates which fall

significantly below the star-forming main sequence.

Passive galaxies are found to be more prevalent in high-density environments,

such as at the centre of galaxy clusters, which may indicate that environment

plays an important role in how a galaxy quenches (e.g. Kauffmann et al., 2004;

Bernardi et al., 2006). Processes which introduce heating into reservoirs of baryonic

gas are also key to reducing star formation rates, since the formation of stars is

dependent on the cooling of gas through thermal emission. In this section, I will

introduce a selection of key physical processes which can hinder star formation

and the accretion of new baryonic matter onto galaxies. These processes include

physics resulting from interactions external to the galaxy (known as environmental

quenching) and internal effects (known as feedback).

Environmental Quenching

Nodes within the Cosmic Web are dense environments, where upwards of hundreds

of galaxies can group together in large, gravitationally bound systems known

galaxy clusters. Outside of clusters, galaxies can accumulate smaller satellite

companions either through the hierarchical merging of dark matter halos or the

collapses of baryonic matter within a sub-halo (Mandelbaum et al., 2006; Shi et al.,

2020). Gravitational attraction between galaxies generate complex orbits that cause

galaxies to travel through dense filamentary/intracluster media or have close passes

and mergers with their neighbours. Each of these interactions has consequences

on the matter contained within a galaxy.

A key theory for the quenching of galaxies in dense environments is ram pressure

stripping. This process occurs when a galaxy travels through hot intracluster gas.

Direct collision of cold gas reservoirs with this medium leads to an effective pressure

that can strip cold gas from a galaxy (e.g. Gunn & Gott, 1972; Kapferer et al.,

2009; Ebeling et al., 2014). This pressure is dependent on the densities of the gas
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1. Introduction 17

Figure 1.4: An example of a jellyfish galaxy ESO 137-001, a member of the Norma
Cluster. Observations with the Hubble Space Telescope (blue, white, yellow), MUSE
(purple) and ALMA (red) show a long tail of matter trailing behind it, believed to be a
consequence of ram pressure stripping. Credit: ALMA / ESO / NAOJ / NRAO / Jáchym
et al. (2019)

as well as the relative speed between the galaxy and the medium it is travelling

through. Observational evidence of ram pressure stripping is focused on galaxies

in clustered environments, particularly so-called ‘jellyfish galaxies’ (see Fig.1.4)

which have long tails of matter trailing behind them and evidence of bow-shocks

on their leading edges. There has also been propositions that dwarf galaxies can

be stripped by the filamentary medium under a similar process (Benítez-Llambay

et al., 2013). Ram pressure stripping ultimately leads to an increasingly gas-poor

galaxy and a reduction in star formation rate.

A second process is named Galaxy Harassment and involves the close passing

of two galaxies. Since galaxies are 3-dimensional structures, when two galaxies

pass each other with close proximity, the force of attraction from gravity varies

across the disk of each galaxy. This varying force across each galaxy distorts

their morphology, generating long tidal tails of stars and gas (Farouki & Shapiro,

1981; Mihos et al., 2005; Wetzel & White, 2010; Bahé et al., 2019). As with ram

pressure stripping, this physical effect leads to the stripping of material from the
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18 1.2. The Formation and Evolution of Galaxies

galaxies. The large numbers of stars present in these tidal tails make observations

of this process more simple than in the case of ram pressure stripping, and it

generates galaxies with more extended or complex morphologies. The velocities

of these tidal disruptions can exceed the escape velocity of the galaxy, leading to

the loss of stars and gas to the intergalactic/intracluster medium and reductions

in total mass and star formation rate.

Supernova Feedback

Another form of quenching occurs when stars reach the end of their lives, those

with masses greater than eight solar masses will enter a short violent phase known

as a supernova. Triggering mechanisms include runaway nuclear reactions of heavy

elements, accretion between binary pairs of stars and the collapse of stellar cores

in the most massive stars. It is these massive stars undergoing core collapse that

release the most energy, in the form of both radiation and winds of matter, into

their surroundings (see Janka, 2012, for a recent review of core-collapse supernova).

The timescale of these events is very short, of order tens of days verses the millions

to billions of years that stars can live for. The mass expelled by supernovae can be

both dense and of high velocity, forming a strong wind which can impart energy

on the surrounding intergalactic medium. In small dwarf galaxies, the velocities

of these winds can exceed the escape velocity of the galaxy, leading to an ejection

of baryonic material over time (e.g. Larson, 1974; Dekel & Silk, 1986; Efstathiou,

2000). In galaxies with slightly higher masses, the particles making up these winds

can collide with the atoms/molecules that make up the cold gas in the interstellar

medium, inducing shocks and leading to a net increase in the temperature of the

gas. For more massive galaxies, the effects of supernovae are more localised due

to the much stronger gravitational potential that these galaxies possess.

Supernova feedback thus disproportionately affects the low-mass population of

galaxies. It is postulated to create gas-poor ultra-faint dwarfs (UFDs; e.g. Simon,

2019) and limit the rates at which more intermediate-mass galaxies can form new
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Figure 1.5: A cartoon diagram showing how feedback effects lead to a deficit of low-
luminosity/mass systems through supernovae feedback and high-luminosity/mass systems
through AGN feedback. These diagrams are commonly referred to as Luminosity Functions,
they show the space density (Φ) of galaxies as a function of intrinsic luminosity (L). The
red line indicates the number of galaxies that would be expected at different luminosities
based on a simple ΛCDM simulation, while observations provide results more akin to the
blue line. Luminosity Functions are discussed in greater detail in Section 1.3. Source:
Silk & Mamon (2012)

stars. The energy introduced by supernova feedback has been found to solve ‘over-

cooling’ problems found in simulations, where such low-mass galaxies were found to

have much greater star formation rates than observed (e.g. Rees & Ostriker, 1977;

White & Rees, 1978; Cole et al., 2001). Supernovae are also essential mechanisms

for distributing metals within a galaxy. The high speeds of supernova ejecta quickly

pollutes the surrounding gas with high-mass elements, which leads to a greater

metal content in the next generation of stars and provides the material required

to form planetary systems (e.g. Gnedin, 1998; Scannapieco et al., 2006).

AGN Feedback

The quenching of a galaxy can also be linked to the evolution of supermassive black

holes. It is now widely accepted that the majority of the massive galaxy population
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have a central supermassive black hole (Kormendy & Richstone, 1995; Magorrian

et al., 1998). Such black holes can undergo phases of activity when material (be it

a star or gas) passes by with insufficient speed to escape. Due to conservation of

angular momentum, when material falls onto a black hole the increased speeds cause

a randomly shaped cloud to condense into a more disk-like structure called ‘accretion

disks’. With high velocities and large internal velocity gradients, viscous stresses

(friction) within an accretion disk can lead to the conversion of gravitational potential

energy to thermal energy and the emission of light (see Abramowicz & Fragile, 2013,

for a review on black hole accretion disks). A black hole undergoing this process is

often referred to as an Active Galactic Nuclei (AGN). The temperature and surface

area of such disks can be significant enough for AGN to have a luminosity comparable

to, or greater than, the total population of stars contained within a galaxy.

AGN are capable of generating two primary sources of feedback which inhibit

star formation in galaxies, one which is mechanical in nature and one which is

based on radiation (e.g. Cole et al., 2002; Benson et al., 2003; Begelman, 2004;

Bower et al., 2006). The mechanical mechanism is a consequence of bipolar jets of

material which are produced by AGN. The physics behind the creation of these jets

is currently poorly understood, but theories of jet production generally call upon

strong twisted magnetic fields generated by the black hole and the accretion disk

(e.g. Lu, 1991; Rawlings & Saunders, 1991; Natarajan & Pringle, 1998; Caproni et al.,

2004; Narayan & Quataert, 2005) in order to generate the energies required to match

observations of the velocities of these jets as well as produce the bipolar morphology

(see Blandford et al., 2019, for a review on AGN jets). These jets have been measured

to have extreme velocities that enable them to travel multiple effective radii of the

host galaxy. When the jets impact the medium immediately surrounding the galaxy,

shocks are generated which leads to a rise in temperature and a slowing of the

accretion of new baryonic matter into the host galaxy. The impacts of these jets are

observed in radio and x-ray imaging, which reveals the extent of these shocks and

increased IGM temperatures (See Fig. 1.5 for an example of such an observation).
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Figure 1.6: A composite image showing the galaxy cluster MS 0725.6+7421. This
cluster features a massive central galaxy with ongoing AGN activity. This is evidenced by
large radio jets (radio: red) which have carved out regions of the hot intracluster medium
surrounding the galaxy (xray: blue). Credit location within the image.

Radiation-based feedback is the result of the extreme luminosities that can

be generated by AGN accretion disks. Radiation pressure can generate outflows

of gas and dust from the central regions of galaxies as well as increase the net

temperatures of gas reservoirs in the galaxy. It requires the central black hole to be

accreting at efficient rates, greater than around 1 per cent of the Eddington Limit.

Observational evidence of this mechanism can be obtained through spectroscopic

studies and surveys (e.g. The Sloan Digital Sky Survey contains of order 1 million

AGN spectra; Hall et al., 2002; Albareti et al., 2017) targeting the excess blueshifting

of broad absorption lines (BAL). These are driven by high-velocity outflowing gas

(> 1000 km/s) in galaxies known to contain AGN (e.g. Weymann et al., 1991; Di

Matteo et al., 2005; Tremonti et al., 2007; Arav et al., 2008; Moe et al., 2009; Dunn

et al., 2010; Alexander et al., 2010; Hopkins & Elvis, 2010). Simulations have also
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found relative success in implementing this mechanism and replicating observations

of the global galaxy population (e.g. Moll et al., 2007; Gabor & Bournaud, 2014;

Koudmani et al., 2019; Richings et al., 2021).

There are additional plausible mechanisms through which AGN can impart

energy on their surroundings. One additional example is magnetohydrodynamical

(MHD) winds, where magnetic forces drive outflows from accretion disks on top

of winds generated by thermal radiation pressure (e.g. Konigl & Kartje, 1994;

Ouyed & Pudritz, 1997; Balbus & Hawley, 1998; Krasnopolsky et al., 1999; Proga,

2003). If the cooling time (energy loss rate) of these thermal and MHD winds is

longer than the flowing time (time taken to traverse through the galactic bulge

and disk), then shocks can be generated in the IGM of the host galaxy. These

absorb energy from the AGN driven wind, slowing it down, and generates an

accelerating forward shock which expels gas from the system (Dyson & Williams,

1997; King, 2003; Zubovas & King, 2012).

Since the Eddington Limit scales with black hole mass, the greatest AGN

feedback effects are generated by the most massive black holes. There is an observed

trend for galaxies of larger stellar mass to have more massive supermassive black

holes (e.g. Reines & Volonteri, 2015), and so the strength of AGN feedback increases

with galaxy mass (King & Pounds, 2015). This results in AGN feedback being a key

limiting factor in how massive galaxies can be in terms of baryonic mass and how

many stars they form. Observations of galaxies reveal there to be a drastic cut-off in

the numbers of galaxies with stellar masses greater than around M > 1011M� (e.g.

Fontana et al., 2004; Pérez-González et al., 2008; Marchesini et al., 2009; Pozzetti

et al., 2010; Ilbert et al., 2013; Muzzin et al., 2013; Davidzon et al., 2017a; Wright

et al., 2018). The relatively few galaxies that do exist above this characteristic mass

have been found to be very red in colour and highly quenched (e.g. Baldry et al.,

2012; Ilbert et al., 2013; Davidzon et al., 2017a; McLeod et al., 2020).
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1.2.4 The Emission of Light from Galaxies

To understand the physical processes that govern the formation and evolution of

galaxies, an understanding of the processes that lead to photon emission is required

in order to correctly interpret observations. Galaxies consist of multiple different

light-emitting sources, from cold hydrogen gas to hot accretion disks around black

holes, which generate photons of energies ranging from gamma rays through to

radio waves. The work conducted as a part of this thesis focuses on light within the

wavelength range 3000-45000Å , otherwise known as the near-ultraviolet, optical and

near-infrared regimes. In this section, I provide an introduction to the contributions

provided by the constituent components of galaxies provide to the total spectral

energy distribution (SED, the wavelength-dependent energy output) of a galaxy

and explore common methods used to observe them.

For most galaxies, stars dominate the rest-frame ultraviolet and optical emission.

The light emitted by a star is dependent on its surface temperature and can vary

from warm brown dwarfs (with a temperature of a few hundred Kelvin) to massive O

and B type stars that have a surface temperature of tens of thousands of Kelvin. The

shape of an individual star’s SED largely depends on thermal black body emission,

with the exception of small-scale features caused by elements absorbing and emitting

light in the stellar atmosphere. A star’s photon emission can thus be estimated to

follow Planck’s law (Equation 1.15) and Wein’s displacement law (Equation 1.16):

Bλ(T ) = 2hc2

λ5
1

ehc/λkBT − 1 , (1.15)

λpeakT = 2.9× 10−3mK, (1.16)

where Bλ(T ) is flux per unit of wavelength and steradian. h is Planck’s constant,

kB is Boltzmann’s constant, T is the mean temperature and λpeak is the wavelength

corresponding to peak emission (Planck & Masius, 1914).

Hotter stars are consequently ‘bluer’ in their emission, while colder stars are

‘redder’. Stars with high surface temperatures are more massive and have shorter

lifespans. Consequently, the presence of significant ultraviolet and ‘blue’ optical

DRAFT Printed on October 15, 2021



24 1.2. The Formation and Evolution of Galaxies

emission is an indicator of a young stellar population. This is because a galaxy

with an older stellar population would have had the ‘bluer’ population of stars

advance beyond their main sequence lives. They would then take the form of a

stellar remnant (white dwarf, neutron star or black hole), which are not as luminous

in ultraviolet/blue-optical light. Using an initial mass function, the SED generated

by the sum of all stars can be used to estimate the star formation rate of a galaxy

through a detailed examination of the balance of stellar emission from various

masses/temperatures/‘colours’ of star (e.g. Chabrier, 2003; Bruzual & Charlot,

2003). In addition, the same principle can be used to estimate the total mass

in the form of stars (stellar mass M�).

While the sum of many black bodies describes the light that is emitted externally

from the stars, this light has to pass through the interstellar medium (ISM) of

the galaxy and the intergalactic medium (IGM) between galaxies before it can be

observed by a telescope. These are made up of gas and dust, which are capable of

absorbing and reprocessing stellar light. These factors are required to be understood

in order to uncover the properties of the stellar population in a galaxy. In the

following subsections, I introduce three primary features that are imprinted on

the total SED by these processes.

Lyman and Balmer Breaks

The first feature is commonly known as the Lyman Break. It is a feature that is

imprinted on a galaxy SED by cold hydrogen gas located within the galaxy and

in the intergalactic medium. Hydrogen atoms in the ground state (n = 1) can

be ionised by absorbing light of ultraviolet wavelengths shorter than 912Å . In

addition, between 912Åand 1216Å , there are a series of electron energy levels

that enable hydrogen atoms to absorb light of specific wavelengths in this regime,

exciting the hydrogen atom to a higher state (n > 1). Ionised and excited hydrogen

will over time recombine/relax back into the ground state, causing the emission of

an ultraviolet photon corresponding to the same energy. However, the direction

in which this photon is radiated is random, with a very low probability that the
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emitted photon has the same directional vector as the photon initially absorbed.

This absorption and remission from hydrogen gas in intervening gas consequently

leads to a net reduction in the amount of ultraviolet light radiated by a target source

as it travels to an observer, a process known as ‘scattering’. This results in a deep

absorption feature in the observed SED of galaxies in rest-frame wavelengths less

than 1216Å , named the Lyman Break. A mathematical treatment for estimating

the amount of absorption caused by the Lyman Break was derived in Madau (1995).

It shows that there is a strong redshift dependence on the depth of the absorption

feature, with upwards of 50 per cent of the far-ultraviolet flux emitted by a source

scattered by intervening hydrogen gas at z > 3.5. In Figure.1.7 I show how the

Lyman Break leads to a significant drop in the blue-end luminosity of the galaxy

SED at high redshifts, causing galaxies to ‘drop out’ of the images taken with the

bluest filters. This deep absorption feature can thus be used to estimate redshifts of

sources using photometric images (Guhathakurta et al., 1990; Steidel & Hamilton,

1992; Steidel et al., 1996), this is discussed in more detail in Section 1.3.4.

The second feature is known as the ‘Balmer Break’ and it follows the same

process as the Lyman Break, but is applied in the case that hot hydrogen gas

collisionally sustains an excitation level of n = 2. Such a hot gas primarily occurs

in the uppermost atmosphere of stars and their coronae. Although hotter stars

can sustain larger quantities of excited hydrogen, a stellar atmosphere that is too

hot (e.g. O and B-class stars) can totally ionise the gas instead. The excited gas

absorbs light of wavelengths shorter than 3646Åand recombination re-emits the

photons in random directions, resulting in the Balmer Break. Since the stars of

highest temperature do not exhibit a Balmer Break, because they fully ionise their

surrounding hydrogen, an observation of a strong Balmer Break in a galaxy SED

is indicative of a moderately aged stellar population ≥ 1Gyr (e.g. Poggianti &

Barbaro, 1997; de Barros et al., 2014; López-Corredoira et al., 2017). This break

can have increased depth and extend redwards to 4000Å if the stellar population

has a deficiency in hot, blue stars and a high metal content in their atmospheres,
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Figure 1.7: Top: The impact of the Lyman Break on a galaxy SED. For wavelengths
lower than 1216Å in the rest-frame, absorption from hydrogen gas in the IGM causes
a significant deficit in the observed flux from an extragalactic source. Bottom: The
observational impact of the Lyman Break on a photometric survey using the Hubble
Space Telescope. Images from blue (left) to red (right) of galaxies at different redshifts
show that absorption from the Lyman Break can cause galaxies to become undetectable
in the bluer bands. Source: Finkelstein (2016)

generating absorption lines. One key contributor is Calcium, with the Ca-H and Ca-

K lines located at 3934Åand 3969Å (Bruzual A., 1983; Poggianti & Barbaro, 1997)

Dust Extinction

A third feature in a galaxy SED is a consequence of absorption by micron-sized dust

grains within the interstellar medium (ISM). Dust is capable of absorbing ultraviolet

and optical light, which in turn causes a rise in temperature in the dust grain.

In equilibrium, dust in the ISM has a typical temperature of a few tens to a few

hundreds of Kelvin. As a result of this, the dust favourably emits in the far-infrared
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through black body radiation. Consequently, ultraviolet and optical light absorbed

by dust is reprocessed to longer wavelengths, resulting in dusty galaxies having a

more ‘red’ colour than their stellar population would otherwise create. The effect

of dust on UV/blue light can be modelled through the Calzetti Law (Calzetti et al.,

2000), which assumes that the dust acts as a foreground screen between an observer

and some point-like stars, or by adopting an empirical dust-extinction model e.g.

using observations of the Milky Way or the Large/Small Magellanic Clouds (e.g.

Witt et al., 1984; Prevot et al., 1984; Clayton & Martin, 1985; Gordon et al., 2003).

The effects of dust can be implemented using the following formula:

fintrinsic(λ) = fobserved(λ)× 100.4κe(λ)E(B−V ). (1.17)

Here, the difference between the intrinsic stellar continuum to the one observed

is related to an ‘extinction law’ (κe) and an ‘extinction strength’ (E(B − V )).

The extinction strength corresponds to the change in the colour between classical

broadband photometric filters B and V ((B − V )observed − (B − V )intrinsic). The

Calzetti extinction law is defined as:

κe(λ) = 2.659(−1.857 + 1.040/λ) + 4.04 (0.63µm ≤ λ ≤ 2.20µm)

= 2.659(−2.156 + 1.509/λ− 0.198/λ2 + 0.011/λ3) + 4.04 (0.12µm ≤ λ < 0.63µm)
(1.18)

For the purpose of the work presented in this thesis, I use the Calzetti law because

it is derived from local starburst galaxies, which are thought to be more analogous

to higher-redshift sources, which generally have higher star formation rates.

The role of dust attenuation in the ultraviolet emission of a galaxy is a key

consideration that must be taken into account when making inferences from galaxy

SEDs. The presence of dust in galaxies reduces the net output of ultraviolet emission

and is found to contribute towards the drastic fall in the number density of ultra-

luminous galaxies (e.g. Gonzalez-Perez et al., 2013; Ma et al., 2019). Ultraviolet

emission thus needs to be contextualised with dust emission in the infrared in order

to successfully discern between obscured activity (be it star formation or AGN

emission) or a genuine lack of activity in the source. Starburst galaxies have been
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found to display a relation between the ultraviolet spectral slope (how blue the

object is) and the far-infrared excess (the ratio of UV emission and far-infrared

emission) which can be used to estimate the dust content of the galaxy. As these

starburst galaxies exhibit star formation levels which are similar to those at higher

redshifts, this relation has previously been applied to obtain dust-corrected star

formation rates in the early Universe (Meurer et al., 1999; Bouwens et al., 2014).

Active Galactic Nuclei

Alongside stars and dust, AGN accretion disks also emit light thermally, however the

temperature of the disk is not uniform and is higher towards lower radii. Accretion

disks thus display a much broader spectrum than would be expected from a black

body of a single temperature. The subsequent ‘Big Blue Bump’ (BBB) is a broad

spectral feature that inflates the total ultraviolet and blue-optical emission of a

galaxy. Examining this feature can provide insight into the physics of AGN. For

example, observations have found that the peak of the BBB lies deep in the UV at

around 100Å (Marchese et al., 2012). This indicates that temperatures within the

innermost parts of AGN disks will be greater than 105 K (Bonning et al., 2007).

Alongside this, upwards of 50 per cent of the total bolometric luminosity of an

AGN is contained within the feature (Koratkar & Blaes, 1999). This indicates

that most of the gravitational potential energy of matter accretion onto a black

hole is emitted in these wavelengths.

Alongside continuum emission from the BBB, AGN are a source of broad emission

lines in galaxy spectra (see Gaskell, 2009, for a review on the subject). These features

can contain sufficient flux to impact measurements made in broadband photometric

filters (e.g. Richards et al., 2006; Brown et al., 2019). Such emission lines (e.g.

CIV, MgII, Hα) have the potential to cause the perceived normalisation and slope

of the continuum emission of a source to be incorrect if they are ignored in any

analysis. In addition, large dust reservoirs within the torus structures that surround

many AGN (see Ramos Almeida & Ricci, 2017) provide a mechanism to absorb and

reprocess ultraviolet and optical emission from AGN into thermal infrared emission.
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This can result in a significant infrared ‘bump’ (wavelengths from a few microns

to a few hundred microns) comprising many tens of percent of the total infrared

power of a galaxy hosting an AGN (e.g. Fritz et al., 2006; Zhuang et al., 2018).

Emission from AGN can fall foul of the same physics described for the stellar

emission. This means it can exhibit a Lyman Break as well as generate a peak

of infrared emission as a consequence of reprocessing from dust in the ISM. A

galaxy that has significant AGN contributions to its overall SED can complicate the

aforementioned methodologies for modelling the stellar population and determining

the total stellar mass and star formation rate. This is because AGN exhibit a

variety of strengths, with some outshining their host galaxy, and levels of dust

obscuration may be different in the central parts of a galaxy compared to regions

of active star formation. If contributions from AGN to the galaxy SED are not

taken into consideration, physical parameter estimations are likely to be incorrect

(e.g. Salvato et al., 2009).

1.3 Luminosity and Mass Functions

Each mechanism detailed in Section 1.2 leaves an impact on how the population

of galaxies in the Universe grow and form new stars. Key to understanding

the magnitude of these, alongside what time dependence they may have, are

observational measurements known as Luminosity Functions and Mass Functions.

These map the time evolution of the space density of galaxies (Φ) as a function

of intrinsic luminosity (L) or mass (M), enabling for changes in the population

of galaxies to be mapped. However, the expanding Universe complicates these

measurements as a proper volume at one time is not directly comparable with

a proper volume at another time. This is where the co-moving volume (defined

in Equation 1.13) is very useful, since its use removes the effects of Universe

expansion, allowing trends that are the result of physics directly affecting galaxies

to be revealed. In this thesis, I measure the Galaxy Stellar Mass Function (GSMF)

between 0.1 < z < 2.0 and the Ultraviolet Luminosity Function (UV LF) between

3.5 < z < 5.2, using new data sets to tackle outstanding questions regarding the
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growth of the general galaxy population. The properties of these Luminosity/Mass

Functions are detailed further throughout this section.

Luminosity and mass functions are key measurements for assessing how galaxies

evolve. This is because the combined effects of processes that both encourage

and hinder galaxy growth are reflected in the time evolution of these functions.

Cosmological simulations use them as a benchmark for examining success in

replicating observations. Local (z = 0) luminosity and mass functions often form

the basis for tuning each physical process involved and trialling alternative theories

for galaxy evolution. Consequently, accurate observations are required in order

to draw the correct conclusions from theoretical work.

In both mass and luminosity functions, a steep decline is observed in the

number of galaxies of mass/luminosity above a characteristic value. In its most

basic form, these functions are modelled as a power law slope to describe the

faint/low-mass population that transitions into an exponential fall-off at some value

of luminosity/mass. Such a form is named the Schechter function (Schechter,

1976) and is defined as:

Φ(L) = Φ∗
L∗

( L
L∗

)α exp(− L

L∗
), (1.19)

where Φ is the luminosity (or mass) dependent number density, Φ∗ is a normalisation

for the profile, L∗ is the characteristic luminosity (or mass) and α is a power law

slope used in describing the low-luminosity/mass population. The Schechter function

has been extensively used over the years, however improvements in the accuracy

and precision of observations have shown deviations from such a functional form

for both mass- and luminosity-dependent number densities. I discuss these, along

with other nuances about each measurement, in the following subsections.

1.3.1 Ultraviolet Luminosity Function of Galaxies

The Ultraviolet Luminosity Function (UV LF) measures the number densities of

galaxies based on their rest-frame ultraviolet emission, typically wavelengths around

1500Å . At high redshifts (3 < z < 6) the rest-frame ultraviolet emission of galaxies
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is redshifted into the optical regime of a distant observer. Ultraviolet emission is

particularly important when discussing the high-redshift/early Universe as it drives

the reionisation process and is an indicator for both star formation and AGN activity,

key processes in how galaxies have evolved. Integrating under the UV LF provides

the total UV power output of all galaxies. It can be used determine which types of

galaxies made the greatest contribution towards the reionisation process (e.g. was

it the more numerous but fainter galaxies or the rarer ultra-luminous sources?).

Different survey strategies are more capable of measuring the UV LF in different

luminosity regimes. Due to the observed steep decline in the number density of the

most luminous objects, surveys with large areas are required to probe enough volume

to find these rare objects. In order to be time efficient, these surveys consequently

sacrifice the image depth required to successfully detect the fainter galaxies. Surveys

using the Hubble Space Telescope and gravitational lenses (using galaxy clusters

as a natural magnifying glass to search for fainter more distant sources) have thus

provided the strongest constraints on the faint-end of the UV LF at high redshifts

(e.g. Atek et al., 2015; Bouwens et al., 2017; Atek et al., 2018), while wide-field,

ground-based studies have been used to establish the number density of the rare

and luminous sources (e.g. Bowler et al., 2015; Ono et al., 2018; Bowler et al., 2020).

Results in the past decade have found a slight excess in the numbers of ultra-

luminous galaxies than would be described by an exponential cut-off to high

luminosities. This has led to the proposition that the UV LF of galaxies follows a

double power law (DPL) rather than a Schechter function. This functional form

replaces the exponential cut-off with a bright-end power law slope β and follows:

Φ(L) = Φ∗
L∗

1
(L/L∗)α + (L/L∗)β . (1.20)

The use of the DPL functional form is not entirely new to luminosity functions

and has previously been used to model the AGN luminosity function (discussed

further in the next subsection). Most studies treat AGN and galaxies as two

separate populations and subsequently fit individual functional forms to each. The
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Figure 1.8: The time evolution of the Halo Mass Function (HMF) as found in the
simulations conducted by Reed et al. (2003). Of note is the stabilisation of the low mass
end at lower redshift and the continued strong evolution of the massive end (z < 5).

total ultraviolet luminosity function is thus the sum of the galaxy and AGN

luminosity functions.

The underlying physics governing the evolution of these galaxies can be revealed

by examining the shape and time evolution of the UV LF. The work presented in

this thesis covers the bright end of the UV LF (L > L∗), but in this introduction, I

provide a brief summary of the current understanding of the UV LF.

For the galaxy population, the faint-end slope has been found to flatten as

time advances forward, with the value of α found to be approximately −2.0 at
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Figure 1.9: The time evolution of the UV LF of galaxies as measured in Bouwens et al.
(2015). The plot shows how the galaxy population has built up from z ∼ 8 through to
z ∼ 4 (when the Universe was about 10 per cent of its current age).

z ∼ 7 (e.g. Bouwens et al., 2015; Finkelstein et al., 2015; Ono et al., 2018; Bowler

et al., 2015) and −1.25 in the local Universe (e.g. Wyder et al., 2005; Hammer

et al., 2012). The cause for such a change is attributed to evolution in the low-mass

component of the halo mass function (HMF; mass function of dark matter halos)

which is strongly evolving from z ∼ 7 through to z ∼ 2 (e.g. Reed et al., 2003;

Trenti et al., 2010, see Fig.1.8) and shocks induced by supernova explosions which

heat the reservoirs of gas used to form new stars.

Under the assumption that the evolution in the galaxy UV LF follows the

HMF, there would be an expected growth in the number of the most luminous

systems which will shift the value of L∗ brightwards leading up to z ∼ 2 (peak

global star formation). However the degree of such evolution is found to be

much smaller than would be expected under ΛCDM (e.g. Croton et al., 2006).
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Figure 1.10: An example of the impact that a model for AGN feedback has when
applied to a simulation. Shown are the K (left) and B (right) band luminosity functions
derived from a simulation and compared to observations in the local Universe. Without
AGN (dashed line) the numbers of ultra-luminous sources are drastically overestimated.
Credit: Croton et al. (2006)

These findings have led to the development of theories of AGN Feedback (Section

1.2.3), where high-intensity radiation, winds and jets arising from highly accreting

supermassive black holes causes a reduction in star formation by heating or expelling

gas within/around galaxies.

AGN are thus postulated to be a significant contributor towards the exponential

decrease in the number density of bright galaxies. Presented in Figure.1.10 is an

example of a simulation that shows the impact of heating from AGN activity on

the measured luminosity function of galaxies. Consequently, any time dependence

in the characteristic luminosity (M∗) and the steepness of the bright-end slope (β)

could provide insight into the time evolution of any physical processes that limit

the number densities of highly luminous galaxies. Therefore, in order to successfully

understand the evolution of these luminous systems, we require a two-way discussion

between observers and simulators, examining the impact that postulated physics

has on predicted luminosity functions and comparing to observational results. One

of the primary goals explored in Chapter 3 and 4 is to map the bright-end slope of

the galaxy population at z ∼ 4 and z ∼ 5 in order to determine if they are better
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described by a Schechter or DPL functional form and explore the consequences

for this on theories of AGN feedback.

1.3.2 Ultraviolet Luminosity Function of AGN

Constraining the number density of galaxies exhibiting ongoing AGN activity

through the AGN luminosity function is essential to understanding the impact of

AGN on their host galaxies. This is because it directly measures how common

they are as well as the distribution of their power outputs. Within the redshift

range 4 < z < 6, shortly after the Era of Reionisation, the AGN population

has been observed to experience a drastic evolution, with an increasing number

density of over a factor of 10 in less than 500Myr and their number density is

found to steadily increase to z ∼ 2 before turning over and decreasing towards

z ∼ 0 (Richards et al., 2006; Croom et al., 2009). The precise number count

of AGN at different stages of the Universe is required alongside the models for

feedback in order to successfully determine the total impact of AGN on the galaxy

population and how it varies with time.

A key source of uncertainty in AGN occurrence rates are the number of AGN

which are faint in the ultraviolet. These can be AGN which are low in power

or have significant levels of obscuration due to high dust content in galaxies.

Constraining the numbers of these AGN is challenging because AGN and galaxies

have comparable number densities in the luminosity range −24 < MUV < −23. This

leads to high risks of contamination between the two types of sources, making it

difficult to measure the galaxy luminosity function brighter thanMUV ' −23, where

AGN greatly outnumber galaxies, and the number densities of AGN fainter than

MUV ' −23, where galaxies outnumber AGN. In Chapters 3 and 4, I present an

attempt to simultaneously model the AGN and galaxy luminosity functions in order

overcome these issues and measure the number densities of both ultra-luminous

galaxies as well as faint AGN sources.
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1.3.3 Galaxy Stellar Mass Function

Stellar mass is the mass of a galaxy in the form of stars and does not include mass

from gas, dust, dark matter etc. A stellar mass function can thus map the changes

in the stellar populations of galaxies with time. An integration under the stellar

mass function provides the total stellar mass density of the Universe at different

redshifts, the time evolution of this provides a route to calculating the global star

formation rate. Akin to examining which galaxies are emitting the most ionising

photons, the integral of the stellar mass function can show which kinds of galaxies

hold the majority of the stars in the Universe.

As with the luminosity function, galaxies which have greater stellar mass tend

to be bright but are much rarer beyond a characteristic mass. The stellar mass

function thus presents the same observational challenges as the luminosity function,

where different survey strategies are more effective at probing different mass and

redshift ranges. The cause of this steep drop in galaxy number density at high mass

is again attributed to AGN feedback and its effects on inhibiting star formation.

Stellar mass can be accumulated in galaxies through multiple mechanisms, such as

through the star formation and merger events. The time evolution in the stellar mass

function thus captures the summed effects of all of these processes that stimulate

or hinder star formation. As a consequence of this, they are a key benchmark for

simulations to replicate. It is common to see observations of the z ∼ 0 stellar mass

function used in calibration of simulations and significant discussion of the stellar

mass function at other times. It is through this co-analysis of luminosity/mass

functions, halo mass functions and simulations that we obtain the present day

theories of AGN feedback and supernova feedback that respectively influence the

high and low mass population of galaxies.

As observations of the stellar mass function have advanced, it has become

apparent that the classical Schechter function is inadequate to explain the shape

of the stellar mass function. The source of this is attributed to the natural bi-

modality in the types of galaxies that exist in the Universe, namely star-forming

and passive galaxies. The galaxy population can be split into star-forming and
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Figure 1.11: The stellar mass function of star forming (blue) and passive (red) galaxies
at z ∼ 0 as measured in Baldry et al. (2012). This shows how the passive population of
galaxies adds an additional bump to the high-mass component of the total stellar mass
function (sum of the two populations) such as the results shown in Fig.1.12.

passive categories either through the use of colour-colour cuts or the modelling

of their spectral energy distributions (SEDs). Both methodologies find that an

additional bump in the shape of the stellar mass function is driven by the population

of massive and passive galaxies (see Fig.1.11). To improve the modelling of the

stellar mass function, a double Schechter function is used:

Φ(M)δM =
[
Φ1

(
M

M∗

)α1

+ Φ2

(
M

M∗

)α2
]

exp
(
− M

M∗

)
δM

M∗ , (1.21)

where M∗ is the characteristic mass, Φ1/α1 are the normalisation and low-mass

slope of one Schechter function and Φ2/α2 are the normalisation and low-mass slope

of a second Schechter function. Commonly, the same M∗ value is used for both

components. An example of the application of this functional form to measurements
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Figure 1.12: An example of recent observations of the galaxy stellar mass function
across a wide redshift range. Here the massive population is shown to undergo strong
evolution across the mid to late aged universe z < 3.25 and a very steep decline is observed
for galaxies above a mass of around log10(M∗/M�) > 10.5. Source: McLeod et al. (2020)

of the stellar mass function is shown in Figure.1.12.

A significant problem in previous attempts to measure the galaxy stellar mass

function is the broad disagreement between studies on the value of M∗ and how

it changes with time. At redshifts 0.1 < z < 2.0, the values of M∗ have varied

between 10.5 < log10(M∗/M�) < 11.0 across a number of studies. A key issue

plaguing measurements of M∗ in mass functions is a bias known as Eddington

Bias. This effect is the combination of the very steep fall in the number density of

ultra-massive galaxies and observational errors on the stellar mass. These errors

can cause some of the much more numerous (many orders of magnitude) but lower

mass galaxies to scatter up and inflate the numbers of very rare but high mass

galaxies. Between different studies of the stellar mass function, there has been no

consensus on how to handle this issue (e.g. Grazian et al., 2015; Davidzon et al.,
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2017a). Some have attempted to model Eddington bias by folding in the errors in

stellar mass in their fitting process (e.g. Leja et al., 2020; Thorne et al., 2020), while

other studies have attempted to measure the distribution of mass uncertainties and

convolved it with the Mass Function (Ilbert et al., 2013; Davidzon et al., 2017a;

McLeod et al., 2020). The variations in methodology consequently lead to variations

in the conclusions drawn by each of their studies.

The number density of high-mass (M ≥M∗) galaxies is very sensitive to AGN

feedback and the rate of which these galaxies undergo merger events. It is thus

highly important to obtain reliable observational constraints in this regime in

order provide the basis with which to advance hydrodynamical simulations and

robustly test theories on feedback processes. This forms the primary goal of the

work conducted in Chapter 2, where I measure the stellar mass function in nine

time steps from 0.1 < z < 2.0 and vary the methodology used in order to explore

the potential bias’ that can arise.

1.3.4 Photometric Redshifts

Measuring the time evolution of the luminosity function or stellar mass function of

galaxies requires a large sample of galaxies with measured redshifts. While the use

of spectroscopy allows highly precise redshift measurements for extragalactic sources

to be made, through atomic emission lines, the process is time consuming. This is

because the high spectral resolution of spectrographs spread the light from a galaxy

over a large number of pixels, meaning longer exposure lengths are required to obtain

good signal to noise. Spectrographs are also limited in the number of simultaneous

observations that can be taken, with the most modern multi-object spetrographs

able to observe around 1000 galaxies simultaneously. For the purpose of measuring

luminosity and mass functions at different epochs, a small sacrifice in precision can

be afforded in order to increase sample sizes and improve efficiency. Photometric

surveys, while low in spectral resolution, can provide enough information in order

to constrain the redshift of millions of galaxies.
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Redshift estimations using photometry can be conducted using two primary

methods: colour-colour cuts and SED modelling. With colour-colour cuts, we can

use as few as three photometric bands in order to select samples of galaxies with

certain redshifts and physical properties for study. However, the method relies on a

compromise of sample completeness and sample purity. This is because galaxies

vary in the age of their stellar populations, dust content and redshift, which can

cause an overlap in the colours of different populations. As a result, care is required

to ensure the methodology takes into account the effect of sample completeness and

sources of contamination. This often requires simulations to be conducted which

insert fake sources into images in order to test the selection procedure.

In the case that more than just a few photometric bands are available, the whole

optical/NIR SED of each galaxy can be modelled in order to estimate redshifts and

other basic properties such as stellar mass and star formation rate. This procedure

reduces the risks of contamination, due to degeneracy in colours, that are experienced

with colour-colour cuts. Template SEDs of galaxies combine together our knowledge

and assumptions regarding the initial mass function, star formation history, stellar

metallicity, SEDs of individual stars, dust extinction and IGM absorption/Lyman

Breaks. The star formation history of a galaxy is the time-dependent star formation

rate, and alongside the age of the galaxy observed and the initial mass function, it

provides the population of stars present at the time the observed SED was emitted.

The quality of data presented by photometric surveys (of order a dozen bands)

is currently incapable of distinguishing between complex star formation histories,

so most studies use simplified forms, such as exponential decays or lognormal

distributions. However, the real star formation histories of galaxies are likely to be

more complex and stochastic due to events like mergers. These caveats with the

star formation histories are important when making measurements of the physical

properties of galaxies (e.g. stellar mass or current star formation rate), although

the redshifts are constrained by strong features such as the Lyman Break, which

are negligibly affected by these simplifications in the template sets.
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Figure 1.13: Example of an SED modelling procedure conducted with the ProSpect
algorithm on a low-redshift galaxy. Photometric data points are shown in solid black
while the best-fitting galaxy template is shown as the red line. Examples of other galaxy
templates are shown in faint black. This example clearly shows the ‘blue bump’ induced
by the stellar population at low wavelengths and a ‘dust bump’ at longer wavelengths
which is generated by warm dust reprocessing stellar light. Image credit: Sabine Bellstedt,
Aaron Robotham & Simon Driver.

In addition to measuring the redshifts and physical properties of galaxies, the

template fitting process can be used to conduct object classification. This is

conducted by comparing the quality of fits (e.g. using minimisation of χ2) for SED

templates of different types of objects. These can include singular stars or galaxies

with significant AGN contributions. These classifications can be used to further

refine sample selection and remove potential contaminants such as foreground Milky

Way stars. This ultimately ensures that measurements of stellar mass functions and

luminosity functions contain pure and complete samples of galaxies, minimising

the risk of subsequent systematic errors and misinterpretation of the results. In

this thesis, redshift and stellar mass estimations are conducted on ∼ 2 million

sources in order to tackle the outlined science objectives with the stellar mass

and ultraviolet luminosity functions. The full procedure is outlined along with

the data used in Section 2.2.
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1.4 Thesis Outline

With the recent advances the depths and wavelength coverage achieved in square

degree scale extragalactic fields, there is scope to build upon studies that have

previously measured the Luminosity/Mass function of galaxies and solve outstanding

issues in extragalactic astrophysics that are derived from those results. This

thesis presents the work that I have conducted on the now-complete VIDEO and

UltraVISTA survey programmes. I have used these surveys, alongside complemen-

tary optical and mid-infrared data, to measure the stellar mass function between

0.1 < z < 2.0 and the ultraviolet luminosity function between 3.5 < z < 5.2 in

order to further understand the growth in number densities of the most massive

and luminous sources.

This thesis is structured around the three journal publications that have been

developed over the course of my work. In Chapter 2, I begin by using my catalogues

to measure the galaxy stellar mass function in the redshift range of 0.1 < z < 2.0

in nine redshift bins. The mass functions are measured in multiple ways by varying

the choice of source extraction software and the photometric bands used in the

SED fitting process. The subsequent fits to the stellar mass function show that the

characteristic mass has grown between 0.5 < z < 1.5 and that the dominant source

of this growth is in the large rise in the number density of massive and passive

galaxies. This is found to closely match results from the hydrodynamical simulation

EAGLE. In Chapter 3, I modify the catalogues in order to effectively select luminous

sources at z ∼ 4 to measure the combined AGN and galaxy ultraviolet luminosity

function between 3.5 < z < 4.5. The use of SED modelling across optical and

near-infrared wavelengths enables a highly efficient selection of sources in this

wavelength range, with a completeness of ∼ 90 per cent and the unique depth-area

combination of surveys used enable galaxy number densities to be constrained across

5 orders of magnitude. This enables me to map the transition from AGN-dominated

ultraviolet sources to galaxy-dominated ultraviolet sources and shows that Schechter

and DPL based fits to the galaxy UV LF predict drastically different transitions. In

Chapter 4, this work is expanded closer to the Era of Reionisation (4.5 < z < 5.2)
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and comparisons drawn to the results in Chapter 3. It is found that the AGN

population evolves significantly within this time frame, increasing in number density

by around 0.8 dex from z ∼ 4.8 to z ∼ 3.9. Combining these findings with other

AGN-focused work shows a rapid onset in AGN activity in the first 500MYr after

the end of the reionisation epoch at z ∼ 6.
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-He who can no longer pause to wonder and stand
rapt in awe, is as good as dead; his eyes are closed

-If a cluttered desk is a sign of a cluttered mind, of
what, then, is an empty desk?

— Albert Einstein
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2.1 Introduction

2.1.1 The evolution of the galaxy stellar mass function

The galaxy stellar mass function (GSMF) is a measurement of the cumulative effects

of physical processes that enhance or hinder star formation within galaxies. These

processes include merger events, internal feedback mechanisms (both supernova

and active galactic nuclei (AGN) driven) and environmental effects. Understanding

the balance between these processes is key to understanding how galaxies have

been assembled over cosmic time. Measurements of the local GSMF reveal a

steep cut-off in the number of high-mass galaxies above a characteristic mass

log10(M∗/M�) ∼ 10.7 (e.g. Baldry et al., 2012). In addition to this, the population

of very high-mass galaxies becomes increasingly quenched with time (e.g. Davidzon

et al., 2017a; McLeod et al., 2020). Many theories have been proposed to explain

why there is significant suppression in the star formation (often called quenching)

of galaxies above this stellar mass, examples include but are not limited to:

starvation/strangulation (Larson et al., 1980; Kawata & Mulchaey, 2008; McCarthy

et al., 2008; Feldmann et al., 2011; Bahé et al., 2013; Feldmann & Mayer, 2015),

virial shock heating (Birnboim & Dekel, 2003; Dekel & Birnboim, 2006; Cattaneo

et al., 2006) and AGN feedback (Binney & Tabor, 1995; Di Matteo et al., 2005;

Springel et al., 2005; Bower et al., 2006; Croton et al., 2006; Cattaneo et al., 2009;

Fabian, 2012; Bongiorno et al., 2016; Beckmann et al., 2017). To adequately test

these theories and increase understanding of how these processes influence galaxy

evolution, simulations are required. Key milestones in testing theories such as

these include being able to accurately reproduce the observed galaxy population

through Luminosity/Mass Functions (see Somerville & Davé, 2015; Vogelsberger

et al., 2020, for recent reviews). The evolving shape of the GSMF is dependent on

all forms of stellar mass growth, including growth via merging events in addition to
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internal star formation (e.g. Rodriguez-Gomez et al., 2015; Qu et al., 2017; O’Leary

et al., 2020). Consequently, to increase understanding of both quenching and

merger rates, stellar mass functions have become a key benchmark for simulations

in the past few years (Henriques et al., 2013; Schaye et al., 2015; Pillepich et al.,

2018; Lagos et al., 2018) and hence, require observations to be reliable in order

to tune and test these simulations.

The advance in deep extra-galactic surveys over the past decade has led to a

better measurement of the GSMF at high-redshift. Using predominantly photometric

redshifts, several studies have now mapped out the evolution of the GSMF from

z = 0–3 (e.g. Fontana et al., 2004; Pérez-González et al., 2008; Marchesini et al.,

2009; Pozzetti et al., 2010; Ilbert et al., 2013; Muzzin et al., 2013; Davidzon et al.,

2017a; Wright et al., 2018) and even up to z ' 7 (e.g. Verma et al., 2007; McLure

et al., 2009; Stark et al., 2009; Grazian et al., 2015; Song et al., 2016a; Thorne et al.,

2020). Despite the increased cosmological volume probed by these studies, there is

no consensus on the exact form of the GSMF over this epoch. For example Wright

et al. (2018), McLeod et al. (2020) and Thorne et al. (2020) find an approximately

constant characteristic mass with redshift, but offset from each other by up to

M∗ ∼ 0.5 dex. Alongside this, other studies of high mass systems suggest merger

events are required to explain the observed change in the size-mass relation of these

objects (e.g. McLure et al., 2013). The rate of mergers required would consequently

influence the evolution of the shape of the stellar mass function at the high mass

end. To solve these issues, the precise number densities of galaxies with masses

greater than M∗ are required. Uncertainties in both the stellar mass and number

density of these objects can have a much larger impact on the measured shape and

characteristic mass of the derived GSMF than the more numerous low-mass sources.

This is due to the need to quantify a steep exponential fall off, with relatively few

galaxies, that suffer from higher levels of cosmic variance (e.g. Moster et al., 2011).

In this work I exploit deep, wide-area optical and IR imaging to measure the GSMF

over > 5 deg2, leveraging the large area to understand, in particular, the evolution

in the number density of the most massive galaxies between 0.1 < z < 2.0.
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2.1.2 Measuring accurate photometric redshifts and stellar
masses

In the coming decade, the Vera Rubin Observatory (Ivezić et al., 2019) and

Euclid (Racca et al., 2016) survey programmes will be conducting broadband

observations to further improve both the area and depths achieved within popular

multi-wavelength fields such as COSMOS and XMM-LSS, among others. In parallel

to these photometric surveys, a number of spectroscopic campaigns are also set

to begin operations in the next couple of years. MOONRISE (Cirasuolo et al.,

2012) and WAVES (Driver et al., 2019) are examples of multi-object spectrograph

(MOS) surveys and both have an immediate need for high quality photometric

redshift and physical parameter estimates in order to plan survey operations and

develop final target catalogues ahead of commissioning. Consequently, there is

demand for a maintained compilation of broadband photometry and photometric

redshifts based on the improved optical and NIR data that has been obtained in

recent years in order to best prepare for these upcoming projects (past examples

including: Laigle et al., 2016; Alarcon et al., 2020).

Moreover, with next-generation telescopes and survey programmes comes next-

generation software and analysis pipelines. A workhorse in photometric source

extraction for over 20 years has been SExtractor (Bertin & Arnouts, 1996),

but in recent years there has been a renewed effort in tackling the problem

of obtaining accurate flux measurements from images with robust uncertainties

and improved handling of source blending. One product of this effort has been

ProFound (Robotham et al., 2018), which potentially provides improved photometry,

particularly for extended sources, over a variety of wavelengths due to the non-

parametric apertures used (e.g. Davies et al., 2018; Hale et al., 2019; Bellstedt et al.,

2020). In this study I produce multiple catalogues of broadband photometry and

using these different source extraction methods. The use of two source extraction

tools, as well as varying the use of Spitzer/IRAC data, allows for any potential

bias’ in the GSMF due to these different effects to be explored.
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This paper is presented as follows: In Section 2.2 I describe the data used in

producing my photometric catalogues. In Section 2.3 I describe the methods used in

source extraction, fitting for photometric redshifts and derivation of basic physical

properties of galaxies. In Section 2.4 I present the measured GSMF in the redshift

range 0.1 < z < 2.0 and in Section 2.5 I present the results of modelling the GSMF,

and compare the models with the results from previous studies. In section 2.6 I

explore the time evolution of the GSMF and how my observations compare to results

from simulations. I finally present my conclusions in Section 2.7. Throughout this

paper I use the AB magnitude system (Oke, 1974; Oke & Gunn, 1983) and assume

ΛCDM cosmology with H0 = 70km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.

2.2 Data

The following sub-sections describe the data in the two fields used in the construction

of my photometric catalogues and subsequent measurement of the GSMF.

2.2.1 COSMOS

The COSMOS field (Scoville et al., 2007) is one of the most widely studied multi-

wavelength fields in extra-galactic astrophysics, with data spanning the X-ray

through to the radio domains over ∼ 2 deg2 of the sky centred on the J2000

coordinates of RA = 150.12 deg (10:00:28.6) DEC = +2.21 deg (+02:12:21.0).

The imaging data over this field that are used in the construction of my catalogues

is derived from four telescopes. The bluest coverage is from the Canada-France-

Hawaii Telescope Legacy Survey (CFHTLS; Cuillandre et al., 2012) which has

an ultra-deep pointing in the central square degree of the field, and I restrict

my analysis to this area for this reason. From this survey I make use of the u∗-

band. For the optical coverage I take data from the ultra-deep component of the

HyperSuprimeCam Strategic Survey Programme DR1 (HSC; Aihara et al., 2018b,a).

Near-infrared imaging is sourced from the UltraVISTA survey (McCracken et al.,

2012). I make use of the fourth data release of UltraVISTA (DR4) which has a

tiered observing strategy, leading to a striped pattern of near-infrared coverage
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across the field. The ‘deep’ component is approximately 1 magnitude shallower

than the ‘ultra-deep’ region. 3.6 and 4.5 micron photometry is obtained from the

Spitzer Extended Deep Survey (SEDS; Ashby et al., 2013), Spitzer Matching Survey

of the UltraVISTA ultra-deep Stripes survey (SMUVS; Ashby et al., 2018) and

Spitzer Large Area Survey with Hyper-Suprime-Cam (SPLASH; Capak et al., 2012).

The 5σ detection limits for the 2 (2.8) arcsecond photometry in each optical/NIR

(Spitzer) bands are outlined in Table 2.1. This table also highlights the impact

of the tiered structure of the UltraVISTA survey.

2.2.2 XMM-LSS

With a much greater area (at ' 4.5 deg2), the XMM-Large Scale Structure field is

one of 3 deep fields that make up the Vista Infrared Deep Extra-galactic Observations

(VIDEO) survey (Jarvis et al., 2013). Located at RA = 35.5 deg (02:22:00.0) DEC =

-4.8 deg (-04:48:00.0), my study focuses on regions of the field with high quality HSC

observations. I mask parts of the edge of the field due to the lack of overlapping

coverage between HSC and VISTA (see Bowler et al., 2020, for more information

on overlapping coverage from the different surveys and variable depths). The total

area of the field that is used after considering the overlap of telescope footprints

is 4.23 deg2 (giving a total of 5.23 deg2 when combined with COSMOS).

I use the same photometric bands as those used in the COSMOS field. Unlike

in the COSMOS field, the optical coverage in XMM-LSS is not uniform while the

near-infrared is more uniform. u-band imaging over the full XMM-LSS field was

obtained from the CFHTLS Wide survey in addition to the CFHTLS-D1 field which

covers a 1 deg2 patch where u∗ observations are 1 magnitude deeper than the rest

of the field (Cuillandre et al., 2012). HSC SSP covers a different 1.5 deg2 region of

the field (centred on UKIDSS UDS Lawrence et al., 2007) which has ‘ultra-deep’

coverage. Near-infrared photometry is derived from the final data release of VIDEO

(Jarvis et al., 2013) and Spitzer data is sourced from the Spitzer Extragalactic

Representative Volume Survey (SERVS; Mauduit et al., 2012). The depths of the

images in each broadband filter are also outlined in Table 2.1.
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Table 2.1: Summary of the 5σ detection depths within the COSMOS and XMM-LSS
fields. Depths are calculated in 2” diameter circular apertures (2.8” for IRAC bands due
to Spitzer ’s larger point spread function) that were placed on empty regions of the image.
Values are grouped into Deep (D) and Ultra-Deep (UD) sub-regions. The XMM-LSS
field has a single ultra-deep pointing from HSC centred on the UDS field and so a third
of XMM-LSS has this deeper optical coverage. Similarly the u∗ coverage has a single
square degree of ultra-deep coverage in a separate part of XMM-LSS as part of the CFHT
Legacy Survey observing programme.

Filter COS-UD COS-D XMM-UD XMM-D Origin
u∗ 27.2 – 25.9 25.9− 26.9 CFHT
g 27.1 – 27.0 26.5 HSC
r 26.7 – 26.5 25.9 HSC
i 26.6 – 26.4 25.5 HSC
z 25.9 – 25.7 24.7 HSC
y 25.5 – 25.0 24.1 HSC
Y 26.3 25.2 25.4 – VISTA
J 26.1 25.0 24.9 – VISTA
H 25.7 24.6 24.4 – VISTA
Ks 25.4 25.0 24.0 – VISTA
3.6 24.8 – 24.3 – Spitzer
4.5 24.8 – 24.0 – Spitzer

2.3 Photometric catalogues and derived products

For my study I define and produce four separate stellar mass estimates for all galaxies

identified in the near-infrared. The various stellar mass estimates are determined by

using two source extraction algorithms and including/excluding the Spitzer/IRAC

1 and 2 bands. The goal here is to examine the impact of these two variables in

the methodology, such as how different measurements of total flux translates to

differences in stellar-mass estimation and how the use of Spitzer/IRAC bands affects

photometric redshift performance and the final distributions in stellar mass.

I refer to these catalogues as ‘SExtractor/SE’ and ‘ProFound/PF’ when using

them in a lengthened/shortened format. When the two Spitzer/IRAC bands are

included in any analysis, the suffix ‘+IRAC’ is added to the catalogue name.

2.3.1 SExtractor photometry

Source finding is performed in SExtractor (Bertin & Arnouts, 1996) with the Ks-

band image used for object selection. The fiducial photometry was derived using 2
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arcsecond diameter circular apertures placed at the location of sources found by

SExtractor. As Spitzer has a larger point spread function, for the IRAC bands I

use 2.8 arcsecond diameter circular apertures (Bowler et al., 2020). The optical

and NIR photometry is aperture corrected through a point-spread-function (PSF)

generated in each band by PSFEx (Bertin, 2011) using cut-outs of point-sources.

This is calculated separately for the COSMOS field and over each of the three

VISTA/VIDEO tiles in XMM-LSS. For Spitzer photometry, I use an aperture

correction derived in the Spitzer handbook1. Alongside this I also measure the

MAG_AUTO parameter from SExtractor to estimate the total flux for each object. The

MAG_AUTO measurement uses an elliptical aperture which is scaled to encompass the

total flux of an object in the detection image following the prescription developed in

Kron (1980). Due to the significantly larger PSF of the two Spitzer bands, carrying

over the same aperture from the Ks band would lead to an underestimation of the

total flux. To solve this problem, I derive a correction to translate aperture flux (f) to

total flux (F ). This correction follows the average value of Fν,IRAC = fν,IRAC× Fν,Ks
fν,Ks

for objects in bins of Ks magnitude and redshift used in the later calculation of

the GSMF. The use of this correction is sanity checked against the methodology

I use with the ProFound catalogues and is found to agree well for luminous

objects. Errors on the SExtractor photometry are calculated based on local depth

maps generated by inserting apertures in empty locations of the field (the same

method as applied in Bowler et al., 2020).

2.3.2 Profound photometry

In addition to the SExtractor photometry, I produce ProFound (Robotham et al.,

2018) catalogues selected on a weighted stack of the VISTA-Y , J , H and Ks bands2.

ProFound generates two photometric measurements for each object, a ‘total’

flux and a ‘colour’ flux. ProFound operates by iteratively dilating the aperture

encompassing each galaxy in each image until it meets the local background. This
1The Spitzer handbook can be found at: https://irsa.ipac.caltech.edu/data/SPITZER/

docs/spitzermission/missionoverview/spitzertelescopehandbook/
2I note that this does not affect my results as I subsequently apply a conservative limiting

magnitude cut based on the Ks-band
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results in a morphologically derived aperture (one that follows the isophote of the

source rather than assuming any shape e.g. elliptical) around each identified object

for each photometric band. For my purposes I only make use of the total flux

measurements and the associated errors from the ProFound output. ProFound

flux errors are calculated by summing in quadrature: 1) the standard deviation of

the distribution that results from subtracting the sky model from local unoccupied

pixels; 2) the error on the sky model itself around the target source, calculated

through the root mean square (RMS) method and 3) the Poisson noise resulting

from the raw counts in the image. Because this dilation process is performed for

each photometric band, the larger Spitzer/IRAC PSF is taken into account and

thus no alterations are required to obtain total fluxes in these bands.

To validate both the ProFound and SExtractor photometry. I compare my

measured total photometry against measurements made in other catalogues which

have targeted these fields. These comparison catalogues are the COSMOS2015

catalogue for the COSMOS field (Laigle et al., 2016) and the Subaru/XMM-Newton

Deep Field (SXDF) catalogue (Mehta et al., 2018). I find that the vast majority

of my photometric bands are consistent (� 0.1 mag median offsets) with the

measurements from these reference catalogues (see Fig.2.1). The methodology I

use to determine total SExtractor Spitzer fluxes for bright, resolved sources is also

found to be consistent with these catalogues. The greatest difference in photometry

is found when running ProFound on Spitzer imagery in XMM-LSS. For bright

sources (m < 20), the photometry is consistent with my SExtractor catalogue and

the reference catalogue. However, for fainter objects the measured flux in ProFound

is found to be smaller than with SExtractor (up to 0.2 mags offset at m ∼ 24).

Similarly, colour distributions match those of the reference catalogues, with the

exception of the aforementioned ProFound IRAC offsets in XMM-LSS.

ProFound photometry is only used to calculate a second set of stellar masses for

each galaxy in my sample. This is to examine what differences, if any, are found to

the GSMF measured when alternate software is used in source extraction. Because

this IRAC offset has arisen with no change to the methodology between two fields,
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I assume no truth to the catalogues and proceed with this offset present in the

XMM-LSS IRAC bands. The IRAC bands do have a significant impact on stellar

mass calculation, with the study by Elsner et al. (2008) showing that without any

constraints, template fits tend to over estimate infrared fluxes. Including Spitzer

bands was found to reduce stellar mass by up to 0.2dex for galaxies at z < 2.5. One

can thus expect that fainter sources in the ProFound catalogues will have slightly

lower masses than in the SExtractor case when Spitzer bands are used.

2.3.3 Photometric Redshifts

With the reliability of the photometry confirmed, I proceeded to conduct object

classification and estimate redshifts, stellar mass and star formation rates for all

sources within the COSMOS and XMM-LSS fields. The process uses the publicly

available code LePhare in order to conduct these estimations (Arnouts et al., 1999;

Ilbert et al., 2006). LePhare functions by minimising the χ2 of a series of template

galaxy SEDs against the measured photometry of each object. The templates used

fall into three primary categories: 1) Galaxies; 2) Galaxies with AGN; 3) Single Stars.

The best-fitting template within each category is provided as an output alongside

a probability density function (PDF) for the redshift. The galaxy templates are

the same as those used to construct the popular COSMOS2015 catalogue (Laigle

et al., 2016). These consist of 43 templates of synthetic galaxies that cover a wide

variety of galaxy morphologies (e.g. E, S0, Sa, Sb, Sc, Sd, Sdm on the Hubble

Tuning Fork). Each template covers a wavelength range of 0.1µm to 1000µm and

is generated by the stellar population synthesis code GRASIL (Silva et al., 1998).

Due to issues simulating dust reprocessing, the work by (Polletta et al., 2007)

further develops these templates in the regime where emission transitions from

being stellar dominated to dust dominated (5-12µm) by incorporating observations

from the Infrared Space Observatory and Spitzer. Since the work undertaken in

this study does use not data extending redder than 5µm, it is not anticipated that

errors modelling dust emission in the templates will significantly affect the template

fitting process. One other possible source of uncertainty in the infrared regime is
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Figure 2.1: Direct comparison of the photometry derived from SExtractor (blue)
and ProFound (red) against a reference catalogue from each extragalctic field, Mehta
et al. (2018) for XMM-LSS and Laigle et al. (2016) for COSMOS. The y-axis is the
difference between the reference catalogue and the catalogue produced as part of this
thesis (mref −mSE/ProF). The x-axis is the total magnitude of the source as listed in the
reference catalogue. The solid line is the median offset and the dashed lines indicate the
inter-quartile range of all sources cross-matched within 1 arcsecond. The upturn displayed
in the red bands is a consequence of the Ks-band selection.
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56 2.3. Photometric catalogues and derived products

the contribution of pulsing asymptotic giant branch stars, which are not as well

understood in stellar population synthesis yet have been shown to be influential in

calculating stellar masses and ages (Maraston, 2005; Maraston et al., 2009).

Each of the templates used in this methodology are modified for dust attenuation

according to the Calzetti et al. (2000) extinction law with E(B-V) = 0, 0.05, 0.1,

0.15, 0.2, 0.3, 0.6, 1.0, 1.5. Each SED is also recalculated with the effects of redshift

and the Lyman Break in steps of 0.04 from z = 0–6 and steps of 0.1 from z = 6–9.

The Lyman Break strength follows the treatment derived in Madau (1995) The

resultant probability space is then interpolated in order to find the optimal redshift

solution. A similar process is applied to galaxies with contributions from an AGN.

Here the templates used are obtained from Salvato et al. (2009), which generate

templates with varying fractional contributions from an AGN to the total SED of

the source. In order to identify foreground stars, stellar templates from Hamuy

et al. (1992, 1994); Bohlin et al. (1995); Pickles (1998); Chabrier et al. (2000) were

also fit. Photometric errors are set to a minimum of 5 per cent in flux during the

template fitting process, this is to alleviate the consequences of using templates that

probe the colour space discretely while the real galaxy population is continuous.

Zero-point calibration with spectroscopic samples

The two fields have been targeted by a large number of spectroscopic campaigns

which can be used to calibrate my methods and examine photometric redshift

accuracy. I make use of the spectroscopic catalogue compiled by the HSC team3.

Included are spectra from the VIMOS VLT Deep Survey (VVDS; LeFèvre et al.,

2013), z-COSMOS (Lilly et al., 2009), Sloan Digital Sky Survey (SDSS-DR12; Alam

et al., 2015), 3D-HST (Skelton et al., 2014; Momcheva et al., 2016), Primus (Coil

et al., 2011; Cool et al., 2013) and the Fiber-Multi Object Spectrograph (FMOS;

Silverman et al., 2015). From these I select only those with high quality flags

(>95 per cent confidence) to ensure secure redshifts are being used. Together these

provide a spectroscopic sample of 22,409 in COSMOS and 35,125 in XMM-LSS.
3The source of the spectroscopic catalogue compiled by the HSC team can be found at:

https://hsc-release.mtk.nao.ac.jp/doc/index.php/dr1_specz/
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Table 2.2: The list of zero-point offsets applied to the 2 arcsecond aperture photometry
after optimising the template fitting process against a large spectroscopic sample. Offsets
listed are in magnitudes and are calculated separately for each field.

Band XMM Offset COS Offset
u∗ 0.138 0.136
g -0.062 -0.066
r -0.096 -0.078
i -0.011 -0.026
z -0.048 -0.037
y -0.064 -0.054
Y 0.078 -0.006
J 0.037 0.020
H 0.077 0.084
Ks 0.025 0.024
IRAC1 0.006 0.005
IRAC2 -0.048 0.013

I use these spectroscopic redshifts to examine the accuracy of my photometric

redshift estimates. In addition to this, I also make use of LePhare functionality to

make iterative adjustments to the zero-points of each photometric filter in order to

optimise the results against the spectroscopic sample. Minor shifts in the zero-points

can occur as a result of inaccurate filter transmission functions, through biases

within the choice of SED templates and from the calibration of the images. The

inclusion of a very large sample of spectroscopically confirmed objects from a variety

of different surveys minimises the risk of introducing an additional bias through

calibration on a non-representative sample. For each catalogue, I run LePhare

once on the spectroscopic sample to obtain the zero-point corrections, these offsets

are applied and the entire field is then run. I show the results of this process in

Table.2.2 and the majority are small compared to the errors (� 0.1 mags). The

large offset in the bluest band (u∗) is a result commonly found when conducting

this process on similar photometric data sets, with work conducted by Laigle et al.

(2016) and Mehta et al. (2018) finding offsets in ‘B’, ‘u∗’ and ‘NUV’ photometric

bands of ±0.2 magnitudes. The likely cause of this are imperfect stellar populations

as the extremes of the wavelength ranged covered by the models (∼ 0.1µm) is

approached. The minimal offsets found in the Spitzer bands provides reassuring
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evidence that the template set functions well up to ∼5µm.

2.3.4 Photometric redshift accuracy

The quality of the photometric redshift catalogues can be described with two

numerical values. The outlier rate, defined as percentage of objects satisfying

abs(zspec − zphot)/(zspec + 1) > 0.15, and the Normalised Mean Absolute Deviation

Hoaglin et al. (NMAD; 1983), defined as 1.48×median[|zspec − zphot|/(1 + zspec)].

These two values quantify a) the rate at which the photometric redshift method

produces a redshift value that is in significant tension to the measured spectroscopic

redshift and b) the spread around zspec − zphot in a manner that is resistant to

influence from the relatively small number of extreme outliers. Comparing the two

fields, COSMOS has greater depth and uniformity while XMM-LSS is shallower

and wider, and has around 1 magnitude variability in its optical coverage . It is

therefore expected that XMM-LSS would produce photometric redshifts of lower

quality. The results of this comparison are displayed in Table 2.3. For each field,

I produce two sets of photometric redshift estimations one with and one without

the inclusion of the Spitzer IRAC 3.6 and 4.5µm bands. The addition of the

Spitzer IRAC bands to COSMOS makes minimal difference in the quality of the

photometric redshifts. However, redshifts are found to decrease in quality for the

faintest objects in the XMM-LSS catalogue due to the relatively shallow coverage

provided by Spitzer. Results are displayed in Fig. 2.2 and Fig. 2.3.

2.3.5 Stellar mass determination

With photometric redshifts and object classification determined for each source, I

proceed to measure the stellar mass. This is performed by fixing the redshift to

the best-fit value (template with minimum χ2) and rerunning LePhare using the

total flux measurements, rather than aperture fluxes. For SExtractor I use fluxes

from the MAG_AUTO parameter and for ProFound this is magt. Compared to the

aperture fluxes, the total fluxes are essential to making accurate measurements of

the normalisation of the SED for resolved objects and hence the total luminosity
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62 2.4. Measuring the GSMF

of the galaxy and stellar mass. In the case that an object has a spectroscopic

redshift from one of the surveys described in Section 2.3.3, this value is used

instead of the photometric redshift.

For the SED fitting and hence, stellar mass determination, I use a selection of SED

templates from Bruzual & Charlot (2003). These include templates with constant

star formation rate, exponentially decaying star formation rates with timescales

τ = [0.1, 0.3, 1, 2, 3, 5, 10, 15, 30] Gyr, 58 ages for the stellar population (from 0.01

to 13.5 Gyr) and two metallicities (Z� and 20 per cent of Z�). No additional

evolutionary corrections are applied to the template sets because the set already

includes 58 time stamps for each star formation history. Similarly, since I am directly

fitting redshifted spectra to the photometry, k-corrections are not required to obtain

rest-frame luminosities because these can be obtained from the original template.

2.4 Measuring the GSMF

I select objects for use in measuring the GSMF based on a number of criteria

to maintain purity and completeness.

1. The source exists in both SExtractor and ProFound derived catalogues. The

majority of sources that fail this are either artefacts on the edge of manual

masking or are a consequence of the initial ProFound selection on a VISTA

stack verses just the Ks-band. Such sources would also removed by the Ks

magnitude cuts detailed below.

2. The source has a 2 arcsecond aperture magnitude following the condition

Ks < 24.5 in COSMOS and Ks < 23.2 in XMM-LSS. This corresponds to a

SNR cut of 8σ and is employed to minimise the potential for contamination

while enabling M∗ to be well constrained up to z ∼ 2.

3. The source has a best fit SED that is a galaxy or QSO with a redshift between

0.1 and 2.0 (χ2
Gal/QSO < χ2

Star). In the case a source has a spectroscopic

redshift, that value is used in place of the photometric redshift.
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4. I apply an upper limit on the quality of the photometric redshift of χ2 < 250

(removing the worst 0.5 per cent of objects).

This results in a sample of ∼ 320, 000 galaxies in the combined COSMOS and

XMM-LSS fields used in measuring the GSMF. Of order 97 per cent of the sample

have a quality of fit corresponding to χ2 < 50. Sources can experience large increases

in χ2 if they are influenced by an image artefact, causing the measurement in a

single photometric band to be incorrect. Additionally, if a significant emission

line is unmodelled/missing from the template, a similar spike in flux within a

photometric band may occur. Source blending can also lead to issues with the

aperture photometry in crowded regions, especially when considering the larger PSF

of Spitzer images. The χ2 < 250 cut compromises between being inclusive of objects

affected by minor photometric issues while preventing objects which are clearly

junk from entering the sample. It is inevitable that some degree of contamination

in the sample will occur, but this is expected to be small (. 1 per cent).

I present the galaxy number counts in each redshift bin in Tables 2.5 and 2.6.

The inclusion of Spitzer bands leads to a significant reduction in the number of

highly massive galaxies at redshifts 0.1 < z < 2. This is the result of Spitzer bands

breaking degeneracies between stellar templates and certain combinations of galaxy

template, leading to a number of these massive objects being reclassified as stars.

The use of ProFound photometry over SExtractor leads to minimal difference to

the general population of objects, cases will be discussed in Section 2.5.1.

2.4.1 The 1/Vmax method

I first compute the GSMFs using the 1/Vmax methodology (Schmidt, 1968; Rowan-

Robinson, 1968). I determined the Vmax for each galaxy by redshifting the best-fitting

template (from the 2 arcsecond aperture photometry) until the object no longer

meets my Ks-band magnitude limit.

The GSMF is then determined using:
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Φ(M)d log(M) = 1
∆M

N∑
i

1
Vmax,i

, (2.1)

δΦ(M) = 1
∆M

√√√√ N∑
i

(
1

Vmax,i

)2

, (2.2)

where M is stellar mass, ∆M is the bin width which I set to 0.25 dex and Vmax,i is

the maximum volume for which galaxy i could have been successfully detected.

2.4.2 Stellar mass completeness

Towards lower stellar masses, galaxies become intrinsically less luminous. This

ultimately leads to a regime where the detection limits of the data are reached and

galaxy number counts begin to fall as they are lost to noise. As the science goals of

this study focus on the massive end of the GSMF, I adopt a conservative approach

while still probing a significant mass range. In my model fitting procedures I elect

to only use bins of redshift and mass where over 95 per cent of the galaxy sample

are brighter than the 8σ 2 arcsecond aperture detection limit of the respective

field. Due to the shallower coverage in XMM-LSS, the criteria for completeness is

approximately 0.5-0.75 dex higher in stellar mass than in COSMOS.

I apply a simple correction to the survey areas based on the fraction of the field

that is occupied by other sources or masked by foreground stars. For COSMOS

this is 15 per cent and XMM it is 7 per cent. This corrects the GSMF for the

probability that sources are highly blended (> 50 per cent overlap) with other

sources or significantly effected by bright foreground stars.

2.4.3 Cosmic Variance

My measurements of the GSMF are based on data that only probe a limited volume

of the Universe. As a result, they are susceptible to biases that are a consequence

of large-scale fluctuations in density in the galaxy distribution. This is commonly

referred to as cosmic variance (σ2
cv). As I am measuring the GSMF across a wide

range of mass and redshift, there is no single quantitative value that can be used

to describe this effect. In order to model the effects of cosmic variance on my
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Figure 2.4: The estimated cosmic variance for two example redshift bins. The solid
lines show 0.2 < z < 0.3, the dashed lines show 0.75 < z < 1.0. Here I display the cosmic
variance for each field if treated independently and the result of combining the fields using
the cosmic variance calculator from Moster et al. (2011) and my measured number counts.
COSMOS is shown in gold, XMM-LSS in blue and the combination of the two fields in
black. Where XMM-LSS becomes incomplete the cosmic variance value for the combined
case is just the COSMOS cosmic variance.

measurements, I use the treatment from Moster et al. (2011), which provides an

estimate of the cosmic variance as a function of both stellar mass and redshift. My

dataset consists of two fields with differing area and dimensions, thus allowing us

to mitigate some of the effects of cosmic variance. Where both the XMM-LSS and

COSMOS fields are used in measuring the GSMF I calculate the cosmic variance for

each field independently (σ2
cv,i) and combine the values together with a co-moving

volume weighting (Equation 7 in Moster et al., 2011). The output is a percentage

error on the GSMF, and so to combine the fields this value is converted back into

variance (σ2
cv) using my galaxy number counts. When data from the XMM-LSS field

drops out of consideration due to its shallower depth, cosmic variance is determined
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Figure 2.5: The shapes of the three Eddington bias corrections implemented as a part of
my study. I show the probability of a certain mass scatter (δM = Moriginal −Mperturbed)
for all objects meeting the selection and completeness criteria
as a result of photometric errors in the SED fitting process. The lower plot shows
identical data to the upper plot, however I have logged the y-axis to reveal the

low-amplitude wings of the distribution. The non-parametric distribution derived
directly from my data is shown as the thick red line. The black dashed line is the
best fit Gaussian to this data and the orange line is for a Gaussian multiplied by a

Lorentzian.

from the area of the COSMOS field alone. Fig. 2.4 shows the results of my cosmic

variance calculations for two redshift bins (0.2 < z < 0.3 and 0.75 < z < 1.0),

highlighting how the increased area from including the XMM-LSS field, coupled

with combining two widely separated fields, results in a factor of ∼ 2 decrease

in the cosmic variance uncertainty.

2.4.4 Eddington bias

The steep drop in the GSMF beyond the knee can lead to a bias in the derived number

densities of the most massive galaxies due to Eddington bias (Eddington, 1913).
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All galaxies in the sample have an uncertainty in the derived stellar mass, however

as low-mass galaxies are significantly more numerous this leads to more galaxies

scattering to higher stellar mass than the number that scatter to lower masses. To

account for this effect and hence, determine an estimate of the intrinsic GSMF, I

require an estimate of the uncertainty in the stellar masses derived for my sample.

With this distribution I can then deconvolve (or in reality fit a convolved double

Schechter form) to my observations to determine the intrinsic GSMF. To measure the

uncertainty in the stellar masses derived in this study, I repeat both the photometric

redshift measurement and the SED fitting process after perturbing the photometry

of my sources according to the photometric errors in each band. This process is

repeated multiple times to produce the distributions shown in Fig. 2.5. Based on

this, I examine three possible methodologies to uncover the intrinsic stellar mass

function from this observed distribution in my analysis described in Section 2.4.5.

2.4.5 The measured galaxy stellar mass functions

The GSMFs, as measured from the samples produced from my four catalogues, are

presented in Fig. 2.9. They probe stellar masses from 7.75 < log10(M�) < 11.75

and are split into nine redshift bins between 0.1 < z < 2.0. I provide an example of

the SED fit to a galaxy from each of these redshift bins in Figures. 2.6, 2.7 and 2.8.

To each GSMF I fit a double Schechter function (Schechter, 1976, Eqn. 2.3) using

a Markov-Chain Monte Carlo (MCMC) implemented in emcee (Foreman-Mackey

et al., 2013). In this redshift range, past studies have found the double Schecher

functional form better describes the GSMF due to the underlying bimodality in

the galaxy population (e.g. Strateva et al., 2001; Driver et al., 2006; Baldry et al.,

2012; Ilbert et al., 2013; Davidzon et al., 2017a) and I clearly see an upturn at

the low mass end of my GSMFs.

Φ(M)δM =
[
Φ1

(
M

M∗

)α1

+ Φ2

(
M

M∗

)α2
]

exp
(
− M

M∗

)
δM

M∗ . (2.3)

A series of priors are applied to prevent parameters from flipping due to the

symmetry of the double Schechter functional form shown in Equation 2.3. The
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(a) 0.1 < z < 0.2
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(b) 0.2 < z < 0.3

0 25 50 75 100
0

20

40

60

80

100
2′′

104 105

wavelength (A)

17

18

19

20

21

22

23

AB
 M

ag
ni

tu
de

MAG_AUTO
ProFound Total
2 arcsec

(c) 0.3 < z < 0.5

Figure 2.6: Example galaxies from the lowest three redshift bins alongside their measured
photometry and SED fits. The left figure shows a cut out of the galaxy from the Ks

images, axis labels are in pixels and a scale bar showing 2 arcseconds is added for
reference. The right plots show the measured photometry in 2 arcsecond apertures (black),
SExtractor MAG_AUTO (blue) and ProFound total photometry (red) as well as the best
fitting SED for each set of photometry. Each galaxy is taken from one of the redshift bins
used in measuring the stellar mass function and has a mass approximately that of the
characteristic mass (10.5 < log10(M/M�) < 11.0).
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(a) 0.5 < z < 0.75
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(b) 0.75 < z < 1.0
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(c) 1.0 < z < 1.25

Figure 2.7: Example galaxies from the central three redshift bins alongside their
measured photometry and SED fits. The left figure shows a cut out of the galaxy from
the Ks images, axis labels are in pixels and a scale bar showing 2 arcseconds is added
for reference. The right plots show the measured photometry in 2 arcsecond apertures
(black), SExtractor MAG_AUTO (blue) and ProFound total photometry (red) as well as the
best fitting SED for each set of photometry. Each galaxy is taken from one of the redshift
bins used in measuring the stellar mass function and has a mass approximately that of
the characteristic mass (10.5 < log10(M/M�) < 11.0).
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(b) 1.5 < z < 1.75
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Figure 2.8: Example galaxies from the highest three redshift bins alongside their
measured photometry and SED fits. The left figure shows a cut out of the galaxy from
the Ks images, axis labels are in pixels and a scale bar showing 2 arcseconds is added
for reference. The right plots show the measured photometry in 2 arcsecond apertures
(black), SExtractor MAG_AUTO (blue) and ProFound total photometry (red) as well as the
best fitting SED for each set of photometry. Each galaxy is taken from one of the redshift
bins used in measuring the stellar mass function and has a mass approximately that of
the characteristic mass (10.5 < log10(M/M�) < 11.0).
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2. Deep Field Photometry and the Stellar Mass Function over 10 Billion Years71

normalisation (Φ1 & Φ2) follows the condition Φ1 > Φ2, the low-mass slopes (α1

& α2) are limited to being between [-1.8,1.5] and [-3.0,-0.9] respectively for the

two components. To compare against past studies, I make the same assumption

that each Schechter component has a single, shared value of M∗ in the range

10 < log10(M∗/M�) < 12. I only fit to data points where the bins in stellar mass are

greater than 95 percent complete. The MCMC is set up with 500 walkers that burn

in for 100,000 steps before conducting a further 20,000 steps for use in mapping the

posterior distributions. Each walker is distributed uniformly in the parameter space

and limited by the above priors. I perform the fitting procedure four times, once on

the observed GSMF and three times with the double Schechter function modified

with the convolution with one of three Eddington bias methods that I describe below.

First, I modify the fit to be a convolution of the double Schechter function with

a Gaussian distribution, where the standard deviation (σM) of the distribution

is calculated by fitting a Gaussian to the measured scatter in masses shown in

Fig. 2.5. This is a commonly used method in studies of the GSMF (e.g. Wright

et al., 2018). In the second method I extend this model by multiplying the Gaussian

with a Lorentzian in the same manner as described in Ilbert et al. (2013); Davidzon

et al. (2017a). This adds extended wings to the function, which more adequately

reproduces the distribution, however it continues with the assumption that the

mass scatter is symmetric. Any asymmetry is important to account for, as it means

that there is a greater probability of scattering to lower masses than towards higher

masses (due to the photometric redshift uncertainty), and this would impact on the

measured GSMF. Therefore, in the third case, I do not fit any parametric distribution

to the mass scatter, instead I use the smoothed histogram of the scatter convolved

directly with the double Schechter function. This should improve upon the use of the

analytic forms because it captures the observed asymmetry in the mass scatter (δM).

Visual inspection of the distribution in mass scatter derived in Section 2.4.4

reveals there to be minimal dependence on redshift. The two lowest redshift bins

are slightly broader as a consequence of photometric redshift uncertainty but these

bins are much more complete with spectroscopic redshifts (30 per cent). As a

DRAFT Printed on October 15, 2021



72 2.4. Measuring the GSMF

10 7

10 6

10 5

10 4

10 3

10 2

10 1
0.1 < z < 0.2

SE+IRAC Model
PF+IRAC Model
SE
SE+IRAC 
ProF
ProF+IRAC

1.0 < z < 1.25

10 7

10 6

10 5

10 4

10 3

10 2

10 1
0.2 < z < 0.3 1.25 < z < 1.5

10 7

10 6

10 5

10 4

10 3

10 2

10 1

lo
g(

 d
ex

1  M
pc

3 )

0.3 < z < 0.5 1.5 < z < 1.75

10 7

10 6

10 5

10 4

10 3

10 2

10 1
0.5 < z < 0.75 1.75 < z < 2.0

7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5
                                                           log10(M/M )

10 7

10 6

10 5

10 4

10 3

10 2

10 1
0.75 < z < 1.0

9.0 9.5 10.0 10.5 11.0 11.5

0.1 < z < 0.2
0.2 < z < 0.3
0.3 < z < 0.5
0.5 < z < 0.75
0.75 < z < 1.0

1.0 < z < 1.25
1.25 < z < 1.5
1.5 < z < 1.75
1.75 < z < 2.0

Figure 2.9: The GSMF from my analysis of the COSMOS and XMM-LSS data. In
blue and red are the results from SExtractor and ProFound, while navy and brown data
points denote the points measured after including Spitzer/IRAC photometry. Unfilled
data points indicate those with less than 95 per cent completeness and are not used in
any fitting procedure. Displayed data points are based on raw observations and do not
correct for Eddington bias (see Tables 2.5 and 2.6). The black line shows the median
of the MCMC results for the SExtractor+IRAC data when fit with a double Schechter
function convolved with my Eddington correction. The grey shaded region shows the
region contained within 1σ of the model fit and is based on 10,000 random samples
of the final posterior. The gold line and shaded region follows the same process with
the ProFound+IRAC data. The high redshift bins in the right column have the x-axis
truncated to higher masses to focus on the complete regime. In the final panel the
Eddington corrected ProFound models are shown simultaneously and cut where data is
incomplete.
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2. Deep Field Photometry and the Stellar Mass Function over 10 Billion Years73

result the real scatter within these bins is likely much smaller. Using the method

which convolves a Gaussian distribution with the measured GSMF, I find values

with 0.08 < σM < 0.10 across all redshifts. For the second method, which uses a

Gaussian distribution multiplied with a Lorentzian, I find 0.43 < σM < 0.58. Since

minimal evolution was found, I remove the redshift dependence on the Lorentzian

component that was introduced in Ilbert et al. (2013) to minimise total fit parameters.

The resultant formula for the extended wings is thus L(x) = 0.08
2π

1
0.08
2π

2+x2 which is

equivalent to fixing the redshift to 1.0 in the original formula from Ilbert et al.

(2013). The range of 0.43 < σM < 0.58 for the Gaussian component is in agreement

with the findings of Ilbert et al. (2013) and slightly larger than the value found by

Davidzon et al. (2017a). I note that the σM values for the two methodologies are

not directly comparable due to the different functional forms used between them.

In addition, the studies conducted by Grazian et al. (2015) and Davidzon et al.

(2017a) find evidence for redshift and stellar mass dependence on the measured

mass scatter when approaching the completeness limited regime. The probable

explanation for the lack of such observation in my data is the conservative SNR

cuts that have been implemented. Following previous studies, I fix the σM values

in my final fits to 0.09 in the Gaussian case and 0.5 for the Gaussian × Lorentzian

case. The shapes of these distributions are presented in Fig. 2.5. I discuss the

impacts of this correction on the measured GSMF in Section 2.5.2.

My preferred method for correcting for Eddington bias is to use the histogram

presented in Fig. 2.5 directly in the convolution. This method directly uses the

results of the perturbed catalogues and captures the subsequent asymmetry found

in the distribution. Such an asymmetry has previously been described in recent

studies exploring the Eddington bias such as Grazian et al. (2015). The best-fitting

double Schechter function fit parameters using this Eddington bias correction are

presented in Table 2.4. Corner plots showing the posterior probability distribution

for the parameters in this model are shown in Fig. 2.10, 2.11, 2.12, 4.6, 2.14, 2.15,

2.16, 2.17, 2.18. For completeness, I also present my results without the application
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74 2.4. Measuring the GSMF

of the Eddington bias correction in Tables 2.5, 2.6, 2.7, 2.8 alongside the results

obtained using the various parametric fits to the mass scatter.

My double Schechter model is only fit up to stellar masses of 1011.75M�. While

there are a small number of objects with stellar masses greater than this limit in

my sample, these are increasingly likely to be subject to forms of contamination

such as AGN activity, source blending, misclassification of stars or artefacts. In

the high redshift regime I am also unable to constrain the low-mass Schechter

component. If I instead fit with a single Schechter function for z > 1.25, I find the

shift in the fit parameters to be minimal (< 1σ) compared to results obtained with

a double Schechter function. For consistency I proceed with the double Schechter

functional form for all redshift bins.

I note that visual inspection of the GSMFs measured reveal a rather significant

change between 0.75 < z < 1.0 and 1.0 < z < 1.25 (see the last panel of Figure.2.9).

This evolution is present with both photometric methods and regardless of the

inclusion of the Spitzer data. Inspection of the redshift distributions reveal no

significant features, such as peaks or troughs, within these redshift bins. The total

shift in the best-fit Schechter parameters of these two mass functions amounts

to around 2 sigma, so the combination of statistical errors/cosmic variance or an

unknown systematic could be the driver of such a change.
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Figure 2.10: The posterior distributions generated by the MCMC fitting procedure
for the 0.1 < z < 0.2 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.11: The posterior distributions generated by the MCMC fitting procedure
for the 0.2 < z < 0.3 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.12: The posterior distributions generated by the MCMC fitting procedure
for the 0.3 < z < 0.5 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.13: The posterior distributions generated by the MCMC fitting procedure
for the 0.5 < z < 0.75 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.14: The posterior distributions generated by the MCMC fitting procedure
for the 0.75 < z < 1.0 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.15: The posterior distributions generated by the MCMC fitting procedure
for the 1.0 < z < 1.25 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.16: The posterior distributions generated by the MCMC fitting procedure
for the 1.25 < z < 1.5 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.17: The posterior distributions generated by the MCMC fitting procedure
for the 1.5 < z < 1.75 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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Figure 2.18: The posterior distributions generated by the MCMC fitting procedure
for the 1.75 < z < 2.0 redshift bin. Contours shown are the 2-dimensional 1σ and 2σ
levels for the final 20,000 steps undertaken by each of the 500 walkers. Results from
SExtractor derived results are shown in blue while ProFound derived results are shown
in red. Contours are shown for the runs that include the use of Spitzer photometry
and correct for Eddington bias through the mass scatter measured by perturbing the
photometry in the SED fitting process.
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2. Deep Field Photometry and the Stellar Mass Function over 10 Billion Years89

2.5 Results

2.5.1 Changes in the GSMF with varying methodology

Within each redshift bin, I measure a total of four stellar mass functions. First I

compare the results with and without the inclusion of Spitzer/IRAC [3.6] and [4.5]

data, and second I compare the GSMF derived from SExtractor based photometry

in comparison to that derived with Profound. While the low mass component of

the GSMF is consistent between these different methods, I find some differences

in the results at stellar masses greater than M∗.

The impact of including Spitzer/IRAC photometry on the measured
GSMF

The most immediately apparent feature is the offset between the GSMFs that

include or exclude Spitzer/IRAC data in the redshift bins of 0.5 < z < 0.75 and

1.0 < z < 1.25. This is due to two effects. Firstly, many high-mass objects that

lie in the 0.5 < z < 0.75 bin have a different redshift solution (z ∼ 0.1) when

Spitzer/IRAC is included. They consequently have smaller masses in this lower

redshift bin and their influence is negated by the high number densities within this

mass-redshift range. The cause of the different redshift solutions is the uncertainty

of the SED slope redder than the Ks band, with a red slope favouring the higher

redshift solutions and a blue slope favouring low redshift solutions. Secondly, there

is a likely contamination from stars in the 0.5 < z < 0.75 and 1.0 < z < 1.25 bins.

Many high mass objects have smooth red optical slopes that turn over around the

H or Ks bands. With a limited wavelength range, some black body-like spectra

and red galaxies are indistinguishable. Introducing the Spitzer/IRAC bands vastly

increases the χ2 of the galaxy models and reduces the χ2 of the stellar models

for a significant number of these high mass objects. Consequently these objects

no longer meet my selection criteria (either the χ2 increases above 250 or the

classification switches to a star) when using the values associated with the inclusion

of the mid-infrared bands. Both of these cases are examples of degeneracies between

template sets as a result of the use of a limited number of broadband filters. Thus
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90 2.5. Results

I find that the inclusion of the [3.6] and [4.5] bands makes a significant difference to

the derived number density of the most massive galaxies in my data. Therefore,

I focus on the GSMFs measured with the inclusion of the Spitzer/IRAC when

discussing redshift evolution and comparisons to simulations.

The impact of varying the choice of source extraction software

While the global mass distributions between SExtractor and ProFound based

catalogues are broadly very similar, there are individual cases where mass estimates

can vary widely between objects. Issues can typically be put down to artefacts

affecting the photometry, proximity to bright sources and disagreement between the

two source extraction measurements in the Spitzer bands. Instances of significant

differences in mass estimations tend to occur in high redshift and/or low mass

objects that fall within my incomplete regime and so do not affect my final results.

At low redshifts, galaxies become increasingly resolved and so any systematic

variation between the SExtractor and ProFound photometry would be expected to

be more apparent. In my measurements I find any such variation between the two

to be very small, with the low-mass components (M < M∗) between 0.1 < z < 1.5

being highly consistent between the two source extraction methods. I find that

at the lowest redshift (0.1 < z < 0.2) the ProFound based GSMF produces more

galaxies of very high mass compared to the SExtractor derived measurements. This

is then reversed at higher redshifts z > 0.5, where the ProFound GSMF produces

fewer galaxies of very high mass. However, these differences are of relatively

low significance (of order 1σ) and demonstrate that over the redshift and mass

ranges probed in this study, the choice of source extraction software makes no

significant difference to GSMF results.

2.5.2 The intrinsic GSMF corrected for Eddington bias

To recover the intrinsic GSMF from my observations, which is affected by the

uncertainties in the estimate of stellar mass, I trial three different methods described

in Section 2.4.4. In the first method, I assume that the scatter induced by
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2. Deep Field Photometry and the Stellar Mass Function over 10 Billion Years91

uncertainties on stellar mass are described by a Gaussian distribution of σM = 0.09.

I find that this imposes minimal changes to the shape of the high-mass end of

the MF, corresponding to a shift in M∗ of order 0.05 dex lower when compared

to the observed GSMF. With the second method, where I convolve a Gaussian ×

Lorentzian combination with σM = 0.5, I find the shift between the observed and

intrinsic parameters to be more significant with M∗ shifting to lower masses by

∼ 0.1 dex compared to the observed GSMF. For completeness, I display the MCMC

results for these two methods in Tables 2.7 and 2.8 respectively. Each of these

methods make a fundamental assumption in that the scatter in the derivation of the

stellar mass is symmetric in logarithmic stellar mass space. I find this assumption

to work best when redshifts are confident e.g. if I conduct the photometry scatter

procedure on just the mass calculations and assume the photometric redshift is

correct or the objects have spectroscopic redshifts. However, when the uncertainty

on the photometric redshifts is included, the measured distribution is found to be

broader and more asymmetric. This results in the Gaussian × Lorentizan method

underestimating the amount of scattering in certain regimes (small up-scatter and

most of the down-scattering), even with the extended wings of the function. It

is for this reason that I elect to instead use the measured distribution of mass

scatter to convolve with the intrinsic double Schechter function (see Fig. 2.19

for an example of the impact).

The GSMF, when corrected with this distribution in mass scatter, undergoes a

similar shift in the Schechter parameters to that of the Gaussian × Lorentzian. The

shift in M∗ is 0.12 dex compared to the observed GSMF and all the fit parameters

lie within 1σ of the results found with the Gaussian × Lorentzian method. While

the broad wings of the distribution of mass scatter are very small in probability

beyond shifts of 0.3 dex (see Fig. 2.5), the nature of the GSMF spanning many

orders of magnitude in number density around the knee requires these wings to be

modelled in order to capture the impact of a small number of objects scattering into

the less populated, high-mass bins. This highlights that the intrinsic GSMF is very

sensitive to the strength of the Eddington bias correction and could be a key source
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Figure 2.19: The impact that differing models of the Eddington Bias have on the
measurement of the intrinsic GSMF at high masses. Shown is the intrinsic GSMF at
0.5 < z < 0.75 as measured with SExtractor photometry when recovered using the three
methods applied in this study. In blue I show the results of using a simple Gaussian
to model mass errors, in red I expand the model to include Lorentzian wings and in
black I show the results when using a non-parametric approach. Shaded regions indicate
the 1 sigma uncertainty and are derived from 10,000 random samples of the posterior
probability distribution. The edges of the shaded regions are made more bold to assist in
readability.

of inconsistency between results of observational studies. The best-fit parameters for

the double Schechter function when using my preferred non-parametric Eddington

correction are shown in Table 2.4.

The use of high completeness spectroscopic surveys will enable for mass errors

due to photometric redshift uncertainty to be drastically reduced. Surveys such

as GAMA and SDSS have enabled for this to be applied to the very low redshift

Universe (z < 0.1: Baldry et al., 2012; Weigel et al., 2016; Wright et al., 2017).

Other spectroscopic surveys have made narrower but deeper observations in order

to constrain the high mass end to higher redshifts (z<1.0: Pozzetti et al., 2010;

Moustakas et al., 2013; Leauthaud et al., 2016). While such studies have been more

limited to the brighter and more massive objects (e.g. log10(M/M�) > 10.5), it is
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2. Deep Field Photometry and the Stellar Mass Function over 10 Billion Years93

these very objects that are most at risk at having their number counts inflated by

Eddington Bias. With new surveys and instruments using multi-object spectrographs

coming online in the coming years (e.g. DEVILS and WAVES), such studies will

soon be capable of measuring the GSMF to lower masses and higher redshifts

(Davies et al., 2018; Driver et al., 2019)

2.5.3 Comparisons to previous studies

To put this study into greater context I compare against a number of past studies.

The studies selected for these comparisons are Davidzon et al. (2017a) which utilised

only the COSMOS field in their study with the Laigle et al. (2016) catalogue, Wright

et al. (2018) which uses a combination of the GAMA (Driver et al., 2011), COSMOS

(Davies et al., 2015; Andrews et al., 2017) and 3D-HST surveys (Brammer et al.,

2012; Skelton et al., 2014; Momcheva et al., 2016) and the recent study conducted

by McLeod et al. (2020) that uses components of the COSMOS & XMM-LSS

fields as well as Hubble CANDELS fields. The Davidzon et al. (2017a) sample

consists of entirely photometric redshifts derived from of order 30 photometric

bands (including narrowband filters) which extends to cover the near-ultraviolet

(0.23µm) to Spitzer IRAC channel 4 (8µm), the derivation of these photometric

redshifts is described in (Laigle et al., 2016). The Wright et al. (2018) sample uses

redshifts from mixed sources, with some galaxies having full spectroscopic data,

a fraction with grism spectra and photometric redshifts for those without spectra

using up to 22 photometric filters through the inclusion of some narrowband filters

and Hubble data. The sample from McLeod et al. (2020) uses entirely photometric

redshifts derived from their own treatment (22 filters, mostly broadband filters

with overlapping wavelength coverage from multiple telescopes) and from public

CANDELS catalogues (Barro et al., 2019). Since each study utilises different

data sets, the quality of redshifts, mass estimations and the impact of Eddington

bias will be different in each case. The results of the the double Schechter fits

conducted in these studies are presented alongside my own in Fig. 2.20 and all

were calculated with the same cosmological model.
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Examining the Schechter parameters individually, the strongest agreement is

that of the high mass normalisation (Φ1), where there is very close agreement

between my results and those from McLeod et al. (2020). In contrast, the slope of

the high mass component α1 is found to agree more with the results from Wright

et al. (2018), however this is subject to degeneracy based effects from my poorer

capability to constrain the low-mass slope α2. Inspection of the corner plots show

that the more negative values of α1 are driven by the steeper slopes found in my

broad uncertainties of the low-mass slope (see e.g. Fig. 2.16).

The Eddington bias corrections implemented in previous work all use different

functional forms. Wright et al. (2018) and McLeod et al. (2020) use corrections that

are independent of mass and redshift as in my study, whereas Davidzon et al. (2017a)

implement a minor redshift dependence in the Lorentzian terms. Furthermore,

Wright et al. (2018) use a Gaussian of width σM = 0.1 dex while Ilbert et al. (2013);

Davidzon et al. (2017a) use the Gaussian × Lorentzian distribution of widths 0.5 dex

and 0.35 dex respectively. McLeod et al. (2020) uses a log-normal distribution of

width σM = 0.15 dex to correct for the Eddington bias, leading to larger changes

in their fit parameters, with M∗ changing by up to 0.2 dex compared to the raw

observations. Other examples of recent studies include Thorne et al. (2020) and Leja

et al. (2020), which fold their mass uncertainties into their model fitting procedures.

They respectively find a constant M∗ = 10.78 and mildly evolving values between

10.8 and 10.9. The work conducted in Leja et al. (2020) is an example of a study

that included redshift evolution terms within a model fitting procedure that did

not bin by redshift. Such a methodology can result in a smoothing of the evolution

of the model parameters, which has its pros and cons depending on the timescales

examined and assumptions made (e.g. fixing the slope of α1). For the propose of

this study, I have elected to assume no particular evolutionary form for the GSMF.

These past studies, combined with my work trialling different functional forms

to account for Eddington bias, suggest that up to 0.15 dex in variation of the

characteristic mass M∗ can be attributed to implementing different methodologies.

While significant enough to cause changes of a few σ, it is not enough to explain the
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∼ 0.5 dex discrepancy among M∗ values found between these studies, indicating

that there are further systematics at play between the data sets.

2.6 Discussion

2.6.1 Time evolution of the high-mass component of the
GSMF

Including Spitzer/IRAC photometry is found to be important in obtaining accurate

galaxy classification and photometric redshifts, I therefore discuss the redshift

evolution in the context of the GSMFs that make use of these data. I show the

time evolution for the best-fit Schechter parameters (Φ1,M
∗, α1, α2), corrected for

Eddington bias via my non-parametric method, in Fig. 2.20. Examining these best-

fit Schechter parameters reveals evolution to be initially driven by the normalisation

(Φ1) of the double Schechter components, which increases with time. This evolution

is found to be much stronger at higher redshifts, with a change of over 0.5 dex

between z = 2 through to z = 1.25. For z < 1.25, the normalisation Φ1 stabilises

and the evolution of the mass function becomes dominated by evolution in M∗

(there is also a possible flattening of α1, but this is degenerate with α2 which is

poorly constrained at higher redshift).

Under the assumption that M∗ is constant for 0 < z < 2, the best fitting value

of log10(M∗/M�) = 10.73±0.04 is found for both SExtractor and ProFound derived

photometry. However, I find that a constant M∗ model gives a poor quality of fit,

with χ2
red = 3.4 (3.4) for SExtractor (ProFound). The observed rise in the value

of M∗ at z < 1.25 is present in all versions of the intrinsic GSMF that I produce

with the differing Eddington corrections. I therefore fit a simple linear model to

the evolution of M∗ of the form log10(M∗/M�) = Az + B, where A and B are

free parameters. This fit is conducted with a simple minimisation of χ2 method.

Introducing this simple time dependence into M∗ produces significantly better fits

(χ2
red = 1.4 (2.4) for SExtractor (ProFound)) with the evolution described by,

DRAFT Printed on October 15, 2021



2. Deep Field Photometry and the Stellar Mass Function over 10 Billion Years97

∆ log10(M∗/M�)
∆z =

{
−0.164± 0.047 SExtractor
−0.113± 0.054 ProFound (2.4)

a 2–3σ disagreement with the evolution described by a constant M∗.

However, the observed evolution in M∗ could also be attributed to a steeper

evolution over a smaller redshift range, rather over the entire redshift range probed

(see top-right panel of Fig. 2.20). Such an evolution could be indicative of a break in

the balance of growth channels that maintains a constant M∗ above z ∼ 1 while Φ1

increases. Two such channels include star formation and the rate of major mergers.

Observations and simulations show that the contribution towards new stellar mass

from both mechanisms falls at z < 1.5 in massive galaxies (Rodriguez-Gomez et al.,

2015; Tomczak et al., 2016; Qu et al., 2017; O’Leary et al., 2020). The natural

consequence of this would be to stabilise the high-mass end of the GSMF towards

lower redshifts, as I find (e.g. the bottom right panel of Fig. 2.9 for z < 0.75).

2.6.2 The evolving quenched fraction of galaxies

The effects of the evolving in situ star formation rate and merger rates of galaxies

results in the changing shape of the GSMF. In order to probe this further, I

examine the population of massive galaxies over the redshift range 0.5 < z < 1.5 in

more detail. I separate my sample of massive galaxies into two broad specific star

formation rate (SSFR) bins, based on the same SED template used to derive the

stellar mass. I term these bins ‘Star-forming’ and ‘Quenched’, which are defined

as bins of −8.5 > log10(SSFR/yr−1) > −10.0 and −10.0 > log10(SSFR/yr−1)

respectively. The star forming bin is selected to cover the majority (∼ 95 per

cent) of the star forming main sequence at z ∼ 1.5 as found in both observational

and simulation based studies (e.g. Sparre et al., 2015; Tomczak et al., 2016). The

quenched galaxies are thus defined as falling below this star forming main sequence.

I do not enforce my definitions to be redshift dependent (i.e. a certain level above

or below the evolving star-forming main sequence) to capture the global fall in

star formation post-cosmic noon and produce results similar to those that use

rest-frame colour selection (e.g. Davidzon et al., 2017a; McLeod et al., 2020). I
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restrict the redshift range to 0.5 < z < 1.5, as SSFR estimates for galaxies at

redshifts z < 0.5 would become increasingly unreliable as the rest-frame UV exits

the wavelength coverage of my observations.

I reproduce the GSMF for these two populations in Fig.2.21. My definitions for

star-forming and passive galaxies exclude a small number of galaxies undergoing

starbursts −8.5 < log10(SSFR/yr−1), and consequently the GSMFs in Fig.2.21 do

not sum directly to the total GSMF presented in Fig.2.9. I find the change in total

number density of galaxies with M > M∗ to be driven by a strong evolution in the

passive population. As a consequence of this trend, the most massive component

of the GSMF becomes increasingly dominated by more passive galaxies while the

number densities of star-forming galaxies are more constant, agreeing with Davidzon

et al. (2017a) and McLeod et al. (2020). Assuming a constant star formation rate,

a borderline quenched galaxy with mass M ≥ M∗, log10(SSFR/yr−1) = −10 at

z = 1.5 would grow of order 0.15 dex in stellar mass during the ∼ 4 Gyr that

passes between 0.5 < z < 1.5. The majority of the objects in my high mass

sample will produce fewer stars than predicted from this overly simple estimation,

as most start with SSFR values which are lower and there is a global trend for

the SSFR to decrease with time. Consequently, the growth of galaxies through

solely main sequence evolution is insufficient to produce the observed increase in

high-mass galaxy number densities.

Since these quenched systems are not expected to form enough stars to move

between bins of stellar mass (δM � 0.25 dex), the two primary ways of increasing

the quenched number densities at high masses are consequently merger events and

the addition of newly quenched systems taken from the star-forming population. As

my star-forming number densities at high mass remain near constant, this implies

that these galaxies must be replenished by slightly lower mass star-forming galaxies

at approximately the same rate at which they undergo quenching. Major mergers

(∼ 1 : 4 mass ratio) are capable of generating mass gains of order ∼ 0.1 dex for

passive galaxies on top of internal star formation. Mergers themselves can trigger

starbursts in the aftermath of the event. However, at later times (z < 1), such
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Figure 2.21: The GSMF when broken down into star forming and passive components
by SSFR. The quenched population is shown with the red lines and the blue lines show
the star-forming population. Darker shading indicates mass functions at higher redshifts.
Shading widths indicates observational errors through both cosmic variance and Vmax.
The bin 0.5 < z < 0.75 is not shown to reduce clutter and is found to be near identical
to the bin 0.75 < z < 1.0. The star-forming population is found to be near constant
at higher masses while the passive population is found to evolve significantly between
1.5 < z < 0.75.

mergers are increasingly ’dryer’ as massive and gas poor galaxies tend towards

residing in more dense environments and subsequently merge with each other (e.g.

De Lucia & Blaizot, 2007; Lin et al., 2008; Davidzon et al., 2016; Tomczak et al.,

2017). Merger events come at the cost of reducing the total number of galaxies

and its effects will be embedded in the evolving shape of the GSMF. In addition

to providing pathways for stellar mass growth of passive galaxies, merger events

can also be used to solve issues surrounding the radial size of passive galaxies. At

higher redshifts (z ∼ 1.5), quenched galaxies are found to be compact relative to

passive systems observed at z = 0 (e.g. Williams et al., 2010; Wuyts et al., 2011;
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McLure et al., 2013). The passive nature of these galaxies requires that external

processes must be responsible for the observed shift in galaxy radius. The study

by McLure et al. (2013) finds that combinations of major and minor mergers can

simultaneously reproduce both the growth in stellar mass and radius observed in

these systems between z ∼ 1.5 and today.

2.6.3 Comparison to simulations

In this section I compare my measured GSMF with the semi-analytic simulation

(SAM) SHARK (Lagos et al., 2018) and the hydrodynamical simulations Simba

(Davé et al., 2019) and EAGLE (Schaye et al., 2015). In Fig. 2.22 I show the GSMF

results from these alongside my intrinsic (Eddington-bias corrected) double Schechter

functions. The SHARK -SAM has the GSMF as one of physical measurements

that it is tuned to reproduce at z = 0, 1 and 2. As a result it is unsurprising

to find excellent agreement with my results at low and intermediate mass ranges

(log10(M∗/M�) < 11.0). However, there is an excess in the number density of

the most massive objects (log10(M/M�) > 11.5) in the simulation. At these high

masses, I instead find that the hydrodynamical simulation EAGLE provides a

greater match to observational results in this mass regime (discussed in more detail

later in this section). With the close matching to all other components of the

GSMF, the likely source for the high-mass discrepancy found in SHARK could be

due to the choice of GSMF which was used to tune the simulation. The Lagos

et al. (2018) models elect to calibrate against studies such as Muzzin et al. (2013)

and Wright et al. (2018), all studies with M∗ values on the higher end of the

parameter space covered by observational studies (10.8 < log10(M∗/M�) > 11.0).

For my comparisons I utilise the GSMF derived from total masses provided from

the primary SHARK run conducted in Lagos et al. (2018). Within that study,

it is found that implementing a 30kpc aperture to measure stellar mass leads to

minimal impact for galaxies with log10(M/M�) < 12.0.
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Figure 2.22: The intrinsic Galaxy Stellar Mass Function (GSMF) from Table 2.4 with
Eddington bias removed. SExtractor derived results are in blue while ProFound is in red
with the shading indicating the 1σ confidence interval. Presented alongside are examples
of previously conducted simulations. For data from external sources, I present the closest
redshift bin available for my comparisons. The studies used are the primary results from
the SHARK run conducted in Lagos et al. (2018) as the black dotted lines, EAGLE
(Schaye et al., 2015) as yellow dashed lines and Simba as the dot/dashed purple lines
(Davé et al., 2019).
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A similar situation is present when comparing against the results of the Simba

hydrodynamical simulation (Davé et al., 2019). Simba implements a new, torque-

limited accretion model (Anglés-Alcázar et al., 2017) for cold gas alongside more

conventional Bondi accretion (Bondi, 1952) for hot gas. The energy built up in

accretion is used to fuel feedback and quench galaxies. While this model for black

hole growth and AGN activity was considered to be more physically motivated

over previous simulations, it is found to still over produce galaxies of very high

stellar mass. My observations reinforce the findings of Davé et al. (2019), where

the largest discrepancy in high mass galaxies is at z ∼ 2 (even when compared to

the SHARK results) and that there is a slight underproduction of galaxies around

M∗ at low redshifts (z < 1). This results in a much shallower ‘knee’ than would

be described with an exponential cut off. The authors explain possible causes of

over-production of massive galaxies include over-merging of galaxies that blend,

due to the use of a friend-of-friends (FoF) algorithm to count star particles, and

the over-production of large halo masses.

The EAGLE simulation (Schaye et al., 2015) implements AGN feedback through

inputting a fraction of the accreted gas as thermal energy into the local surroundings.

It is found to produce mass functions with slightly higher low-mass normalisation

but much sharper cut offs at the high mass end. This results in an over production

of galaxies on the low mass slope by a factor of around 2, but a closer match at

M ≥M∗. The inconsistencies at the low-mass end are thought to originate from

the lack of quenching of lower mass galaxies at higher redshifts, or from the need to

implement more burst-like star formation histories (Furlong et al., 2015). These

GSMF measurements implement three-dimensional apertures of radius 30kpc when

calculating stellar masses, the size of which is found to reduce the mass assigned

to the largest, most massive systems in the simulation and prevent some of the

over-merging issues described in Davé et al. (2019). This was found to reduce the

number density of galaxies at log10(M/M�) ∼ 11.5 by around half a dex, imposing

a steeper cut off in the number of high-mass systems. In the work conducted in

Furlong et al. (2015), the EAGLE GSMF is fit with a double Schechter function
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and is found to exhibit a strong evolution in M∗ from 0.1 < z < 2.0. The value

of log10(M∗/M�) = 10.44 ± 0.08 at z = 2 is notably small, even lower than the

results from McLeod et al. (2020) which lie at the lower extrema of the range of

observational constraints. The increase from log10(M∗/M�) = 10.74± 0.05 at z = 1

to log10(M∗/M�) = 10.93± 0.03 at z = 0.1 matches my ProFound-based GSMF to

within 1σ, while the value of M∗ is lower at z = 0.1 from my SExtractor-derived

GSMF. However, it is worth noting that Furlong et al. (2015) suggest that such

an evolution in the characteristic mass could be the result of overly strong AGN

feedback limiting the production of massive galaxies between 2 < z < 4. It remains

difficult to determine if faults lie within observations (mass errors, systematics etc.)

or with the simulations (e.g. fine tuning AGN feedback) due to the sensitivity off

all of these factors on the exponential break in number densities.

Within EAGLE, the origin of this stellar mass growth in the most massive

galaxies arises from multiple sources. Qu et al. (2017) show that in the redshift

range of z < 1.5, around 68 per cent of the massive galaxies (log10(M/M�) > 11)

in EAGLE undergo at least one major merger (at least 1:4 mass ratio, leading to

> 0.1 dex growth) and have the average fraction of stellar mass originating from

outside the primary galaxy increase by a factor of two (from a median of 10 per cent

to 20 per cent), with most of this external contribution fuelled by these major merger

events. At z = 1, over half of the simulated galaxies with log10(M/M�) > 11 are

defined as quenched (log10(SSFR/yr−1) < −10), falling significantly below EAGLE

star-forming main sequence (Furlong et al., 2015). This leads to a similar fraction of

quiescent galaxies to my sample. These consequently experience mass gains of less

than 0.15 dex over the 4Gyr between 0.5 < z < 1.5 under the simple assumption of a

constant star formation rate. Creating this evolving value ofM∗ while maintaining a

near constant value of Φ1 thus likely requires a balance in merger events and internal

star formation in order to sustain the growing number density of M > M∗ systems.
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2.7 Conclusions

Utilising new photometric catalogues generated from optical and near-infrared data

in the COSMOS and XMM-LSS fields, I have measured the GSMF over the redshift

range of 0.1 < z < 2.0, covering 60 per cent of the age of the Universe. The use

of the two fields reduces the impact of cosmic variance by approximately a factor

of two when compared to using the COSMOS field alone. This is due to both

the wider area employed and the fact that the two fields are widely separated on

the sky, subsequently allowing for tighter constraints on the GSMF at M > M∗.

Simultaneously, the depth of the photometry available allows for constraints on on

the GSMF of log10(M/M�) = 7.75 for galaxies at z ' 0.1 and log10(M/M�) = 9.75

for galaxies at z ' 2.0. I have investigated the use of ProFound and SExtractor

source extraction software and also the impact of Spitzer/IRAC [3.6] and [4.5]

photometry on the GSMF. My main conclusions are summarised as:

1. The inclusion of Spitzer/IRAC [3.6] and [4.5] photometry alleviates the

degeneracies in select cases where the SEDs of red, massive galaxies in the

redshift ranges 0.5 < z < 0.75 and 1.0 < z < 1.25 are confused with low

redshift or stellar templates. Thus the inclusion of these data leads to fewer

contaminants and a small decrease in the derived M∗ (of up to 0.1 dex) in

these redshift ranges.

2. Both SExtractor and Profound derived photometry produce consistent faint-

end components of the GSMF. Differences between the mass functions at

higher masses are greater when examining the extreme parts of my results

(e.g. at the lowest and highest redshifts) but the resultant double Schechter

fits are found to agree to within ∼ 1σ.

3. The measured GSMF is found to disagree with the assumption that the

characteristic mass M∗ is constant with time between 0.1 < z < 2.0 at

the 3 (2) sigma level for the SExtractor (ProFound) derived results. Such

an evolution in M∗ between 0.5 < z < 1.5 can be seen in some (but not
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all) historical observations and also in the predictions from the EAGLE

hydrodynamical simulation. However, significance is low and caveats in both

the understanding of observational systematics and AGN feedback strengths in

simulations (Furlong et al., 2015) mean a claim of an evolving M∗ is presently

very mild.

4. Eddington bias, and the methodology used to correct for it, is found to be

highly influential on the shape of the high-mass end when attempting to

retrieve the intrinsic GSMF from observations. There is presently still no

consensus on the handling of observational and systematic errors that can

impact stellar mass estimates (see also discussions within Grazian et al., 2015;

Davidzon et al., 2017a). For my data, I find the correction required to be

asymmetric and poorly described by commonly used analytic forms. When

comparing to the observed GSMF, applying a simple Gaussian treatment

to the Eddington bias is found to reduce M∗ by around 0.05 dex. With

the Lorentzian wings added into the description, the shift in M∗ doubles to

around 0.1 dex. Utilising a non-parametric form, based on the measured error

distribution, leads to M∗ shifts of 0.12 dex when compared to the observed

GSMF.

5. When splitting my galaxy sample by specific star formation rate (SSFR), my

results confirm the findings of previous studies that show increasing number

densities of quenched galaxies are responsible for the rise in the GSMF for

M > M∗ (e.g. Davidzon et al., 2017a; McLeod et al., 2020). Examining growth

channels for stellar mass in the EAGLE simulation show this to be the result

of a combination of internal star formation and merger events. This is because

internal star formation alone would amount to less than 0.15 dex in stellar

mass growth for the majority of the population of massive galaxies (M > M∗).

Between 0.5 < z < 1.5, the constant number densities of star-forming galaxies

at M > M∗ indicate that these galaxies quench at approximately the same
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rate that lower mass galaxies replace them through their own in situ star

formation.

6. Comparisons to simulations reveal that the semi-analytic model SHARK and

hydrodynamical simulation Simba both over-produce massive galaxies at low

and intermediate redshifts. Likewise the EAGLE is found to over-predict

the number of low-mass galaxies by a factor of around 2. This highlights

that even in the era where such simulations can be fine tuned to better

replicate observations, discrepancies still exist. It also further emphasises the

conclusions drawn by these studies that additional work is required on all sides,

from the observational data with which to calibrate/compare simulations

against, to the development of the physical models used in simulations.

However, I find the evolution of the high-mass component of the EAGLE

simulations replicates my observations of an evolving M∗.

DRAFT Printed on October 15, 2021



"Beauty is truth, truth beauty,"—that is all
Ye know on earth, and all ye need to know.

— John Keats’ Ode on a Grecian Urn
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3.1 Introduction

The origins and subsequent evolution of galaxies at high-redshift remains a source of

many unanswered questions and disputes in astrophysics. The rest-frame Ultraviolet

(UV) Luminosity Function (LF) of galaxies (number density of galaxies as a function

of intrinsic UV luminosity, defined here at λrest = 1500Å) is a fundamental observable

that can be used to trace the time evolution of the overall galaxy population and

the physical processes contained therein. The UV emission from these galaxies is a

tracer of both young stellar populations from recent star formation and hot accretion

disks around supermassive black holes (e.g. Wang & Heckman, 1996; Koratkar &

Blaes, 1999; Adelberger & Steidel, 2000). By comparing the expected LFs derived

from cosmological simulations to observations, it is possible to obtain insight into

the physical processes occurring within galaxies, such as baryonic gas cooling, star-

formation rates and feedback processes (e.g. Dekel & Silk, 1986; Nagamine et al.,

2001; Benson et al., 2003; Powell et al., 2011; Silk & Mamon, 2012). A significant

source of feedback impacting the bright-end of the LF has been attributed to Active

Galactic Nuclei (AGN), which are postulated to hinder the growth of the most

massive and luminous galaxies via kinetic feedback from jets as well as radiative

feedback (e.g. Cole et al., 2002; Benson et al., 2003; Begelman, 2004; Bower et al.,

2006). This results in a coupling of black-hole activity to the properties of the host

galaxy (e.g. the MBH − σ relation; Ferrarese & Merritt, 2000; Graham et al., 2011)

and a predicted sharper high-luminosity turn-down of the LF (e.g. Ciotti & Ostriker,

1997; Silk & Rees, 1998; Kauffmann et al., 1999; Binney, 2004; Schawinski et al.,

2007). This introduces a quantitative measure of when in cosmic time AGN are

governing the shape of the LF or the galaxy mass function and how their influence

may vary over time. Observationally, bright galaxies (L > L∗; where L∗ is the

characteristic luminosity of the knee in the LF) are rare however, and therefore

constraining the bright end of the LF in the very high-redshift universe, and hence

determining the impact of AGN feedback at this epoch, presents a challenge.

Both galaxies and AGN at high redshift can be selected via their strong

Lyman-continuum break, a technique first implemented nearly three decades ago
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by Guhathakurta et al. (1990) and Steidel & Hamilton (1992) (see also Steidel

et al., 1996). The rest-frame UV emission is shifted into the optical regime of the

observer at z ≥ 2.5 and the break in the continuum can be observed in broadband

photometry. The break allows for an approximate redshift determination either

from a selection procedure using colour-colour cuts or through the implementation

of photometric redshift fitting, resulting in the selection of so-called ‘Lyman-break

galaxies’ (LBGs). To-date, many thousands of high-redshift LBGs have been

found within deep Hubble Space Telescope (HST) data (e.g. Bouwens et al., 2015;

Finkelstein et al., 2015). In addition, using shallower but much wider ground-based

surveys, it has been possible to place the first constraints on the very bright-end of

the galaxy LF, and the transition into the AGN regime (e.g. Bowler et al., 2014;

Ono et al., 2018; Stevans et al., 2018).

Despite these advances, debate has persisted over the time evolution and

functional form with which to describe the rest-frame UV LF at z > 3. Traditionally,

the LBG LF has been fitted with a three-parameter Schechter function (Schechter,

1976), which is described by a normalisation (Φ∗), characteristic luminosity or

absolute magnitude (L∗ or M∗) and a faint-end slope (α). With the advent of

wider-area data however, several works have found evidence for a departure from

this form at the bright-end, with a double-power law (DPL) providing a better fit

to the data at z ' 4–5 (Ono et al., 2018; Stevans et al., 2018) and z ' 6–7 (Bowler

et al., 2014, 2015). The four parameter DPL fit allows for greater control of the

slope at the bright-end (β), rather than the fixed exponential decline of a Schechter

function. In parallel to discussions on the shape of the high-redshift LF is further

debate on the redshift evolution of the parameters. Some previous works using

predominantly HST imaging have favoured a fixed characteristic absolute magnitude

of M∗ ' −21 (e.g. Bouwens et al., 2015; Finkelstein et al., 2015), whereas other

studies have suggested a rapid change in this parameter at z > 5 (e.g. McLure

et al., 2009; McLure et al., 2013; Bunker et al., 2010; Wilkins et al., 2011; Oesch

et al., 2012; Schenker et al., 2013; Schmidt et al., 2014; Bowler et al., 2015; Stevans

et al., 2018; Viironen et al., 2018).
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In parallel to studies of the LBG LF, there have been continued efforts to pin

down the AGN/quasar LF out to high redshift. While previous LBG and AGN

studies have been undertaken separately, the advent of wide-area LBG studies and

deeper, smaller-area AGN studies, has resulted in a convergence of the samples.

Around MUV ' −23.5 the number density of the sources of the two populations

at z ' 4 are found to be comparable (Stevans et al., 2018; Ono et al., 2018). As

the two populations can be selected in similar ways, contamination makes the

derivation of the faint-end AGN slope and bright-end LBG slope difficult. Solving

this problem is necessary to pin down the contributions of AGN and LBGs to the

ionising background in the epoch of reionisation (EoR). In the process of measuring

the AGN LF, debate has arisen between a number of studies over the steepness

of the faint-end slope (e.g. Glikman et al., 2011; Masters et al., 2012; Giallongo

et al., 2015; Ricci et al., 2017; Parsa et al., 2018; Akiyama et al., 2018; Boutsia

et al., 2018; Stevans et al., 2018). With power-law values for the faint-end slope

ranging from α ' −1.3 to α ' −2.0, this can have a significant impact on whether

AGN are capable of sustaining reionisation on their own at this epoch and on where

within the LF the dominant contributor changes between AGN and LBGs. To fully

understand the shape of the faint-end of the AGN LF and the bright-end of the

LBG LF, it is now apparent that both populations must be considered together.

In this work I determine the rest-frame UV LF at z ' 4 using the deep

optical/near-infrared dataset available in the ground-based Cosmological Evolution

Survey (COSMOS) and XMM-Newton Large-Scale Structure (XMM-LSS) fields.

Combined, these fields provide ∼ 6 deg2 of data that enables the LF of 3.5 < z < 4.5

galaxies and AGN to be measured precisely over a wide range in absolute UV

magnitude (−26 . MUV . −20) using a coherent selection methodology. In

comparison to previous studies at this epoch (e.g. Ono et al., 2018; Stevans et al.,

2018), the inclusion of photometric data through to the Ks-band enables us to

determine photometric redshifts with increased accuracy (4 to 5 per cent outlier

rate), and provides a more complete selection than that provided by colour-cuts

(up to 90 per cent).
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This chapter is structured as follows. In Section 3.2 I provide a description

of the data used in this study. The resultant photometric redshift estimations

from template fitting, sample selection and completeness simulations are described

in Section 3.3. In Section 3.4 I detail the final sample and method used for the

measurement and fitting of the LFs and present the binned LF results. I then

discuss the resulting functional fits in Section 3.5 in the context of past and present

studies. I present my conclusions in Section 3.6. I assume a standard cosmology

with H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7. All magnitudes listed follow

the AB magnitude system (Oke, 1974; Oke & Gunn, 1983).

3.2 Data

In this study I use a multi-wavelength data set consisting of 13-band photometry,

with optical wavelength data from the Canada-France-Hawaii-Telescope Legacy

Survey (CFHTLS) and the HyperSuprimeCam Strategic Survey Programme (HSC;

Aihara et al., 2018b,a). Near-infrared data is provided by from the VISTA Deep

Extragalactic Observations (VIDEO) survey (Jarvis et al., 2013) and UltraVISTA

(McCracken et al., 2012) in the XMM-LSS and COSMOS fields respectively. The

details of the available bands and depths for each field are provided in Table 3.1. The

details of data/image post-processing are described in Bowler et al. (2020). Fields

were selected on the basis of containing both wide (≈ 6 deg2) and deep (mi > 25.4

for 5σ detections) optical and near-infrared coverage. Successfully identifying z ' 4

galaxies requires deep imaging in the rest-frame UV band (shortward of the i-band in

the observed frame) and in the surrounding bands in the optical and near-infrared to

cover the Lyman and Balmer breaks of the galaxy spectrum, which are key features

for determining photometric redshifts. I create object masks to exclude regions

of missing or poor-quality data. Predominantly this involved masking the halos

of foreground stars, image artefacts and the field edges. This leads to a removal

of approximately 5 per cent of the total area available.
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Table 3.1: Summary of the 5σ detection depths within the COSMOS and XMM-LSS
fields. Depths are calculated in 2” diameter circular apertures, placed on empty regions
of the image. Sources in the catalogues have a point-source aperture correction applied.
The XMM-LSS field is split into three regions of 1.5 deg2 corresponding to the VISTA
VIDEO tiles, and ordered from low to high RA. The first tile ‘XMM1’ contains the deeper
HSC pointing and the third tile ‘XMM3’ contains the 1 deg2 CFHTLS D1 field.

Filter COSMOS XMM1 XMM2 XMM3 Origin
u∗ 27.0 25.8 25.8 26.9 CFHT
g 27.1 – – 27.0 CFHT
r 26.7 – – 26.6 CFHT
i 26.4 – – 26.4 CFHT
G 27.2 27.0 26.4 26.5 HSC
R 26.8 26.5 26.1 26.1 HSC
I 26.6 26.4 25.4 25.6 HSC
Z 25.9 26.3 24.6 24.8 HSC
y 25.5 25.6 24.1 24.1 HSC
Y 25.5 25.2 25.1 25.2 VISTA
J 25.3 24.7 24.7 24.7 VISTA
H 25.0 24.2 24.3 24.3 VISTA
Ks 24.8 23.8 23.9 23.9 VISTA

3.2.1 COSMOS

Covering ∼ 1.5 deg2 to a 5σ depth of mI = 26.6, the COSMOS field contains the

deepest data in my study. The optical imaging comes from HSC observations in

the GRIZy filters over the entire field. Additional optical data is provided by

the CFHTLS-D2 field, which covers the central 1 deg2 of the field in the u∗, g, r, i

bands. I use the UltraVISTA data release 3 (DR3) imaging in the near infrared

(Y, J,H,Ks) over the full area used.

3.2.2 XMM-LSS

The XMM-LSS field is covered fully by optical imaging from HSC. One of the four

pointings from HSC, which is centered on the Ultra Deep Survey from UK Infrared

Telescope (UKIDSS; Lawrence et al., 2007), is deeper than the rest of the field.

In addition to this, CFHTLS-D1 provides deep optical imaging in 1 deg2 of the

field. As a result of this, the data can be grouped into three primary sub-fields

of uniform optical data: ‘HSC-DEEP’ with mi = 25.4 of area 1.48 deg2, ‘HSC-
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UDEEP’ with mi = 26.3 of area 1.92 deg2 and ‘CFHTLS-D1’ with mi = 26.43 of

area 0.97 deg2. All magnitudes are listed as 5σ detection limits. I extract u∗ fluxes

from the CFHTLS wide field survey in order to enable the whole XMM-LSS field

to have full coverage in this filter. Near-infrared data is obtained from VIDEO

and is uniform across the entire field. The total area of imaging that I utilise

after masking is 5.88 deg2 over the two fields.

3.3 Methods

3.3.1 Photometric redshifts

In this section I outline the process used for estimating redshifts for the galaxies

in my fields. With the wealth of multi-wavelength data available it is logical to

make maximal use of the information available for each candidate galaxy. I thus

elect to use a photometric redshift method to select my z ' 4 sample rather

than traditional colour-colour cuts. Photometric catalogues were generated from

my images using SExtractor (Bertin & Arnouts, 1996) in dual-image mode,

with 2 ” diameter circular apertures for photometry. The selection band was the

i-band, from which forced photometry was performed on the remaining bands.

Catalogues were cut at the 5σ detection limit of the i-band for the regions described

in the previous section. All fluxes are corrected with a point-source aperture

correction, where I model the point spread function (PSF) with PSFEx (Bertin,

2011) (See Bowler et al. (2020) for details). My observations are seeing limited

(≈ 0.7-0.8 ”full-width-half-maximum, FWHM) meaning the image PSFs are the

dominant contribution to measured sizes at the redshift range of interest, with

mean sizes of 2kpc or 0.3′′ (e.g. Huang et al., 2013).

I estimate galaxy redshifts with the template fitting photometric redshift code

LePhare (Arnouts et al., 1999; Ilbert et al., 2006). This publicly available code

operates by minimising the χ2 of galaxy spectral energy distribution (SED) templates

fit to the multi-band photometry and uncertainties. I set the uncertainties of the

photometry to a minimum of 5 per cent during the fitting process.
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Template fitting

LePhare was run on all sources found by SExtractor over the ∼6 deg2 of

imaging. I used the COSMOS SED template set (Ilbert et al., 2009), where 32

templates are sourced from Polletta et al. (2007) with the GRASIL code (Silva

et al., 1998) and from Bruzual & Charlot (2003). They cover a range of galaxy

morphological classifications (E, S0, Sa, Sb, Sc, Sd, Sdm) and have the necessary

rest-frame wavelength range to cover my optical and near-infrared dataset. Within

the fitting process, each of these templates is allowed to be modified for the effects of

dust attenuation using the Calzetti et al. (2000) attenuation law and an attenuation

value in the range E(B − V ) = 0− 1.5. At each redshift, I use the Madau (1995)

treatment for absorption by the inter-galactic medium (IGM). I experiment with the

use of the model from Inoue et al. (2014) for the IGM in my photometric redshift

methodology. The impact on the derived redshifts of my sample is a mean shift of

0.04 to higher redshift. As the systematic shift is much less than the photometric

redshift errors I derive (δz ' 0.15 at z ' 4), the results of this work are unchanged

with the use of this alternative IGM model. Alongside this, template spectra for

AGN from Salvato et al. (2009) and stars from Hamuy et al. (1992, 1994); Bohlin

et al. (1995); Pickles (1998); Chabrier et al. (2000) were fit and the χ2 statistics

were used to apply initial object classification and contamination control.

The AGN template set from Salvato et al. (2009) is created by developing

hybrid SEDs by combining observed spectra of AGN and star forming galaxies

with AGN domination in 10 per cent increments (e.g. one template is 80 per cent

AGN and 20 per cent star forming galaxy). The base AGN templates are obtained

from lower redshift (z � 1) targets using surveys such as SDSS, SWIRE and the

Infrared Space Observatory PHT-S database (Polletta et al., 2007), while the galaxy

templates are also obtained from Silva et al. (1998). The impact of the use of

low redshift targets in the template development on the redshift determination for

AGN sources at z ∼ 4 (or z ∼ 5 in Chapter4) is expected to be minimal. This

is because these AGN are luminous in the rest frame ultraviolet, giving rise to

apparent magnitudes of mI ∼ 23 and subsequently high SNR Lyman breaks with
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which to reliably determine redshift. There has been evidence that the ultraviolet

slope of the SED of AGN exhibits both luminosity and redshift dependence. This

is a consequence of the time evolution of dust content within galaxies as well as

black hole accretion rates (e.g. Carballo et al., 1999; Wu, 2011; Xie et al., 2015).

This has the potential to reduce the quality of the template fits of high-redshift

AGN across the rest-frame ultraviolet regime, reducing the reliability of solely using

template fitting to classify objects as being AGN dominated. It may also lead

to small differences in the measured value of MUV at rest-frame 1500Åwhich has

dependencies on i-band magnitude, ultraviolet slope and redshift.

Zero-points

One systematic that requires controlling is the photometric zero-points of the data.

Zero-point errors can arise as a result of small systematics when modelling filter

transmission functions, through biases within the choice of SED templates and

from the calibration of the images. LePhare is capable of deriving a correction for

this by fitting galaxies that have known spectroscopic redshifts. Small corrections

are made to the zero-point of each filter to optimise the results on the sample

of galaxies with known redshifts. For my data, a sample of 22,652 galaxies with

spectroscopic redshifts from XMM-LSS and 21,990 galaxies in COSMOS from a

mixture of the VVDS (LeFèvre et al., 2013), VANDELS (McLure et al., 2018;

Pentericci et al., 2018), Z-COSMOS (Lilly et al., 2009), SDSS-DR12 (Alam et al.,

2015), 3D-HST (Skelton et al., 2014; Momcheva et al., 2016), Primus (Coil et al.,

2011; Cool et al., 2013), DEIMOS-10K (Hasinger et al., 2018) and the FMOS

(Silverman et al., 2015) surveys were used. These redshifts are sourced from the

same catalogue as used in Chapter 2 with two key differences. The VANDELS and

DEIMOS-10K surveys are added to the catalogue in order better populate the high

redshift regime and the flagging system to select high quality spectra is corrected

for minor bugs. Only spectroscopic redshifts with flags indicating high-quality were

used (confidence of ≥ 95 per cent). The inclusion of a large number of galaxies from

different surveys in the zero-point calculations minimises the risk of the correction
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containing biases due to the individual surveys and their sample selections. Once

the corrections were obtained, the zero-points were set and LePhare was re-run

on the entire sample. The corrections themselves are minimal compared to the

uncertainty in the photometry (< 0.08 mag).

Photometric redshift accuracy

Using the spectroscopic catalogues I are also able to assess the accuracy of my

photometric redshifts which I show in Fig.3.1. Following Ilbert et al. (2009) and

Jarvis et al. (2013) I evaluate the accuracy using the Normalised Median Absolute

Deviation Hoaglin et al. (NMAD; 1983). In the case of photometric redshifts, this

is 1.48×median[|∆z|/(1 + z)] and is used because it is resistant to extreme outliers.

I define outlier photometric redshifts as being greater than 15 per cent different

in 1 + z to known spectroscopic redshifts. For my sample I find my photometric

redshifts have an outlier rate of 5.4 per cent and a NMAD of 0.031 in the XMM-

LSS field. For COSMOS I find a 3.9 per cent outlier rate and a NMAD of 0.027.

Compared to results from Jarvis et al. (2013) with 3.3 per cent outlier rate and

NMAD of 0.025 in XMM-LSS, my spectroscopic sample is significantly larger and

extends across the whole field rather than just the deeper CFHTLS-D1 region,

making it more representative of the whole field.

3.3.2 Sample selection

For my final z ' 4 sample I use galaxies that have the highest peak in their redshift

probability distribution function within the redshift range 3.5 < z < 4.5. I applied

an initial cut of χ2 < 1000 in order to remove suspect contaminants which are

poorly fit to my galaxy and AGN SED templates (removing the worst ∼ 0.01 per

cent of the population). 90 per cent of sources have χ2 values of less than 10 and

fewer than 1 per cent of galaxies have a χ2 value greater than 100, inspection of

random selections of these poor fit sources reveal some to be under the influence

of artefacts, leading to spurious measurements in a single band. Additional issues

which lead to inflated χ2 include some cases where the optical measurements from
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(a)

(b)

Figure 3.2: Two examples of high χ2 sources (χ2 > 100) with photometric redshifts
within the range of interest. Object (a) is affected by an image artefact within the
r-band while object (b) has a combination of disagreement between CFHT and HSC
measurements in the optical regime and a slightly inflated Y-band measurement. Black
lines indicate the best-fit galaxy template, red is the best fit AGN template and yellow is
the best fit stellar template. Black data points are the measured photometry while the
open circle data points are the expected measurement based on the best-fitting template.
The probability distribution for the redshift is included as an insert plot within each
sub-figure.

CFHT and HSC are offset from one another. Examples of two good z ∼ 4 sources

(well defined Lyman break and/or Balmer break) with high χ2 values are displayed

in Fig. 3.2 As a consequence of this, the χ2 cuts in this chapter is more lenient than

in other chapters at a potential cost of a small amount of potential contamination

entering the sample. The application of these selection criteria provided an initial

sample of 74,699 galaxies and AGN at 3.5 < z < 4.5.

Several previous studies have used colour-colour cuts to select LBG samples.
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While a conservative cut can provide a relatively pure sample of galaxies by taking

advantage of the strong Lyman-break, they are often incomplete. In Fig. 3.3 I

show the location of my 3.5 < z < 4.5 sample in colour-colour space, along with

the colour selection criteria used by van der Burg et al. (2010). I find that 60 per

cent of my candidate 3.5 < z < 4.5 galaxies would have been identified with such

a colour-colour selection, in line with the 55–65 per cent completeness estimated

by van der Burg et al. (2010). Also shown is an example evolution track of a

Bruzual & Charlot (2003) model galaxy, which passes through my sample over

the desired redshift range as expected.

To examine my ability to successfully identify z ' 4 objects I take a closer look

at galaxies with a spectroscopic redshift in the redshift range of 3.5 < z < 4.5 in the

VANDELS and DEIMOS surveys. These were not used in the zero-point calibrations

to avoid any favourable bias. There are a total of 147 objects with a spectroscopic

redshift 3.5 < z < 4.5 in COSMOS, 133 of these objects have photometric redshifts

that successfully match the spectroscopic redshift within 15 per cent of 1 + z. For

the XMM-LSS sample, there are 149 objects with spectroscopic redshifts at z ∼ 4

and 130 are successfully recovered within 15 per cent of 1 + z. Half of the objects

with an incorrect photometric redshift have bimodal solutions with the secondary

solution being within the correct redshift region. Objects from the VANDELS

survey are within my ‘HSC-UDEEP’ sub-field and have faint infrared magnitudes

(24 < mH < 26). This is thus an indication of the worst case within my data as the

deep i-band in this sub-field selects these faint objects while the relatively shallow u∗

and infrared coverage provides lower confidence of the detection of the Lyman break

and galaxy continuum. I thus expect the completeness value of 87 per cent to be a

lower bound of the photometric redshift completeness in my sample. Contamination

from known low redshift objects (z < 2) having photometric redshifts measured

within 3.5 < z < 4.5 is found to be very low. I find ≤ 0.05 per cent of all other

objects with spectroscopic redshifts are outliers that place them within the redshift

range of interest (3.5 < z < 4.5). It is currently difficult to completely understand

how many contaminant objects reach the final sample. With the simple assumption
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Figure 3.3: The g–r against r–i colour space, covering the Lyman break at z ∼ 4. In
red, I highlight my 3.5 < z < 4.5 sample which was selected using the photometric redshift
analysis described.
The background black distribution shows the colours of all other objects within the
catalogue used in my study. The colour-colour cut used by van der Burg et al.

(2010) is shown as the solid black line. When applied to my sample, this colour-cut
is expected to select galaxies at z ∼ 4 with around 60 per cent completeness. An
example galaxy evolutionary track from Bruzual & Charlot (2003) is also displayed
as the dashed blue line with the colour at each redshift labelled. The model has

constant star formation, an age of 100Myr and E(B − V ) = 0.15.

that the measured rates of contamination from the spectroscopic sample can be

expanded to the full photometric sample, this would lead to a contamination rate

of low redshift objects in the final z ' 4 sample to be of order 1-2 per cent.

To assess the prospects of classifying AGN candidates and to further test the

robustness of my photometric redshifts I match my COSMOS catalogue to the 16

objects identified spectroscopically as AGN at z ∼ 4 in Boutsia et al. (2018). As

four of these objects are located out of the UltraVISTA field, I expect twelve of

these objects to be located in my catalogues. As expected, all twelve are found
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in my catalogues. Ten are found to have the correct redshifts within errors and

seven of those are found to have a better match to an AGN template than a

galaxy template. I examine the SED fits for the two misclassified objects. I find

that both have a suitable AGN fit at the correct redshift range, however a star

template is found to have a lower χ2 when fit to my photometry. One of these

objects is heavily blended with a bright star (I account for this effect in my area

and completeness calculations in section 3.3.3), while the other is located in a

small region with no u∗-band data where the photometric redshifts are consequently

expected to be of a slightly lower quality.

3.3.3 Selection completeness

In order to assess the completeness of the source extraction processes I simulated

my selection procedure by injecting 3.6 million fake sources into my images and

recovering these using SExtractor. My simulated galaxies have an assumed disk

profile, with a fixed Sersic index of n = 1 (Sérsic, 1963; Conselice, 2014). For fainter

magnitudes (MUV > −22.5) the UV luminosity of each fake galaxy is drawn from

a posterior distribution that assumes the LF Schechter parameters and redshift

evolution from Bouwens et al. (2015). This ensures I appropriately account for

Eddington bias. The distribution is flat for brighter galaxies (MUV < −22.5) where

the effect of this scattering is much weaker due to the higher confidence detections.

The half-light radii of the galaxies are selected from the galaxy Size-Luminosity

distribution of Huang et al. (2013). From this distribution the mean half-light radii of

LBGs at z ∼ 4 are generally smaller than 2kpc or 0.3′′, therefore the measured sizes in

my imaging are dominated by the seeing. Simulated galaxies were sampled onto the

pixel scale of the images, convolved with a model for the point-spread function (PSF)

and scaled to the corresponding flux for the randomly assigned absolute magnitude.

The PSF model is the same as that used in conducting the aperture correction to

the 2′′ photometry and is derived by applying the software PSFEx (Bertin, 2011)

to cut outs of stars and other point source-like objects in the original images.
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Figure 3.4: Completeness curves for my selection criteria as a function of absolute UV
magnitude for the four subfields. Each subfield is represented by the colours black for
CFHT-D1, red for HSC-DEEP, blue for HSC-UDEEP and yellow for COSMOS. For each
sub-field I show four lines representing the variability of completeness across the full
redshift bin 3.5 < z < 4.5. Each line is a bin of 0.25 in redshift and from left to right is
high redshift to low redshift, higher redshift bins being less complete due to the impact
of distance on apparent luminosity. Deeper fields also appear more crowded, so have a
higher probability of blending and hence converge to lower values of completeness at the
bright-end.

To avoid unrealistic blending or image crowding, I added 2000 fake sources for

each run in the CFHT images, and 4000 for the larger HSC images. To account

for blending of sources, I assume that all fully-blended sources are unrecoverable.

My simulated galaxies are prevented from being inserted into my images where the

segmentation maps from SExtractor show the locations of pre-existing objects.

This restriction applies to the central location of the simulated galaxy, so instances

of partial blending (< 50 per cent overlap) are still present and accounted for. Due

to the prevention of total blending in the simulations, my completeness curves

converge to a value of 1.0 at the bright-end. These lines are then scaled down
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by the fraction of the field which is occupied by pre-existing sources in order to

account for the probability a source is lost to total blending. This is equivalent to

reducing the total surveyed area by the proportion occupied by foreground objects.

The corrected completeness functions then converge to the ratio of empty field area

to total field area. The deeper the field the more dense it appears and so deeper

fields converge to lower completeness values (see Fig. 3.4).

Simulated galaxies were placed into the image as faint as MUV = −18.5 in

order to account for objects scattering above and below my selection limits in

apparent magnitude. Each sub-field has its completeness function measured in bins

of 0.25 in redshift in order to take into account changes in apparent luminosity

with distance. Each redshift bin has a total of 200,000 simulated sources inserted

into the images, totalling 3.6 million simulated objects across all sub-fields. I

measured the completeness as the ratio of retrieved galaxies from SExtractor to

the total number of galaxies injected into the simulation as a function of absolute

magnitude. In Fig. 3.4 I show the completeness curves for the different regions of

imaging I defined. The results of these simulations were used to set the faintest

magnitude used in this work. I present the LF only in luminosity bins where the

completeness is > 50 per cent in at least two sub-regions across the redshift range,

to ensure that the contribution from each sub-field to the LF is not dominated

by the completeness correction and to minimise cosmic variance (described in

more detail in Section 3.4.1).

3.4 The Luminosity Function

The result of my photometric redshift selection procedure is a sample of 74,699

LBGs and AGN at 3.5 < z < 4.5 from the XMM-LSS and COSMOS fields. Using

this sample I proceed to measure the rest-frame UV LF at z ' 4.

3.4.1 The 1/Vmax method

I use the 1/Vmax (Schmidt, 1968; Rowan-Robinson, 1968) method to measure the

LF. The maximum observable redshift of each object was found by taking the best
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fit SED and redshift from LePhare and subsequently redshifting this further in

steps of ∆z = 0.01 to find the maximum redshift at which it would drop below the

flux limit of my sample in each field. This is performed while accounting for the

different i-band depths of each sub-field. The value of Vmax then corresponds to

the co-moving volume between the maximal observable redshift of the objects and

a lower bound of z = 3.5. The final rest-frame UV LF, Φ(MUV), for my complete

sample of galaxies is then determined using:

Φ(M)d log(M) = 1
∆M

N∑
i

1
Ci,fVmax,i

, (3.1)

where ∆M is the width of the magnitude bins and Ci,f is the completeness correction

for a galaxy i depending on its location within the sub-fields, f .

I estimate the uncertainty of the LF in each magnitude bin using:

δΦ(M) = 1
∆M

√√√√ N∑
i

(
1

Vmax,i

)2

. (3.2)

In the lower luminosity bins I adopt a bin size in absolute magnitude of ∆M =

0.25. As I move towards brighter magnitudes, where I begin to probe the AGN

LF beyond MUV = −24, I increase the bin size to first ∆M = 0.5 and then a

maximum of ∆M = 1.0 if the number counts drop below 10. This is performed in

order to maintain good number statistics in each bin. I determine the UV absolute

magnitude MUV using a top-hat filter of width 100Å , centred on 1500Å in the

rest frame, using the best-fitting SED model for each object. After removing all

objects in bins with less than 50 per cent completeness, I compute the final LF

with a total of 46,904 galaxies and AGN.

Cosmic variance

With the LF fundamentally being a measurement of galaxy number densities, it is

prone to the influence of large scale structure in the Universe when small survey

volumes are used. The presence of voids, clusters and filamentary structures can

skew LF results derived from single, small fields. Such an effect is commonly

referred to as ‘cosmic variance’. Making use of the Trenti & Stiavelli (2008) cosmic
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variance calculator (which uses simulation volumes approximately the same order

of magnitude in size as the survey volumes in this study ∼ 1× 107 Mpc3) with my

galaxy samples, field areas and LF binning, I find that the error due to cosmic

variance is consistent at the 3.5-4.5 per cent level across the whole LF. This is

caused by the competing effects of low number density at brighter luminosities and

the reduction in survey volume at lower luminosities, as fields fail to be 50 per cent

complete. To be conservative I adopt a 5 per cent cosmic variance error across all

bins, added in quadrature to my LF uncertainty from Equation 2.

Functional forms of the fits

Using broad-band photometry in my study, it is not possible to robustly separate

z ∼ 4 LBGs from AGN dominated systems, and hence my sample bridges both

populations (see Section 3.3.2 where 7 out of 10 spectroscopically confirmed AGN

are successfully classified as such). Due to the depth of my data, I do not fully

constrain the very faint end of the LBG LF at MUV ≥ −20. To compensate I elect

to use the data points from Bouwens et al. (2015) for MUV ≥ −20 to allow for

stronger constraints on the LBG faint-end slope. Furthermore, although my sample

contains objects as bright as MUV ∼ −26, I do not have sufficient survey volume at

this redshift to determine the position of the knee of the AGN LF at MUV ' −26.5

(Akiyama et al., 2018; Stevans et al., 2018). I therefore fit the AGN component of

the LF with a single power law with the normalisation calculated at MUV = −25.7.

I fit the data using different combinations of Schechter and DPL functions for the

LBG component in addition to the single power law for the AGN component up to

MUV = −26.25. When performing the fits, I make use of the Levenberg-Marquardt

algorithm (Levenberg, 1944; Marquardt, 1963) from scipy to obtain a first order

estimation of the fit parameters and their uncertainties. I then make use of a multi-

dimensional χ2 grid to derive final uncertainties and contours for the fit parameters.

DRAFT Printed on October 15, 2021



126 3.4. The Luminosity Function

Table 3.2: The rest-frame UV LF and its error margin at 3.5 < z < 4.5. Column 1
shows the absolute UV magnitude at 1500Å (MUV). Column 2 shows the number density
of objects and column 3 shows the errors in the number density which are calculated with
equation 2. Both the value of the number density and its corresponding error are in a
base 10 logarithmic scale.

MUV log10(Φ) δlog10(Φ)
[mag] [mag−1Mpc−3] [mag−1Mpc−3]
−27.250 −7.792 0.997
−26.250 −7.330 0.336
−25.250 −6.949 0.183
−24.250 −6.511 0.103
−23.500 −6.256 0.109
−23.125 5.982 0.112
−22.875 5.646 0.087
−22.625 −5.216 0.050
−22.375 −4.825 0.036
−22.125 −4.524 0.030
−21.875 −4.160 0.026
−21.625 −3.861 0.024
−21.375 −3.588 0.023
−21.125 −3.391 0.023
−20.875 −3.219 0.023
−20.625 −3.095 0.023
−20.375 −2.975 0.022
−20.125 −2.848 0.022

3.4.2 The binned rest-frame UV LF

The completeness-corrected rest-frame UV LF from my sample is shown in Fig. 3.5,

with the full list of binned data points given in 3.2. My results extend over a wide

range in absolute UV magnitude, from the LBG dominated regime at MUV = −20,

to the AGN dominated regime at MUV ' −26 and covers both the AGN-LBG

transitional regime at MUV ' −23.5 and the LBG ‘knee’ at MUV ' −21. I present

my results alongside examples of past results covering the full luminosity range. The

studies of Akiyama et al. (2018) and Bouwens et al. (2015) cover the AGN and LBG

luminosity functions respectively and the work by Stevans et al. (2018) covers a

similar, but slightly brighter, UV luminosity range to this work. My measurements

of the LF are consistent with these past studies at both ends of my luminosity range.
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At MUV ' −23.5 I find a lower number density of objects when compared to those

from Stevans et al. (2018), a feature I explore in more detail in Section 3.5.3.

The best-fit parameters for the Schechter and DPL functional forms for the LBG

LF, alongside the power-law slope for the faint-end AGN, are shown in Table 3.3.

My best performing functional form (minimal χ2
red) to describe the LBG population

is the Schechter function by a small margin, although a DPL is also acceptable.

In Fig.3.6 and Fig.3.7 I present the 1σ and 2σ contours of the fit parameters for

the Schechter and DPL parameters respectively for the LBG LF. These are both

presented alongside the results from a small selection of past studies which have

used the same functional forms to describe the z ' 4 LF. More detailed discussion

on the comparisons between the studies is presented in Section 3.5.1.

In addition to the fits with the AGN LF included, I also show in Table 3.3 the

results for fitting a Schechter and DPL function to just the data points fainter

than MUV = −23, the magnitude where AGN contamination begins to become

influential. This is performed to replicate the conditions of an LBG study that

doesn’t consider any significant AGN contamination in its fitting procedures and to

observe what the consequences of this method would be. I find that the changes to

the fits, when compared to my fits inclusive of AGN, are minimal and less than the

1σ level. However, there is a significant change to the χ2 values for the fits where

the DPL functional form stands out as being significantly better. This is likely

driven by AGN beginning to contribute to the number counts at MUV ∼ −23.

As the LBG LF approaches MUV ' −23 from the faint-end, the fraction of

objects which are AGN begins to rise (e.g. Bian et al., 2013; Ono et al., 2018).

When attempting to determine the functional form of the LBG LF, these AGN can

act as contaminants, resulting in an excess at the bright-end of the LBG samples.

If unaccounted for, this ‘AGN contamination’ results in the measurement of a

shallower slope of the bright-end of the LBG LF when using the DPL functional

form. In Fig.3.8 I show the fraction of objects that are AGN as a function of absolute

UV magnitude derived from my best fit functions for both LBGs and AGN in Table

3.3, along with the results from Ono et al. (2018) that probed this regime with a
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spectroscopic sample. In both cases my results show that AGN make a significant

contribution to the UV LF as faint as MUV ' −23.0. I note that the DPL fit has

a smoother transition from LBG to AGN dominance than the Schechter function,

which has an exponential cut off. At MUV ' −23 there is a very large disparity

between the two functional forms, with an AGN fraction in the range ∼ 20–70 per

cent depending on whether a DPL or Schechter function is used (see Fig.3.8).

3.5 Discussion

3.5.1 The LBG LF at z = 4

In Fig. 3.9 I show my results faintward of MUV = −23 and compare to the results of

previous studies of z ' 4 LBGs. I find good agreement with the results of Bouwens

et al. (2015) and Ono et al. (2018). Fainter than MUV ≥ −22 I find that the

studies of van der Burg et al. (2010) and Finkelstein et al. (2015) show a lower

number density than this work. Stevans et al. (2018) suggest that the Finkelstein

et al. (2015) sample may be lower than other studies due to the inclusion of Spitzer

data in the mid-infrared, which assists in the removal of additional contaminants

such as faint Milky Way brown dwarfs. I expect my photometric redshifts, which

make use of full near-infrared coverage from VISTA and higher signal-to-noise ratio

cuts, to also be robust to contamination from brown dwarfs. It is presently not

clear why there is this offset between studies at the fainter-end of the LBG LF

and more work is required to determine the cause.

Around MUV ∼ 22.5, where the contribution of AGN begins to have an effect,

I can compare my results to two previous studies. Ono et al. (2018) used HSC

imaging to select a sample of LBGs and corrected for AGN contamination through

their spectroscopic measurements presented in Fig. 3.8. Their final LBG LF is

found to agree well with my DPL fit at the bright end (MUV < −21). I also find

lower number counts in the −24 < MUV < −22.5 regime than Stevans et al. (2018),

who utilised 18 deg2 of optical imaging from the Spitzer-HETDEX Exploratory

Large-Area Survey (SHELA; Papovich et al., 2016). Within this magnitude range,

my completeness is high, and the inclusion of two fields reduces the impact of cosmic
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Figure 3.9: A zoom into the faint-end MUV >= −23 of the z ∼ 4 LF. The blue/brown
lines show the LBG component Schechter/DPL fits that are fit alongside AGN. Shown
alongside are a myriad of past studies targeting the z ∼ 4 population (van der Burg et al.,
2010; Finkelstein et al., 2015; Bouwens et al., 2015; Ono et al., 2018; Stevans et al., 2018).
At high luminosities, my results and the study by Stevans et al. (2018) are inclusive of
AGN while Ono et al. (2018) attempted to remove them.

variance. The deep homogeneous multi-wavelength data gives us confidence in my

results in this regime. I discuss the origin of this difference in Section 3.5.3

In Fig. 3.6 I compare the best-fit values and uncertainties for my Schechter fits

against the aforementioned past studies. In this case my best-fit values are more

closely matched to those of Bouwens et al. (2015) (within 1σ for all parameters) and

centralised in the spread of the other results. It is because of this close matching

to Bouwens et al. (2015) that I elect to use their data points to constrain the far

faint-end MUV > −20. By relieving degeneracies on α, introducing these points

reduces the errors on the best-fit LBG parameters by up to a factor of two while

maintaining the same best-fit values to within ∼ 1σ. The result from Ono et al.
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(2018) provides a value of α which is in reasonable agreement with the studies of

van der Burg et al. (2010),Finkelstein et al. (2015),Bouwens et al. (2015) and my

own results, which are all in general agreement with each other. The degeneracies

between M∗ and Φ∗ may be responsible for the slight disagreement in M∗ and

Φ∗ measured by Ono et al. (2018). The resultant best-fit Schechter function from

Stevans et al. (2018) produces values for all three parameters which are clear outliers

to the collection of other past results; I believe this to be driven by their excess in

the total number density around −24 < MUV < −23 (See Section 3.5.3 and Fig.3.5).

For the DPL fits in Fig.3.7 there are fewer studies to compare against, however, I

find I disagree with both past studies that have attempted a DPL fit (Stevans et al.,

2018; Ono et al., 2018). Although the linear trend observed in the two-dimensional

contour plots show the large impact of degeneracies the DPL parameters can have.

Compared to Stevans et al. (2018) the differences are primarily driven by my much

steeper bright-end slope which drives M∗ to brighter values. My DPL model is

found to fit very well to the AGN corrected data points at the bright-end of the LBG

LF from Ono et al. (2018) (see Fig. 3.9). The differences in the best-fit parameters

are in this case primarily driven by the excess of objects that are found by Ono

et al. (2018) at MUV > −21 that leads to a fainter derived M∗. At brighter UV

luminosities (MUV < −24) my measured AGN number densities are found to closely

match those of Akiyama et al. (2018) and Stevans et al. (2018).

3.5.2 Evolution of the rest-frame UV LF

I compare my results to the two linear redshift evolution models presented in

Bouwens et al. (2015), derived from a mixture of results in the redshift range

4 < z < 8. One model has a mildly-evolving value of M∗ and one has a fixed

value of M∗, justified by the evolving model producing such a shallow slope that

M∗ does not evolve with significance over the redshift range in which the model

was created. I find agreement with the predictions to within ∼ 1σ for both the

evolving and non-evolving M∗ models respectively, suggesting little to no evolution

of the shape of the bright-end of the LBG LF. This is unsurprising given my close

DRAFT Printed on October 15, 2021



136 3.5. Discussion

matching to their original data and their z ∼ 4 bin being their most constrained

and hence most influential on any evolutionary fit attempted.

I also compare my results to simple evolutionary models presented by Bowler

et al. (2015). Within Bowler et al. (2015) a strong evolution in the Schechter function

value of M∗ is found from z = 7 to 5. My measured value of M∗ is −20.89+0.12
−0.10

which is 0.2 magnitudes fainter than their z ∼ 5 measurement of M∗ = −21.07+0.09
−0.09

and much fainter than predicted if I extrapolate their proposed evolution to z = 4

(M∗ ∼ −21.3), suggesting a non-linear/slowing evolution. When compared to the

DPL results in Bowler et al. (2015) I find a strong agreement with the shape of the

bright end of the z ∼ 5 fit, with their measured M∗ = −21.40+0.13
−0.12 and β = −4.8+0.3

−0.4

all agreeing within ∼ 1σ. Regardless of whether I assume a Schechter or DPL

functional form (both are plausible with my data), these results suggest little to

no evolution in the bright end from z ' 4 − 5.

3.5.3 Discrepancies in the AGN/LBG transitional regime

When considering the results of the DPL fits, the overall normalisation of the LBG

fits have values similar to those measured by Stevans et al. (2018). However, a greater

discrepancy is observed at the high-luminosity end where I observe a much steeper

bright-end slope and brighter turn off with β = −4.92+0.29
−0.25 and M∗ = −21.37+0.08

−0.11

with my DPL fit. Stevans et al. (2018) and Ono et al. (2018) find values of β = −3.8,

M∗ = −20.8 and β = −4.1, M∗ = −20.58 respectively for the two parameters.

While the discrepancies with Ono et al. (2018) can be somewhat explained by

their use of colour-colour selection and the uncertainty in AGN contamination, the

very clear discrepancy with Stevans et al. (2018) (see Fig.3.9) can be explained by

examining the differences in the methodology between my two studies.

The selection criteria used in Stevans et al. (2018) is more complex than my own

in an attempt to dig deeper into their shallower data while maintaining purity. They

use a 3.5σ detection limit and cuts in both colour space and the redshift probability

distribution. However, I believe that the observed discrepancy arises due to the fact

that their MUV values are calculated by converting the measured i-band apparent
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Figure 3.10: A zoom into the transition region at −24 < MUV < −23 showing how the
UV LF changes depending on the method of measuring MUV. I note that when using
the average i-band measurement that my results closely match those of Stevans et al.
(2018). Also shown are the data from Akiyama et al. (2018) to show how the two methods
converge onto the AGN LF in different places.

magnitude directly into an absolute magnitude using the estimated redshifts of

each object. While the i-band contains the rest-frame 1500Å, its positioning within

the filter is redshift dependant and the actual flux relative to the average i-band

measurement is dependant on the UV slope of the galaxy SED which can vary from

source to source. The ultraviolet slope of galaxies at high redshfit has been measured

to follow a power law of approximately βλ ∼ −2.0, where fλ ∝ λβλ (Dunlop et al.,

2012; Bouwens et al., 2012). AGN have been measured to have similar ultraviolet

slopes at these redshifts, with median slopes of βλ ∼ −1.6± 0.3 in the ultraviolet

regime (Vanden Berk et al., 2001; Wu, 2011; Shull et al., 2012). This means that

objects misclassified with AGN or galaxy templates will still have similar ultraviolet
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slopes, leading to minimal impact on the measurement of MUV at 1500Å.

The use of the i-band as a proxy forMUV also leaves individual objects vulnerable

to larger noise fluctuations in the i-band due to the lower confidence detections.

These sources of potential inconsistency are accounted for in my methodology

through the use of 5σ detection limits and the use of the best fit SED plus top-hat

filter for calculating MUV. This makes my measurement of the absolute magnitude

consistent between all galaxies and not as heavily reliant on the measurement in a

single band, as the best-fit SED is constrained by all of the surrounding bands.

If I remeasure my luminosity function using the measured i-band flux as a proxy

for MUV I find a general trend of galaxies up-scattering to brighter bins. Galaxy

numbers in every bin increase and the largest relative effect is found to be in the

region where the LF is at its steepest (at MUV ' −23). When measuring MUV

in this way, the transition at −24 < MUV < −23 closely matches the results of

Stevans et al. (2018) (see Fig.3.10). This highlights the importance of taking full

consideration of the shape and redshift of the galaxy SED when measuring MUV.

3.5.4 The z ∼ 4 AGN LF

A subject of ongoing debate with regards to the AGN LF at high redshifts is the

steepness of the faint-end slope. Akiyama et al. (2018) measures a relatively flat

faint-end slope of α = −1.3, while in this study I measure α = −2.09+0.32
−0.38/−1.66+0.29

−0.58

respectively for the Sch/DPL fits. This is in agreement with Stevans et al. (2018),

however my AGN slope is slightly steeper when the DPL functional form is used

for the LBGs. Between −26 ≤MUV ≤ −24 the measured LF of the three studies

agree very well, it is only when the transition to the LBG LF is reached that

discrepancies arise. Both my work and the work of Stevans et al. (2018) make

use of full template fitting and have data stretching into the near-infrared while

the Akiyama et al. (2018) results are limited to just optical observations from

HSC, resorting to stringent colour cuts and constraints on object morphology to

minimise contamination. The morphological constraints require the sources to be

dominated by nuclear emission and appear point-like. This is enforced by using
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the second-order adaptive moment (derived in Hirata & Seljak, 2003), requiring

the source differ in size and shape from the PSF of the selection images by no

more than 10 per cent. By calculating MUV with the i-band measurement as a

proxy, the results from Stevans et al. (2018) show a greater number density of

objects in the steep part of the LF in the transitional regime (see Section 3.5.3).

Consequently, this leads to a shallower LBG bright-end slope, higher overall inferred

galaxy fractions and a shallower AGN slope when using a DPL fit.

Another recent study by Boutsia et al. (2018) targeted the z ∼ 4 AGN LF using

an X-ray selected spectroscopic sample at −24.5 < MUV < −23.5. They find number

densities of AGN to be high in this regime and similar to the values measured by

Stevans et al. (2018), leading to their conclusion that the total UV LF should be

dominated by AGN at MUV < −23.5. In Fig. 3.8 I show that both functional forms

of my measured LBG LF give a high AGN fraction within this range of absolute

luminosities and may be the dominant population in the LBG selection to absolute

magnitudes as faint as MUV = −23, in agreement with Boutsia et al. (2018).

Purely photometric studies that focus on the AGN LF and rely on colour-colour

selection and morphology (sources with a PSF-like profile) leave open the possibility

of missing some AGN sources. Where the transition of the AGN to LBG luminosity

function occurs, sources with weak AGN will have more significant contributions

from the host galaxy. This can impact the measured profile of the source. Depending

on the data used, selection criteria and extraction method, this could cause some

objects to be missed through misclassification, leading to an underestimation of the

AGN LF in such studies and making the completeness more challenging to model.

Within the results from the photometric study conducted by Akiyama et al.

(2018), which uses morphology in AGN classifying, a shallow faint-end slope of

α = −1.3 is measured. However, when a cut is made to their data brighter than

MUV = −23, −23.5 and −24 mags, where I now know the transition from AGN to

LBG LFs occurs, this value steepens to α = −1.57, −2.07 and −2.21 respectively

and more closely matches the results of this study and that of Stevans et al. (2018).

Other studies using additional selection criteria to extract pure AGN samples, such

DRAFT Printed on October 15, 2021



140 3.5. Discussion

as X-ray emission (e.g. Giallongo et al., 2015; Parsa et al., 2018), tend to have

poorer number statistics and so uncertainties in the calculated faint-end slope of

the AGN LF remains larger than the discrepancy between the various studies and

provide no additional constraining power. In the work conducted by Marchesi et al.

(2016), Chandra X-ray data is cross-matched to optical and NIR sources in the

COSMOS field using a likelihood radio methodology (Sutherland & Saunders, 1992;

Brusa et al., 2005). Cross-matching these optical/NIR sources with attributed

X-ray emission to my own catalogue within a 1 arcsecond radius, I successfully

recover the Boutsia et al. (2018) sample along with an extra source at zphot = 4.36.

A redshift which is outside of the selection range of 3.6 < z < 4.2 implemented

by the Boutsia et al. (2018) study. At MUV / −23.5, 66 per cent of my sources

have an X-ray counterpart with that fraction dropping off rapidly at fainter UV

magnitudes. Together, this highlights that measuring the faint-end of the AGN LF

remains challenging at luminosities fainter than the transition into LBG dominance

(MUV & −23) and that the key to solving issues around the faint-end AGN slope

relies on secure object classification with well understood completeness (examples

including spectroscopic surveys, use of multiwavelength signatures and Baldwin,

Phillips & Terlevich diagrams; Baldwin et al., 1981).

To examine the origin of the AGN LF in greater detail, the work presented

in this chapter was expanded upon in Bowler et al. (2021), where a ‘toy’ model

was developed to explore where the shape of the AGN LF comes from. The model

takes the UV LF of galaxies and uses observed relations and scatter between UV

luminosity to galaxy stellar mass (Stark et al., 2013; Duncan et al., 2014; Salmon

et al., 2015; Song et al., 2016b; Tacchella et al., 2018) and subsequently galaxy

stellar mass to central black hole mass to produce a distribution of black holes

(Targett et al., 2012; Venemans et al., 2016; Volonteri & Reines, 2016; Venemans

et al., 2017). These are then assigned a distribution of accretion rates and a fraction

(60 per cent) then selected to be obscured (Willott et al., 2010; Kelly & Shen, 2013;

Ueda et al., 2014; Vito et al., 2018). Not all black holes are in a state of active

accretion however. Instead, AGN are commonly found to have bursts of activity
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lasting up to of order 100’s of millions of years (Sternberg & Soker, 2009; Wise et al.,

2017; Morganti, 2017; Delvecchio et al., 2020). The number density of UV luminous

AGN can thus be a proxy measurement for the duty cycle of AGN activity. In the

Bowler et al. (2021) toy model, the fraction of UV-luminous AGN is a variable

left free to fit the normalisation of the AGN LF. The results provide a value of

for the fraction of UV luminous black holes to be factive ∼ 0.003 and produce a

shape for the AGN LF that matches remarkably well to the results presented in

this chapter (see Fig.9 within Bowler et al., 2021).

3.6 Conclusions

I exploit deep optical/NIR data from the COSMOS and XMM-LSS fields to measure

the rest-frame UV LF at z ' 4. The combination of depth and area allows us to

measure the LF from −27 < MUV < −20 using 46,904 objects selected through a

photometric redshift method. My conclusions on the resultant LFs are:

1. When fit alongside AGN, I find I am unable to confidently discern between the

two LBG functional forms of a Schechter function or DPL. When I fit an LBG

LF to only those data points fainter than MUV = −23 I find that the DPL

stands out as being the better descriptor. However, this is mostly driven by

the inclusion of mild AGN contamination in the regime of −23 < MUV < −22

inflating the LF and highlighting the need to properly handle AGN when

measuring the LBG LF.

2. My best-fit values for both Schechter and DPL functional forms of the LBG

LF are found to be consistent with the z ∼ 5 measurements from Bowler et al.

(2015) and the mild linear evolution models of the LBG LF from Bouwens

et al. (2015). These findings suggest that the shape of the bright-end of the

UV LBG LF does not evolve significantly in the redshift range 3 < z < 5.

3. I suggest that discrepancies found between studies at the magnitude range

where the LBG LF transitions into the AGN LF (−24 < MUV < −23) can
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be explained through differing definitions and methods of measuring MUV.

My proposed method of measuring MUV through the use of the best fit SED

to photometry and a thin top-hat filter positioned at the rest-frame 1500Å

allows for a more robust and consistent determination of MUV for each object

that is not reliant on a single measurement nor impacted by the combination

of redshift and UV slope of the galaxy spectrum on broad-band filters.

4. I measure the transition between AGN/LBG domination in the UV LF and

find that regardless of the functional form used to fit for the LBGs, the 50

per cent AGN fraction occurs within the range of −23.5 < MUV < −23, in

agreement with recent results from Boutsia et al. (2018).

5. I find agreement with recent studies suggesting a steep faint-end slope for

the AGN UV LF at z ∼ 4 with αAGN = −2.09+0.35
−0.38 (−1.66+0.29

−0.58) when fit

simultaneously with a Schechter (DPL) for the LBGs. These results support

the conclusion from Stevans et al. (2018) who suggest that AGN, while

not the dominant source of ionising photons, could sustain re-ionisation of

Hydrogen on their own at this epoch. My results highlight the importance of

simultaneously fitting the two populations of LBG and AGN together. Future

insight into the nature of the sources at the transition (e.g. spectroscopic

follow up with VLT, JWST ) will shed light onto the astrophysics at play in

shaping the bright end of the galaxy population.
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The HUBBLE has given us nothing less than an onto-
logical awakening, a forceful reckoning with what is.
The telescope finally compels the mind to contemplate
space and time on a scale just shy of the infinite.

— Ross Anderson
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144 4.1. Introduction

4.1 Introduction

Over the past 30 years, survey programmes exploiting various combinations of

area and depth have allowed for the rest-frame ultraviolet (UV, 1500Å ) luminosity

function (LF) of galaxies and active galactic nuclei (AGN) to be confidently measured

across a wide range of luminosity and cosmic time. However, at high redshifts

(z > 4) there are many outstanding questions regarding the true density of galaxies

brighter than the characteristic luminosity (MUV < M∗) and faint/obscured AGN

(−24 < MUV). The luminosity regime −24 < MUV < −22.5 is especially challenging

as this regime is where the galaxy and AGN comoving space densities become

comparable (Ono et al., 2018; Stevans et al., 2018; Adams et al., 2020; Bowler

et al., 2021). Here, the space density is low enough that Hubble Space Telescope

(HST) programmes do not provide enough cosmic volume to produce statistically

significant samples of objects (e.g. Oesch et al., 2010; McLure et al., 2013; Finkelstein

et al., 2015; Bouwens et al., 2015; Parsa et al., 2016; Ishigaki et al., 2018; Bouwens

et al., 2021). Meanwhile, ground-based observations cover larger survey volumes,

but lower resolution makes morphological differentiation between galaxies and

AGN (e.g. Masters et al., 2012; Akiyama et al., 2018; Matsuoka et al., 2019;

Niida et al., 2020) more challenging. This redshift/luminosity regime is also often

lacking in spectroscopic completeness (e.g. Ikeda et al., 2012; McGreer et al.,

2013, 2018; Ono et al., 2018).

These complications result in contrasting results for the faint-end slope of the

AGN Luminosity Function, with slopes ranging from −2.1 < αAGN < −1.3, as well

as an ongoing debate over whether the bright end of the galaxy population is better

described with a double power law (DPL) or Schechter function (Schechter, 1976)

beyond some characteristic luminosity (Bowler et al., 2015; Ono et al., 2018; Stevans

et al., 2018; Adams et al., 2020; Bowler et al., 2020). The primary difference between

the two functions is the gradient of the slope brightwards of the characteristic

luminosity or ‘knee’, leading to differing estimations for the comoving space density

of the most luminous systems. However, constraining the numbers of these galaxies

with observations proves difficult, as the steepness of the bright-end slope is such
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that galaxies are quickly outnumbered by AGN-dominated sources. A route to

solving these problems is to simultaneously fit both the AGN and galaxy UV LF

(e.g. Stevans et al., 2018; Adams et al., 2020). This ensures that all sources are

accounted for, and that AGN that have significant contributions from their host

galaxy are not discounted through various selection criteria, allowing us to consider

all sources of UV emission in the Universe (Bowler et al., 2021).

Constraining the comoving space density of highly luminous galaxies and UV-

faint AGN are key to understanding several physical issues in extragalactic astronomy

at high redshifts. These include: the contribution of AGN towards the budget of

ionising photons in the latter stages of reionisation (e.g. Madau & Haardt, 2015;

Yoshiura et al., 2017; Bosch-Ramon, 2018; Hassan et al., 2018; Parsa et al., 2018;

Dayal et al., 2020), AGN activity timescales/black hole growth in the early Universe

(e.g. Bañados et al., 2018; Wang et al., 2019; Yang et al., 2020; Wang et al., 2021)

and the growth rates of the most luminous and massive galaxies at early times (e.g.

Ouchi et al., 2009; Bowler et al., 2017; Stefanon et al., 2019; Bowler et al., 2020;

Forrest et al., 2020; Neeleman et al., 2020). At z ∼ 5, the Universe is approximately

500Myr post-reionisation, yet studies have shown there to be a rapid increase in

the number of galaxies exhibiting strong AGN emission across this time period

(McGreer et al., 2013; Jiang et al., 2016; McGreer et al., 2018; Kulkarni et al., 2019;

Niida et al., 2020). If the space density of faint AGN rise at a greater rate than

UV luminous galaxies, the transition between AGN dominated emission and galaxy

dominated emission would be expected to shift faintwards with time.

Many recent measurements of the UV LF at z ∼ 5 have made use of colour-colour

cuts in order to select galaxy samples (van der Burg et al., 2010; Bouwens et al., 2015;

Finkelstein et al., 2015; Ono et al., 2018; Bouwens et al., 2021). While colour-colour

cuts can be effective in selecting high redshift samples using the Lyman continuum

break at λrest < 1216Å (Guhathakurta et al., 1990; Steidel & Hamilton, 1992;

Steidel et al., 1996), there are significant compromises that must be made regarding

completeness and contamination rates. This is because regions of colour-colour

space are shared with lower redshift galaxies and Milky Way brown dwarf stars
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(Stanway et al., 2008; Bowler et al., 2014; Wilkins et al., 2014). As a consequence of

this, sample completeness is often around the 60 per cent margin in these studies and

have the volume required to constrain the bright-end of the galaxy population (e.g.

van der Burg et al., 2010; Ono et al., 2018). Extensive near-infrared observations

that complement optical observations, provide the opportunity to improve upon

selection criteria by modelling the wider SED of each source rather than a select

few colours. Previous studies around this redshift range have shown that modelling

photometric redshifts using both optical and NIR data can lead to an increase in

completeness to ∼ 80–90 per cent while minimising the potential for contamination

(McLure et al., 2009; Bowler et al., 2015; Stevans et al., 2018; Adams et al., 2020).

In this study, I measure the z ∼ 5 UV LF with the aim of mapping the bright-end

galaxy population and the transition into AGN dominated UV emission. This is

performed with the aim of constraining the comoving space density of UV-faint

AGN and UV-luminous galaxies in order to better understand the rise in AGN

after reionisation and determine if the bright-end of the galaxy population can

be better described with a Schechter function or DPL functional form. These are

important in the context of understanding black hole growth rates, the ionising

photon budget, AGN feedback and dust obscuration in highly star-forming galaxies.

I conduct this measurement with the use of modern, deep optical and near-infrared

photometry available in the COSMOS and XMM-LSS fields. The surveys covering

these fields provide the ideal depth-area combination, enabling for rare sources

as bright as MUV ∼ −25 to be detected while being simultaneously deep enough

to detect sources down to MUV ∼ −20.5. I combine these measurements with

results of additional studies that use other datasets to expand the luminosity

range to −28.5 < MUV < −16 and conduct the first simultaneous modelling of

the entire luminosity function at z ∼ 5.

In Section 4.2, I describe the optical and NIR photometric data used in this

study and how these data are used to estimate photometric redshifts for sample

selection. In Section 4.3 I assess the completeness of the sample, measure and fit the

the UV LF. In Section 4.4, I detail the results of my fitting procedure and comment
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on the performance of the different models. In Section 4.5 I expand discussion

to contextualise my results with past and present studies from the literature. I

present my conclusions in Section 4.6. We assume a standard cosmology with

H0 = 70km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7. All magnitudes listed follow the

AB magnitude system (Oke, 1974; Oke & Gunn, 1983).

4.2 Data and Sample Selection

4.2.1 Photometry

In this study, I use a multiwavelength dataset spanning 14 photometric bands cover-

ing 0.4–2µm across two extragalactic fields (XMM-LSS, COSMOS). Measurements

in these bands are derived from the Canada-France-Hawaii-Telescope Legacy Survey

(CFHTLS; Cuillandre et al., 2012) and the HyperSuprimeCam Strategic Survey

Programme (HSC; Aihara et al., 2018b,a, 2019) in the optical regime. Near-infrared

data is provided by the final data release of the VISTA Deep Extragalactic Obser-

vations (VIDEO) survey (Jarvis et al., 2013) and UltraVISTA DR4 (McCracken

et al., 2012) in the XMM-LSS and COSMOS fields respectively. A breakdown of

the available filters and the depths within each subfield is provided in Table 4.1.

Using HSC-SSP DR2, the two extragalactic fields can be broken down into three

subregions of equal depths in the z-band, which contains the rest-frame UV (1500Å )

at z ∼ 5. I designate these regions COSMOS (COS), XMM-Deep (XMMD) and

XMM-UltraDeep (XMMU) in longhand (shorthand). The XMMU sub-region is

centred on the Ultra Deep Survey from UK Infrared Telescope (UKIDSS; Lawrence

et al., 2007). CFHT provides coverage in the u∗-band for over 90 per cent of the

survey area used in this study and I also include the other optical bands within the

CFHT D1 and D2 fields which each cover 1 deg2 within XMM-LSS and COSMOS.

Photometry was extracted using SExtractor (Bertin & Arnouts, 1996) in dual

image mode, with the HSC’s z-band used for selection and flux extracted in 2 ”

diameter circular apertures in the other bands. These fluxes are then corrected

with a point-source aperture correction, where I model the point spread function

(PSF) with PSFEx (Bertin, 2011) (see Bowler et al. (2020) for details on catalogue
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Table 4.1: Summary of the 5σ detection depths within the COSMOS and XMM-LSS
fields. Depths are calculated in 2” diameter circular apertures, placed on empty regions
of the image. The XMM-LSS field is split into two regions. XMMU contains the deeper
HSC pointing, and 1 deg2of COSMOS and XMMD contain coverage from CFHT-griz
bands.

Filter COSMOS XMMU XMMD Origin
u∗ 27.1 25.7 25.7− 27.1 CFHT
g∗ 27.3 – 27.4 CFHT
r∗ 26.9 – 26.9 CFHT
i∗ 26.6 – 26.4 CFHT
z∗ 25.5 – 25.4 CFHT
g 27.4 26.9 26.7 HSC
r 27.1 26.4 25.9 HSC
i 26.9 26.3 25.6 HSC
z 26.5 25.7 25.4 HSC
y 25.7 24.9 24.2 HSC
Y 25.4 25.1 25.1 VISTA
J 25.3 24.7 24.7 VISTA
H 25.1 24.1 24.2 VISTA
Ks 25.0 23.8 23.9 VISTA

generation). Survey areas for each subfield are calculated based on the areas in

which the CFHT, HSC & VISTA observations overlap and large artefacts (e.g.

stellar ghosting) have been masked out. The COSMOS region has a survey area of

1.55 deg2 and 5σ z-band depth of mz = 26.5 in a 2 ” aperture, while the XMMD

region is 2.70 deg2 and has a 5σ z-band depth of mz = 25.4 and XMMU is 1.70 deg2

with a 5σ z-band depth of mz = 25.7.

4.2.2 Photometric redshifts

With such a wealth of multiwavelength data in these extragalactic fields, I select my

sample following a spectral energy distribution (SED) template fitting procedure.

Object classification and redshift estimates are made using the template fitting

photometric redshift code LePhare (Arnouts et al., 1999; Ilbert et al., 2006). This

code minimises the χ2 of various spectral energy distribution (SED) templates

for galaxies, AGN and Milky Way stars using the multi-band photometry and

uncertainties. I set the uncertainties of the photometry to a minimum of 5 per cent

during the fitting process. The template sets used in this study are the galaxies
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covered by the COSMOS SED template set (Ilbert et al., 2009), AGN/QSO-like

objects from Salvato et al. (2009) and stellar templates from a combination of results

from Hamuy et al. (1992, 1994); Bohlin et al. (1995); Pickles (1998); Chabrier et al.

(2000). Additional stellar templates are also added from the SpecX1 brown dwarf

sample. These brown dwarf templates were added to the sample because M and

L-class dwarfs can have very similar colours to those of z ∼ 5 galaxies. In addition,

because high-redshift AGN and Milky Way stars both exhibit point spread function-

like morphologies, no morphological cuts to the sample were made in order to

prevent loss of potential AGN sources. (see Section.4.2.3 for further discussion

on brown dwarfs). The treatment derived in Madau (1995) is used for absorption

by the inter-galactic medium (IGM).

The SED fitting process was conducted in two stages. In the first stage, I

cross-match my catalogues to a spectroscopic sample which compiles results from

the VVDS (LeFèvre et al., 2013), VANDELS (McLure et al., 2018; Pentericci

et al., 2018; Garilli et al., 2021), Z-COSMOS (Lilly et al., 2009), DEIMOS-10K

(Hasinger et al., 2018), VIPERS (Scodeggio et al., 2018) and FMOS (Silverman et al.,

2015) surveys. Only objects with spectroscopic redshifts that have flags indicating

a greater than 95 per cent confidence are used, providing a total spectroscopic

sample of 14811 sources in XMM-LSS and 18811 sources in COSMOS. Within these

two fields, 43/42 objects have a spectroscopic redshift between 4.5 < z < 5.5 in

XMM/COSMOS and 41/38 have a 5σ detection in my selection band (HSC-z).

Compared to Chapters 2 and 3, these spectroscopic catalogues have been remade

from the ground up with a number of improvements. The catalogue made by the

HSC team implemented a mechanism where if one source had multiple spectroscopic

redshifts from different surveys, the value assigned to it was the average of the

surveys. This was found to lead to a number of potentially erroneous redshifts.

Examining the individual (rather than averaged) redshift measurements often found

one which agreed with the photometric redshifts derived in this work. Potential

erroneous redshifts were found to be primarily driven by PRIMUS based results
1http://pono.ucsd.edu/ adam/browndwarfs/spexprism/
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and so this survey is removed from consideration in the work conducted in this

chapter. In addition, the VIPERS survey is updated to DR2 in this version of

the spectroscopic catalogue. These catalogues are run through LePhare in its

AUTO_ADAPT mode, which makes iterative adjustments to the zero-points of

the photometric filters in order to optimise the results against the spectroscopic

sample. A diverse spectroscopic sample is required in order to prevent these zero-

point modifications from being biased towards a limited set of galaxy colours. The

results of this process provides small offsets of 0–0.1mags across all bands. These

offsets are then applied to the photometry and LePhare is run a second time on

the full sample to obtain object classification and redshifts.

Comparisons to the spectroscopic sample can provide indications of the reliability

of the photometric redshift estimations. This can be broken down into two numerical

values. 1) The outlier rate: the fraction of photometric redshifts which disagree with

the spectroscopic redshift by more than 15 per cent in (1+z), and 2) The Normalised

Median Absolute Deviation Hoaglin et al. (NMAD; 1983): a measurement of

the spread of the photometric redshifts around the ground truth in a manner

that is resistant to the few extreme outliers that are present, this is defined as

1.48×median[|∆z|/(1 + z)]. Across the COSMOS field I find an outlier rate of

3.1 per cent and a NMAD of 0.029, in XMM-LSS the outlier rate is 4.5 per cent

and the NMAD is 0.031. Fig. 4.1 shows the spectroscopic redshifts against my

photometric redshift estimates.

Focusing on the high redshift regime, I successfully recover (within 15 per cent of

1 + z) 41 out of 41 objects with a spectroscopic redshift between 4.5 < z < 5.5 and

a 5σ detection in my selection band within the XMM-LSS field. Within COSMOS

I recover 36 out of 38 objects with the same criteria. Examining the SEDs of

these two objects that were unsuccessfully selected shows that both have significant

CFHT-u∗ band detections as a consequence of blending, and hence do not have

an observed Lyman break. Instead, the SED fit misidentifies the drop in flux in

the I-band as being a Balmer break instead of the start of the Lyman Break and

the objects are assigned a redshift around z ∼ 0.8. Such objects are accounted for
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as part of my completeness simulations which are detailed in Section 4.3.1. There

are also found to be no low redshift objects from the spec-z catalogue that have

photoz’s between 4.5 < z < 5.2, with a small number creeping in at the upper end

of the bin 5.2 < z < 5.5. I discuss this further in the next subsection.

4.2.3 Sample selection

To produce a sample of z ' 5 galaxies, I first select 15614 objects which have

a best-fitting SED (minimum χ2) as being a galaxy or QSO within the redshift

range of 4.5 < z < 5.5, have a 5σ detection in the HSC-z band (∼ 5σ rest frame

UV detection) and a < 3σ CFHT-u∗ measurement, if the object lies within the 90

per cent of the area covered by this filter. The strong Lyman break exhibited by

galaxies at these redshifts should result in a non-detection in the CFHT-u∗ band

and so such a cut removes the potential for lower redshift contaminants. However,

it was immediately obvious that these cuts alone were insufficient to produce a

pure sample of z ' 5 galaxies. Examining the redshift distribution of the sample

revealed a large spike in number counts for luminous objects (MUV < −22) with

z > 5.2. Such a spike in number counts can be attributed to Milky Way brown

dwarfs, particularly M-class dwarfs whose optical/NIR colours become degenerate

with high-redshift galaxies at z > 5.2 (see Fig. 4.2 for an example of the colours of

z ∼ 5 galaxies and brown dwarf stars around the redshifted Lyman Break). The

inclusion of the brown dwarf templates from the SpecX dataset was found to reduce

the number of ultra-luminous sources at z > 5.2 by greater than a factor of two,

but a significant spike in luminous objects remained.

A possible solution to this problem is the inclusion of Spitzer IRAC data, which

can break the degeneracy between galaxies and brown dwarf stars. This is because

the brown dwarf stars broadly follow Planck’s law and decrease in luminosity

towards the mid-infrared, while galaxies transition into a dust-driven increase in

luminosity. However, deep Spitzer data has a larger point spread function and

the subsequent source blending issues can further complicate selection. A second

solution would be to introduce an upper limit of z < 5.2 to the UV LF. Such a cut
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Figure 4.2: A colour-colour diagram showing the initial 4.5 < z < 5.5 photometric
redshift sample around the photometric bands that span the Lyman Break. I group the
sample into a 30x30 grid to show how the mean redshift changes across the colour space.
Overplotted in solid black lines is the selection criteria employed by the Ono et al. (2018)
to select galaxies at z ∼ 5 which selects sources in the upper left quadrant. I also show
the colours of typical M and L-class brown dwarf stars as the red points and highlight
that they overlap with the colour space probed by galaxies with redshifts towards the
upper limits (z > 5.2).

only causes a small shift in the mean redshift of the UV LF from z = 4.9 to z = 4.8

and greatly minimise the overlap in colour space between galaxies and brown dwarfs.

I thus proceed with restricting the sample to 4.5 < z < 5.2 and apply an additional

cut of χbest < 100 which removes the worst fit ∼ 1 per cent of objects from the

sample. Because of the potential threat of brown dwarf contamination, the χ2 cut

is more stringent than in the previous chapters. This results in a total of 12,253

galaxy and AGN candidates with which I measure the UV LF.
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Figure 4.3: The completeness curves as derived from my completeness simulation in
each of the three sub-fields, red for XMMD, blue for XMMU and yellow for COSMOS.
For each sub-field I show three lines representing the variability of completeness across
the full redshift bin 4.5 < z < 5.25. Each line is a bin of 0.25 in redshift and from left to
right is high redshift to low redshift. Higher redshift bins are less complete due to the
impact of distance on apparent luminosity. Deeper fields are also more dense due to the
presence of fainter sources, so have a higher probability of blending and hence converge
to lower values of completeness at the bright-end.

4.3 Methods

4.3.1 Selection completeness

The incompleteness of the sample selection can be described primarily through two

effects. The first of these is the probability that an object is lost due to partial or total

blending with a secondary source in the image plane. The second is the dependence

on MUV, redshift and location within the imaging data on whether a source meets

the magnitude cut corresponding to the average 5σ depth in the HSC-z band.

The first effect can be corrected for by examining the segmentation map generated
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by SExtractor for each image. The ratio between the number of unoccupied sky

pixels can be compared to the total number of unmasked pixels to provide the

percentage chance that a randomly positioned source would have significant overlap

with another. In this situation, I assume that a highly blended source (one where

the centre of the source lies on a pixel already occupied by another) is irretrievable.

To correct for the second effect, I conduct a simple simulation where 3.6 million

fake sources are injected into the images (in iterations of a few thousand to prevent

artificially making the image over-dense). These sources have an assumed profile

that is described by a Sèrsic index of n = 1 (Sérsic, 1963; Conselice, 2014) and

have an intrinsic ultraviolet luminosity that is drawn from the redshift evolution

of the UV LF derived in Bouwens et al. (2015). This ensures that I account for

Eddington bias, where the larger number of faint sources have a chance of being

scattered above the 5σ detection limit. Simulated sources have a half-light radius

that is sampled from the results by Huang et al. (2013) at z ∼ 5 and are convolved

with the PSF model. My observations however, are seeing-dominated and so this

make negligible difference to my results.

We restrict the simulation from placing galaxies with a central coordinate that

is occupied by another source. This prevents double counting the first effect and

allows instances of partial (< 50%) blending to occur. The recovery rate as a

function of redshift and UV luminosity is then scaled by the ratio derived for the

loss of galaxies due to heavy/total blending in the image. The derived completeness

curves are presented in Fig. 4.3.

The photometric redshift calculations and additional sample refinements produce

a sample of 12,253 galaxies and AGN within the range 4.5 < z < 5.2 across

5.95 deg2 of the combined XMM-LSS and COMSOS fields. I now proceed to

measure the UV LF of these sources.

4.3.2 The 1/Vmax method

I use the 1/Vmax (Schmidt, 1968; Rowan-Robinson, 1968) to measure the UV LF

of my sample. I calculate the maximum observable redshift zdet by iteratively
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shifting the best-fit SED of each source in small steps of δz = 0.01 and convolve

this with the selection filter (HSC-z) until the galaxy falls below the 5σ detection

threshold. A maximum volume in which the object could have been detected

(Vmax) is thus the co-moving volume contained within the range zmin < z < zmax,

where zmin = 4.5 and zmax = min(5.2, zdet). From this, the rest frame UV LF

(Φ(M)) is be calculated using:

Φ(M)d log(M) = 1
∆M

N∑
i

1
Ci,fVmax,i

, (4.1)

where ∆M is the width of the magnitude bins and Ci,f is the completeness correction

for a galaxy i depending on its location within the sub-fields, f .

The measured uncertainty of the LF is given by:

δΦ(M) = 1
∆M

√√√√ N∑
i

(
1

Vmax,i

)2

. (4.2)

To balance number statistics with resolution in luminosity, I utilise three bin

widths of ∆M = 0.25, 0.5, 1.0. Bin widths of 1.0 are used within the AGN UV LF

at MUV < −23.5; widths of 0.5 are used in the intermediate regime of −23.5 <

MUV < −23 and widths of 0.25 are used for MUV > −23 in the galaxy luminosity

function. Following Chapter 3, the absolute UV magnitude (MUV) is calculated

by convolving a 100Å top-hat filter, centred at 1500Å within the rest frame, on

the best fitting SED of each object. In the final measurement, I do not consider

luminosity bins where the completeness across each sub-field over the full redshift

range is below 50 per cent. While less than 50 per cent complete, bins fainter

than my imposed limits contain large number of candidates due to the shape of

the UV LF, this results in the loss of a few thousand galaxies and a final sample

of 8309 sources used in measuring the UV LF.

Cosmic variance

As the UV LF is measured using a finite volume of the Universe and two sight-

lines, it can be susceptible to biases resulting from the large-scale structure of

the Universe. Finite sight-lines can cause non-representative conclusions to be
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drawn and such an effect is commonly referred to as ‘cosmic variance’. I follow the

treatment described by Trenti & Stiavelli (2008) to determine the effects of this

on my galaxy number counts. While number counts of galaxies increase towards

fainter luminosities, the usable survey area decreases as components of the XMM

field have different magnitude cuts. This leads to a fairly constant cosmic variance

of 6.0-7.5 per cent across the range of absolute luminosities. To be conservative, I

adopt the upper value found of 7.5 per cent across the UV LF, which is added in

quadrature to my LF uncertainty from Equation 2. The 1/Vmax values calculated

from the above processes are presented in Table 4.3.

4.3.3 Fitting the Luminosity Function

In this work, I simultaneously fit for the UV emission of galaxies and AGN instead

attempting to separate them. The work conducted by Bowler et al. (2021) and

summarised in Section 3.5.4 shows this method effectively enables for the transition

between galaxy dominated UV emission and AGN dominated UV emission to

be mapped without the need to rely on spectroscopy or morphology to conduct

selections. To the AGN population, I fit the commonly used double power law

(DPL). To the galaxy population, I trial both the Schechter and DPL functional

forms in order to asses the quality of the fits and what impact their use has on

the luminosity dependent fraction of sources with AGN dominated emission. It is

worth noting that both the DPL and Schechter functional forms are not physically

motivated and are used simply because they have been found to describe the basic

shape of luminosity functions. The above methodology assumes that objects fall

onto either the AGN LF or the galaxy LF. In reality, sources classed as AGN are

galaxies with inflated UV emission and subsequently, these small numbers of host

galaxies will be missing from the galaxy LF.

To conduct the model fits, I combine my LF results with those of other studies

that probe luminosity regimes beyond what is possible with the dataset used here.

I use Niida et al. (2020) and Bouwens et al. (2021) for the brightest AGN and

faintest galaxies respectively. These are selected on the basis of having similar
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mean redshifts for their samples (z = 4.9) compared to my own and their ability to

constrain the UV LF beyond the luminosity range probed by my own results. I use

data points from Niida et al. (2020) forMUV < −24.5 and data points from Bouwens

et al. (2021) for −20.2 < MUV, providing total coverage of −28.5 < MUV < −16.

I fit this total LF with the sum of a DPL for the AGN component and either a

Schechter or DPL for the galaxy population.

The two models are fit to the data using a Markov-Chain Monte Carlo (MCMC)

implemented using emcee (Foreman-Mackey et al., 2013). The MCMC has 500

walkers which each burn in for 100,000 steps before mapping the posterior distribu-

tion for a further 20,000 steps. The walkers are initially distributed uniformly over a

wide parameter space and priors for each parameter are set to be wide and uniform.

4.4 Results

In Fig. 4.4 I show the the 1/Vmax points and the MCMC fits over the range in which

my data is able to constrain the UV LF. In Fig. 4.7 I extend the luminosity range to

cover the full AGN and galaxy UV LF. I provide the tabulated list of my data points,

measured from the combined COSMOS and XMM-LSS fields, in Table 4.3. The

best-fit parameters derived from my model fitting process are provided in Table 4.2.

The sample spans −25 < MUV < −20.5 and covers the transition between AGN

and galaxy dominance as well as the ‘knee’ of the galaxy LF. My measured number

densities for the galaxy population are in close agreement with results from recent

literature where there is overlap, particularly those from Bouwens et al. (2021) and

Ono et al. (2018). In the AGN regime, the lower cosmic volumes in my fields limit

my ability to probe the AGN LF brighter than MUV < −25. At lower luminosities,

where the data overlap, I find AGN space densities slightly lower than those found

by Niida et al. (2020), although the significance is low.

4.4.1 The Galaxy LF

Comparing the quality of the two functional forms trialled to fit the galaxy UV LF,

the DPL is found to perform better than the Schechter function. However, breaking
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Figure 4.5: Contour plots showing the results of the MCMC process on the combined LF
measurements from this work and those of Niida et al. (2020) and Bouwens et al. (2021).
Displayed are the 1σ and 2σ confidence intervals for 1-D and 2-D posterior distributions
for the Sch+DPL functional form. The parameter set labelled with the subscript ‘AGN’
refers to the DPL parameters for the AGN luminosity function. The remaining parameters
describe the Schechter function for the galaxy luminosity function.
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Figure 4.6: Contour plots showing the results of the MCMC process on the combined LF
measurements from this work and those of Niida et al. (2020) and Bouwens et al. (2021).
Displayed are the 1σ and 2σ confidence intervals for 1-D and 2-D posterior distributions
for the DPL+DPL functional form. The parameter set labelled with the subscript ‘AGN’
refers to the DPL parameters for the AGN luminosity function. The remaining parameters
describe the DPL function for the galaxy luminosity function.
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Table 4.3: The measured rest-frame UV LF and its error margin at 4.5 < z < 5.2.
Column 1 shows the absolute UV magnitude at 1500Å. Column 2 shows the number density
of objects and column 3 shows the errors in the number density which are calculated with
equation 2.

MUV Φ(10−4) δΦ(10−4)
[mag] [mag−1Mpc−3] [mag−1Mpc−3]
−25.000 0.00024 0.00022
−24.000 0.00049 0.00032
−23.150 0.0044 0.0014
−22.875 0.010 0.003
−22.625 0.037 0.006
−22.375 0.189 0.013
−22.125 0.259 0.024
−21.875 0.621 0.051
−21.625 1.184 0.094
−21.375 2.364 0.186
−21.125 3.364 0.270
−20.875 4.697 0.369
−20.625 6.575 0.510

down the contributions from each data point towards the total χ2 value reveals that

the largest contributions arise from data points much fainter than the transition

regime. Significant χ2 contributions arise from the Bouwens et al. (2021) data points

faintward of MUV > −19. In this luminosity regime, my Sch+DPL fit is found to

underestimate the number density of these faint galaxies. The shallow faint-end

slope is found to be driven by the data points between −20.75 < MUV < −19, where

there is a transition between the use of my own data and that of Bouwens et al.

(2021). A small discontinuity as a result of the slightly different mean redshifts,

cosmic variance or similar effects resultant from combining two different studies

could thus drive a shallower slope and be the reason the Sch+DPL functional form

fails to replicate observations at the very faint end.

Contrarily, the DPL+DPL functional form is found to be capable of successfully

replicating observations across the full luminosity range. The greatest contributor

to the total χ2 of the DPL+DPL fit is the Niida et al. (2020) data point located

at MUV = −25.05. From MUV ∼ −23.25, the UV LF data points are found

to be in excess of the result obtained from the Sch+DPL fit but well matched
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by the DPL+DPL fit. This contrast is the result of the DPL+DPL functional

form providing greater numbers of highly luminous galaxies MUV < −22.5. By

MUV ∼ −23.5 the number density of galaxies found by both functional forms differ

by an order of magnitude. The result of this is a transition which is brighter and more

gradual between galaxy and AGN dominated UV emission in the DPL+DPL case.

4.4.2 The AGN LF

Our fits to the AGN LF favour a bright value for the characteristic luminosity

(M∗
AGN ∼ −27.5) and a steep bright-end slope, in agreement with the results from

McGreer et al. (e.g. 2013); Yang et al. (e.g. 2016); McGreer et al. (e.g. 2018) but in

contrast to results which favour a fainter characteristic luminosity of AGN∗ ∼ −25

(e.g. Niida et al., 2020). However, the constraints on the bright-end AGN population

(MUV < −28) are poor and the bright-end slope is subsequently measured to have

very large errors. Past measurements of the AGN LF at z ∼ 5 have measured the

bright-end slope βAGN to be within the range of −4 < βAGN < −2.5 and many

studies have elected to fix βAGN as part of their fitting processes (McGreer et al.,

2013, 2018; Niida et al., 2020). To examine the impact of fixing the value of βAGN,

I repeat my fits with βAGN fixed to two common values, −4 and −3. The results

using these fixed β values are presented alongside the main result in Table 4.2.

These fits show that fixing the bright-end slope βAGN to shallower values causes

a significant shift in the remaining DPL parameters. In particular, the characteristic

luminosity shifts fainter and the faint-end slope becomes flatter. This degeneracy

between the DPL parameters explains the difference between my results and those

found by Niida et al. (2020), showing that a fainter value of M∗
AGN can be obtained

by fixing βAGN to shallower values. While the choice to fix the bright-end slope

can lead to large shifts in the DPL parameters, the consequence of this on the

AGN fractions displayed in Fig. 4.8 is found to be negligibly small. Significant

deviations in number densities only occur when extrapolating to the most extreme of

luminosities (MUV � −28 and MUV � −22). This will be important consideration

when estimating AGN contributions to the budget of ionising photons.
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4.5 Discussion

4.5.1 The transition between AGN and LBG dominance

Within the luminosity range −24,MUV < −23 there is a clear transition in the UV

LF from the bright-end galaxy population to the faint-end AGN population. While

the two functional forms to describe this transition remain difficult to distinguish,

in Fig. 4.8 I show that they provide notably different predictions for how the

AGN fraction of objects changes with absolute UV luminosity. The transition of

galaxy to AGN dominance in UV emission is much sharper in the case where a

Schechter function is used to describe the bright-end of the galaxy population than

in the case where a DPL is used. The 50 per cent crossover is found to occur

at MUV = −23.65 in the DPL+DPL case and MUV = −23.1 in the Sch+DPL

case. Compared to results from z ∼ 4 in Chapter 3, the transition from AGN

to galaxy dominance is shifted brightwards by around 0.25 mags at z ∼ 5. This

is primarily a result of the significant drop in the normalisation of the AGN LF

between these two redshift bins, where the AGN number density is measured to

be around 0.8 dex lower at z ∼ 5 compared to z ∼ 4, while evolution in the

galaxy population is much lower (0.1-0.2 dex).

Distinguishing between the two functional forms is necessary when considering

the number density of ultra-luminous galaxies (MUV < −23). By MUV ∼ −23.5,

the two functional forms provide galaxy number densities that contrast by ∼ 1 dex.

Because galaxy dominated UV emission is extended a further 0.25mags brighter

at z ∼ 5 compared to z ∼ 4, it should be easier for observations to determine if

the galaxy LF follows a Schechter or DPL functional form as more of the bright-

end slope is available without significant AGN contamination. My observations

around and brighter than the ‘knee’ of the galaxy LF suggest that the DPL+DPL

functional form is a better fit to the total UV LF. In particular, the DPL+DPL

functional form is capable of successfully reproducing my observations in the key

luminosity regime of −24 < MUV < −22.5.
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The evolving comoving space density of galaxies with MUV < −22.5 provides

insight into the build up of the most massive/luminous objects in the early universe

and the impact of high-luminosity sources on cosmic reionisation (e.g. Ouchi et al.,

2009; Bowler et al., 2017; Stefanon et al., 2019; Bowler et al., 2020; Forrest et al.,

2020; Neeleman et al., 2020). Such objects are also rare enough that hydrodynamical

simulations do not yet provide sufficient volumes to recover them (Feng et al., 2016;

Vijayan et al., 2021), meaning wide area surveys are presently the primary way

to gain insight into these objects.

As a consequence of the strong evolution in the AGN space density from z ∼ 4

to z ∼ 5 (see also McGreer et al., 2013; Jiang et al., 2016), number statistics at

MUV < −23.5 are relatively poor compared to those at z ∼ 4 from Chapter 3. Past

AGN focused studies that probe faint AGN (MUV > −24) with wide survey areas

(e.g. McGreer et al., 2013; Niida et al., 2020) all employ criteria that favourably

select AGN which are unobscured, which are typically characterised as being point-

source-like with broad emission lines. Work by Bowler et al. (2021) shows that for

MUV > −24, light from the host galaxies becomes increasingly important for sources

containing an AGN. This means that the use of the data points from these AGN

studies that employ very wide areas for luminosities MUV > −24 would not solve

my number statistics issue since their own selection methods would exclude AGN

with large host-galaxy contributions or could potentially include bright but compact

galaxies. In order to further improve number statistics within the luminosity

regime of −24 < MUV < −23, a replication of the methodology undertaken here

on additional extragalactic fields will be required.

4.5.2 Evolution in the galaxy population

To explore the time evolution of the galaxy LF, I compare the results derived in

this study to those obtained at z ∼ 4 in Chapter 3. Focusing on the case where

the galaxy UV LF follows a Schechter function, the measured values of M∗ are

found to be consistent with the M∗ values measured at z ∼ 4. The lack of evolution

in the characteristic luminosity over this time frame agrees with the findings of
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other studies using a Schechter function in this redshift regime (e.g. Bouwens et al.,

2015; Finkelstein et al., 2015; Bouwens et al., 2021). Two primary limitations

for producing highly luminous ultraviolet galaxies are AGN feedback and dust

obscuration. AGN feedback quenches massive galaxies, leading to a reduction in

their star formation rates and ultraviolet emission (e.g. Cole et al., 2002; Benson

et al., 2003; Begelman, 2004; Bower et al., 2006), while dust absorbs ultraviolet light

from highly star-forming galaxies and re-emits in the far infrared (e.g. Gonzalez-

Perez et al., 2013; Ma et al., 2019). A constant characteristic mass indicates that

the impact of these two processes on the galaxy population is unchanging over

the redshift range 3.5 < z < 5.2. Supporting evidence for this conclusion includes

the measured stability in the impact of dust obscuration on the ultraviolet output

of highly star-forming galaxies at high redshifts (Bouwens et al., 2009; Reddy

et al., 2010). In addition, studies of stellar mass functions of passive and star-

forming galaxies, using both observations and simulations, also find that additional

quenching arising from AGN feedback are not required at early times (z > 3) (e.g.

Kaviraj et al., 2017; Davidzon et al., 2017b) and supports my findings.

When examining the stellar mass function of galaxies during this time, it is

found that massive galaxies (log10(M∗/M�) > 9.5) increase in space density by

0.1–0.2dex between z ∼ 5 and z ∼ 4. (e.g. Duncan et al., 2014; Song et al., 2016b).

Under the observed relation between stellar mass and UV emission (M∗ vs MUV;

Duncan et al., 2014; Song et al., 2016b), it is these galaxies that are expected to

contribute towards the space density of UV luminous galaxies (MUV < −21). Since

the increase in the space density of massive galaxies is of the same magnitude as the

increase in the space density of UV luminous galaxies in my sample, there has not

yet been a significant mass-dependent shift in star formation rates. Thus, I find no

evidence that AGN feedback has begun to significantly quench these galaxies, even

though the AGN space density has increased significantly during this time period.

The faint-end slope (α) of the Schechter function is also found to be consistent

between z ∼ 5 and z ∼ 4. This lack of evolution in α contrasts against the

findings in Bouwens et al. (2015); Finkelstein et al. (2015); Bouwens et al. (2021),
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who find α to increase with cosmic time. An increase in α (a flattening of the

faint-end slope) is proposed to be primarily due to the evolution in low-mass dark

matter halos in the halo mass function (e.g. Bouwens et al., 2008; Trenti et al.,

2010; Tacchella et al., 2013; Bouwens et al., 2015). Examining my fits in the faint

galaxy regime (MUV > −19) reveals that the Schechter function fit in this work

underestimates the numbers of galaxies compared to Bouwens et al. (2021). This

shallow slope is driven by the data points that cover the transition from my own

work and the use of the data from Bouwens et al. (2021) (−20.75 < MUV < −19).

Consequently, the lack of α evolution between z ∼ 4 and z ∼ 5 could be the result

of a discontinuity between my data points and those of Bouwens et al. (2021),

caused by slightly different selection criteria, mean redshifts, underestimated cosmic

variance or a combination of all the above.

However, the results from this study indicate that the DPL functional form

provides the better fit to the galaxy LF. In this case, M∗ is found to evolve strongly

with time, unlike results with the Schechter function. My fits match the results of

Ono et al. (2018) and Bowler et al. (2020), both of whom fit the DPL functional

form to the UV LF at z > 4. Instead, the evolution of the LF is described by

a brightening of the characteristic luminosity and a steepening of the bright-end

slope with decreasing redshift. An explanation for the steepening bright-end slope

and build-up of galaxies at M∗ is a gradual rise in dust content and, later on,

AGN-driven quenching within high-mass galaxies over the time period of z ∼ 9 to

z ∼ 4 (Peng et al., 2010; Michałowski, 2015; McLure et al., 2018). In my fit, both

the characteristic luminosity and bright-end slope (β) match the predictions made

by Bowler et al. (2020), where they derive a linear evolutionary model. Extending

the model to lower redshifts, the steepening of the bright-end slope will bring

the DPL into closer agreement with the predictions of a Schechter function. The

findings of Chapter 3 at z ∼ 4 show that both the DPL and Schechter function are

comparable in the goodness of fit and maintain agreement with the Bowler et al.

(2020) evolutionary model within the uncertainties to ∼ 2σ. At lower redshifts,

studies such as Parsa et al. (2016) and Moutard et al. (2020) have shown that the
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Schechter function provides a good fit to the bright end of the galaxy UV LF at

z < 3 and that the space density of ultra-luminous galaxies (MUV < −23) begin

to decrease, leading to a fall in the value of M∗.

Based on these results, there will be an observed transition from a DPL-favoured

model, with a rising M∗ for the UV LF at high redshifts, into one that more closely

matches a Schechter function with a decreasing M∗ at lower redshifts. At early

times, this evolution is likely driven by rising number counts of galaxies that become

increasingly dusty as time advances. AGN feedback then becomes increasingly

dominant at z < 4, leading to mass-dependent quenching and reducing the numbers

of ultra-luminous galaxies MUV < −23.

4.5.3 Evolution in the AGN population

An evolution in the shape of the AGN LF is capable of providing information on

the changing black hole population. This is because the AGN LF is dependent on

both the mass function of active black holes and the distribution of accretion rates

(Hopkins et al., 2005). A change in the shape of the AGN LF can thus be indicative

of a change in either of these two factors. My measurements of the faint-end slope

of the AGN LF indicate that there is no significant evolution in αAGN from z ∼ 5

to z ∼ 4 when compared to results from Chapter 3. The simplest interpretation of

this result is that the rise in the space density of luminous AGN can be attributed

to an increase in the space density of active black holes. This is because a global

increase in accretion rates would reduce the space density of the faintest AGN and

ultimately flatten the faint-end slope. While the mass function of active black holes

has proven difficult to measure at high redshifts (see e.g. Shankar et al., 2009; Cao,

2010; Kelly & Shen, 2013; Habouzit et al., 2021), there is a consensus that the

normalisation in the mass function of active black holes does increase from high

redshifts down to z ∼ 2 (e.g. Croom et al., 2009; Labita et al., 2009; Ikeda et al.,

2012; Niida et al., 2016). Therefore, my results suggest that the increase in the

space density of AGN at this time is fuelled by an increasing number of active black

holes, rather than a change in the behaviour of the active population.
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To compare the relative growth in the space density of AGN with time, I can

employ an evolution parameter (k: McGreer et al., 2013, 2018; Niida et al., 2020),

which is defined as the difference in dex between two luminosity functions at two

different redshifts z1 and z2 (k = log10(Φz1/Φz2)/(z1 − z2)). To calculate k in this

time period, I sample the posterior distributions for the z ∼ 5 and z ∼ 4 luminosity

functions 10,000 times and calculate the ratio of the resultant luminosity functions

at these two time periods. I find that the space density of luminous AGN decreases

from z ∼ 4 to z ∼ 5 by k ∼ −0.72± 0.29 at MUV ∼ −25 and k = −0.75± 0.38 at

MUV ∼ −24 when using the Sch+DPL model. In the DPL+DPL model, I find that

k = −0.82± 0.28 at MUV ∼ −25 and k = −0.68± 0.24 at MUV ∼ −24. Applying

this method of calculating k to the AGN LF derived in Niida et al. (2020) for

z ∼ 5 and Akiyama et al. (2018) for z ∼ 4, the evolution parameter is found to

be approximately k ∼ −0.5 ± 0.12 over the same luminosity range. My results

are thus consistent with the findings of the evolving faint end found in Niida et al.

(2020), while folding in the extra uncertainty due to contamination from bright

galaxies. The measured value of k also matches the findings of studies towards

higher redshifts z ∼ 6 which report k = −0.8 > k > 0.95 at the faint end (Niida

et al., 2020) and k = −0.72 ± 0.11 in the bright end (Jiang et al., 2016), thus

indicating that a strong evolution in the space density across the entire AGN LF

persists over the redshift range 4 < z < 6.

4.5.4 The number density of galaxies around the ‘knee’ at
z ∼ 5

To explore the number density of galaxies further, I break down my UV LF into

the three constituent sub-fields in order to explore the impacts of cosmic variance

on my measurements. Between my own fields, I find that relative to the COSMOS

field the XMMU sub-field is overdense at z ∼ 5 by less than 0.1dex while the

XMMD sub-field is underdense by around 0.15dex. Recalculating the cosmic

variance for each subfield individually provides values of 11-15 per cent across the

luminosity function. Meaning the differences observed between these fields are
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Figure 4.10: A zoom into the ‘knee’ of the z ∼ 5 LF. I beak down my measured LF
into the consituent sub-fields to show the scale of the impact of cosmic variance. Shown
alongside are the results from Ono et al. (2018), the study most comparable to my own
in depth/area combinations.

consistent to within 2σ of expected variability due to large scale structure. Two

1 deg2 fields used in van der Burg et al. (2010) are contained within my dataset

(one in XMMD and one in COSMOS). I note that in both my work and in van der

Burg et al. (2010), the COSMOS field is found to be comparatively higher in

density at z ∼ 5 than that of XMMD.

The primary study which has previously probed the bright-end of the galaxy

population (MUV < M∗) has been Ono et al. (2018) which makes use of the

shallower components of the HSC-SSP survey. Agreement with this study is found

to be very strong across the regime of bright galaxies with M < −20.5. While

the Ono et al. (2018) data points in Fig. 4.10 are corrected for the AGN fractions

shown in Fig. 4.8, agreement between my studies remains as a consequence of

relatively low AGN fractions for MUV > −23. The Ono et al. (2018) study utilises
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colour-colour selections in the optical bands provided by HSC in order to identify

galaxies at z ∼ 5. As a consequence of this, completeness is comparatively low

(around 60 per cent) and detailed studies involving a multi-band version of the

completeness simulation conducted in this study and the degradation of their

deepest images to examine scatter around selection limits were required. The use

of VISTA data and photometric redshifts in my study helps to both reduce sources

of contamination and increase completeness.

4.6 Conclusions

We utilise the final data release of VIDEO and DR4 of the UltraVISTA survey

programme, alongside the optical photometry available in the XMM-LSS and

COSMOS fields, to measure the rest-frame UV LF at z ∼ 5 from −25 < MUV <

−20.5 with 8309 galaxies and AGN selected using a comprehensive photometric

redshift treatment. I combine these results with work from recent literature to

increase the luminosity range available in order to model the total UV LF for sources

in the range −28 < MUV < −16. My conclusions based on this are as follows:

1. The transition from AGN dominated UV emission to galaxy dominated

emission is found to occur ∼ 0.25mags brighter than the transition found at

z ∼ 4. This shift is primarily the result of the significant drop in the comoving

space density of AGN from z ∼ 4 to z ∼ 5 (∼ 0.8 dex) verses the fall in the

space density of bright galaxies (< 0.2 dex).

2. Distinguishing which functional form better describes the galaxy population

(Schechter or DPL) remains difficult in this redshift regime. I find that

the DPL functional form provides a better fit and is capable of replicating

observations of the galaxy LF across the full range of data available. The fit

parameters agree strongly with those derived from Bowler et al. (2015) and

Ono et al. (2018) and match the strong evolutionary trends found at higher

redshifts (z > 6) by Bowler et al. (2020). The steepening of the bright-end

slope with time explains why studies at lower redshifts (z < 3; Parsa et al.,
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2016; Moutard et al., 2020) find that a Schechter function well describes

observations. It also shows that elevated space densities of luminous galaxies

at earlier times z > 3, compared to an exponential cutoff, are due to a lack of

dust obscuration and quenching from AGN feedback.

3. Cosmic variance between the sub-fields used is found to agree within 2σ of

predictions made using the treatment developed in Trenti & Stiavelli (2008).

The use of 6 deg2of sky enables for uncertainty as a consequence of cosmic

variance to be reduced to a level of 7.5 per cent and it remains the dominant

source of uncertainty in the galaxy LF.

4. Fits to the faint-end slope of the AGN LF are found to be steep (α < −1.75)

and match those measured in Stevans et al. (2018) and Chapter 3 at z ∼ 4.

The reason for this is likely the non-exclusive nature of the sample selection

procedure, enabling the sample to contain AGN which have significant UV

contributions from their host galaxies as found in Bowler et al. (2021). A lack

in the evolution of the faint-end slope can be explained by a simple rise in

the normalisation of the active black hole mass function at this time.

5. Degeneracies between the DPL parameters used to describe the AGN LF are

found to be significant within the commonly adopted values of the bright-end

slope (−4 < β < −2.5). Contrasting results between past studies are likely

a result of electing to fix β based on an independent handling of the bright-

end before extending the model to the rest of the LF. I find that fixing the

bright-end slope of the AGN LF leads to a negligible change in the luminosity

dependent AGN fraction over the transition regime of −24 < MUV < −23.

However, when it comes to extrapolating the AGN LF fainter still (e.g.

to calculate AGN contributions to reionising photons), improved number

statistics of ultra-bright AGN (MUV < −27) are also required in order more

accurately determine the respective values of β and M∗ and relieve the

degeneracy on the faint-end slope.
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5.1 Overall Conclusions

In this thesis, I have presented the results from a series of studies targeting the

evolving population of luminous and massive galaxies over 90 per cent of the

Universe’s lifetime. This has included measuring the stellar mass function of

galaxies from 0.1 < z < 2.0 and the ultraviolet luminosity function of both

galaxies and AGN from 3.5 < z < 5.2 in order to provide strong observational

limits with which to further the development of theories of galaxy formation and

evolution, in particular on AGN feedback, merger rates of massive galaxies and

dust obscuration in the early Universe.

177



178 5.1. Overall Conclusions

In Chapter 2, I provided a robust examination of the stellar mass function using

∼ 320, 000 galaxies at 0.1 < z < 2.0. In this work I found that the use of Spitzer

3.6µm and 4.5µm photometry did not have a significant impact on the redshift

distribution of sources calculated with photometric redshift template fitting methods.

However, it was found to be influential in removing some of the degeneracy between

Milky Way stars and massive galaxies at redshifts 0.5 < z < 0.75 and 1.0 < z < 1.25.

I also used photometry derived from a new software package ProFound and show

that the choice of source extraction software led to no significant change in the

results (< 1σ on each of the parameters of the double Schechter function). The use of

6deg2 of survey area over two fields drastically reduces the impact of cosmic variance

compared to previous studies and provides much greater number statistics for the

high-mass end of the stellar mass function. This combination of depth and area

enables the measurement of an evolving characteristic mass M∗ that grows by over

0.2dex between z ∼ 1.5 and z ∼ 0.5, matching predictions from the hydrodynamical

simulation EAGLE. I show that the massive population of galaxies is still growing

over this redshift range. This is likely due to the merging of galaxies, since the

high-mass end is found to be dominated by quenched galaxies with star formation

rates of more than a factor of 10 lower than the star forming main sequence.

In Chapter 3, I use 46,904 sources at z ∼ 4, with ∼ 90 per cent complete-

ness, to measure the transition between AGN- and galaxy-dominated ultraviolet

emission in the ultraviolet luminosity function. The key finding was that both

a Schechter function and DPL parameterisation were capable of describing the

observed luminosity function, however they are found to quickly deviate at the

high-luminosity end of the UV LF. For galaxies with luminosity MUV < −23.5,

the number density between the two functional forms contrast by greater than an

order of magnitude. This leads to a drastic difference in the luminosity-dependent

AGN fraction, meaning that a study capable of accurately classifying sources with

luminosity in the range −24 < MUV < −23 should solve whether the ultraviolet

luminosity function of galaxies is better described by a DPL or Schechter function.

This would be an important advancement because the true number densities of
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ultra-luminous galaxies are necessary to constrain the impact of feedback processes

on star formation, as well as determining the amount of dust in galaxies. Alongside

these findings, my results show that the faint-end slope of the AGN luminosity

function is steep αAGN < −1.7, which indicates that faint or obscured AGN activity

is more prevalent than originally thought at this time.

In Chapter 4, the work from the previous chapter is expanded to a higher redshift

sample at 4.5 < z < 5.2. In this work, I find that the DPL is better fit to the galaxy

UV LF than a Schechter function. This distinction is possible because of the lower

space density of AGN at this time compared to z ∼ 4, enabling for more of the

bright end of the LF to be captured before significant AGN contamination becomes

an issue. The DPL functional form shows that there are more galaxies of very high

UV luminosity (MUV < −22.5) at z ∼ 5 than otherwise predicted in the past with

Schechter functions. The observed evolution the the ultraviolet luminosity function

of galaxies can be explained by a population of galaxies that become increasingly

dusty with time. The onset of AGN feedback at lower redshifts (z < 3) explains

why observations of the luminosity function at later times more closely follows the

exponential fall off of a Schechter function. I also find that the AGN population

exhibits a much stronger evolution in number density than the galaxy population

between z ∼ 5 and z ∼ 4. This can be explained by a rise in the space density of

active black holes and it results in a 0.25mag shift in the UV luminosity-dependent

AGN fraction, with the transition between AGN and galaxy dominated emission

occurring at brighter magnitudes at z ∼ 5 compared to z ∼ 4.

Combined, this work on deep optical and near-infrared surveys shows that

there is considerable evolution in the number density of the most luminous and

massive galactic systems throughout most of the lifespan of the Universe. In order

to develop this work further, greater number statistics are required, alongside a

deeper understanding of the systematic and observational errors behind stellar

mass estimations. These will enable for better constraints of the bright/massive

population of galaxies and AGN, and will also counter the effects of the Eddington

DRAFT Printed on October 15, 2021



180 5.2. Future Work

bias in the stellar mass function, which remains an important roadblock for future

studies to consider.

5.2 Future Work

5.2.1 A spectroscopic study of the AGN-galaxy transition
regime −24 < MUV < −23 at high redshifts

The luminosity dependent AGN fractions derived in Chapters 3 and 4 (see Fig.3.8 and

Fig.4.8) show that there is a clear distinction between the predicted AGN fractions

when using a Schechter function or a double power law in the luminosity range

−24 < MUV < −23. As a consequence of this, a high-completeness spectroscopic

survey could be capable of successfully answering whether the galaxy ultraviolet

luminosity function at high redshifts is better described by a Schechter function or a

DPL. With such a survey, I would be able to measure common AGN diagnostic lines

in the rest-frame ultraviolet (e.g. CIV, HeII), enabling for the accurate classification

of sources in this key luminosity range. The number of sources present in the

COSMOS and XMM-LSS fields (45 between −24 < MUV < −23) will provide high

enough number statistics to enable the AGN fraction to be constrained to within 5

per cent based on the binomial confidence interval of separating the two populations.

In Fig. 5.1 I present the ultraviolet luminosity function at z ∼ 4 as measured in

Chapter 3 and highlight the region of interest. Alongside, I show the luminosity-

dependent AGN fraction and an example of the limits that could be set by such

a spectroscopic study. The work will require spectroscopic measurements to be

taken for 36 sources of the total sample of 45, the remainder of the galaxies already

have spectra that were obtained by Boutsia et al. (2018) in the COSMOS field.

The sources have apparent magnitudes 22 < mi < 23.5, which mean secure line

diagnostics could be obtained with exposure lengths of 20-50 minutes per source

on an 8 meter class telescope (e.g. XSHOOTER/VLT or MOONS). The use of a

spectrograph with a wavelength range that extends into the near-infrared would

also enable the MgII line to be observed and a black hole mass estimate could

then be conducted for those sources identified as AGN. The MgII emission line
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is emitted as part of the broad line region (BLR) of AGN, where high rotational

velocities of orbiting gas around the black hole lead to significant red/blueshifting

of the emitted light. Work by McLure & Jarvis (2002) has shown that the breadth

of the line correlated with black hole masses and that black hole mass estimations

can be made with some simple assumptions regarding the orbital geometry of the

BLR. Comparisons with other methodologies to obtaining black hole masses, such

as reverberation mapping, have shown this method to be a good estimator.

Such a spectroscopic study would provide a definitive answer regarding the

number densities of galaxies brighter than MUV < −23 at high redshifts. These

galaxies will be hosts to high levels of unobscured star formation. The combination

of spectroscopy and template fitting will be used to explore the space density,

stellar mass and star formation rate of these dust-poor systems and examine their

potential impact on the reionisation process. In addition, the results will constrain

how common weak or obscured AGN activity was when the Universe was less than

10 per cent of its current age. Obtaining the numbers of these sources at high

redshifts are necessary in order to understand how black holes have grown, why

there is this rapid increase in activity from 4 < z < 6 and what impacts AGN

feedback may have had on star formation at earlier times.

5.2.2 Synergy between the Optical/NIR surveys and the
upcoming MIGHTEE radio survey

The catalogue of galaxy photometry and photometric redshifts produced as a part

of this work has the potential to be of additional scientific use outside of the studies

conducted within this thesis. In particular, the MeerKAT International GigaHertz

Tiered Extragalactic Exploration survey (MIGHTEE) will be targeting the very

same fields with new, deep radio imaging. The survey has already begun and will

continue to take data for the next four years. There will consequently be substantial

overlap of observations between these new radio data and the optical/NIR data

that already exists in these fields. This will allow for near-UV to near-infrared

diagnostics of galaxies to be compared to their radio counterparts.
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Figure 5.2: An example of the results produced by combining the work conducted in
this thesis with MIGHTEE data. Here, the mass of a galaxy in the form of stars and in
the form of neutral hydrogen (HI) are compared against each other. My work contributed
the stellar mass measurements used for the x-axis of this diagram. Source:Maddox et al.
(2021)

One example of the work that could be undertaken is the comparison of mass

in HI (neutral hydrogen in the cold gas reservoir) and the stellar mass of galaxies.

Shown in Fig. 5.2 is the result of an early attempt to carry out this type of work

using stellar masses from my catalogues, as well as early science results from the

MIGHTEE survey in the COSMOS field (Maddox et al., 2021). HI detections

from MIGHTEE are available only for very low redshift galaxies, thus stellar

mass calculations are required to be conducted with the use of total photometry,

as opposed to aperture photometry used throughout most of this thesis, due to

their large angular sizes. As with the ultraviolet luminosity function, a radio

luminosity function can also be derived using the combination of my photometric

redshift estimates and radio flux measurements. Radio flux can be generated due to

synchrotron emission from electrons accelerated from supernova explosions or from
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AGN. The long wavelengths of radio waves mean they do not interact with dust and

thus, they provide a way to estimate unobscured star formation and AGN activity.

This work was conducted in Malefahlo et al. (2020) using 1.4GHz data from the

Very Large Array (VLA). Combining my work with MIGHTEE will enable for a

deeper understanding the connection between star formation (radio continuum) and

the cold gas reservoir (HI) to be made, as well as the impact of dust obscuration

on measurements made in the rest-frame ultraviolet and optical regimes, through

comparisons between UV and radio-based estimations of star formation rates.

5.2.3 The next generation of multiwavelength, wide-deep
surveys

Beyond the survey programmes used in this thesis, in the next decade the Vera Rubin

Observatory, Euclid Space Telescope and Nancy Grace Roman Space Telescope will

seek to vastly increase the survey areas available with deep optical and near-infrared

imaging. This will lead to multiple tens of square degrees with depths comparable

to that of the COSMOS and XMM-LSS fields. This data will significantly reduce

the impact of cosmic variance (the largest source of error for faint-end/low-mass

galaxies) and provide greater number statistics for the bright-end/high-mass galaxies

(with Poisson statistics being the dominant source of error for these objects) in the

luminosity/mass functions at high redshifts. The precise functional form of the

ultraviolet luminosity function has important consequences for the predicted yields

of high-redshift galaxies from these survey programmes, since the DPL and Schechter

functional forms deviate by greater than 1dex for MUV < −23.5. Combined, these

surveys will expand the work presented in this thesis to higher redshifts z > 5 and

larger luminosity ranges. I will use this data to provide greater insight into the

evolution of rarest, most luminous sources present in the early Universe. Science

goals include identifying galaxies hosting the largest supermassive black holes at

z > 7.5, providing the necessary observational constraints to further understand

the growth and formation of these mysterious objects, and finding UV-luminous

galaxies embedded in ionised bubbles during the Era of Reionisation z > 7.
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5.2.4 Towards the first galaxies and stars with JWST

The launch of the James Webb Space Telescope (JWST) is anticipated to occur

before the end of 2021. This new facility is equipped with state-of-the-art near-

infrared imaging and spectroscopic facilities, with a key goal to search for galaxies

with extreme redshifts z > 7. Survey programmes planned with the JWST will

enable for measurements fainter than the knee of the ultraviolet luminosity function

to be conducted for galaxies in this early time period. I will use the narrower

but deeper observations provided by this facility to complement observations that

will be undertaken by the Vera Rubin Observatory and Euclid Space Telescope.

Combining observations from these facilities will provide a full picture of ultraviolet

emission and galaxy growth in the Era of Reionisation. Within the next few years,

I aim to utilise JWST data to measure the evolution in the UV LF at redshifts

7 < z < 12. The galaxies identified at these redshifts will be used to map the

growth of stellar mass and impacts of dust obscuration in this early time. Follow

up programmes using spectroscopy will be developed to measure black hole masses

for AGN candidates and conduct searches for evidence of Population III stars (e.g.

using strong HeII emission, di Serego Alighieri et al. (2008)).

5.3 Final Remarks

The work presented in this thesis is one step among many to understanding the

formation and evolution of galaxies and AGN. Within the next decade, a series of

large scale projects on the ground and in space will vastly improve data quality

and volume, enabling astronomers to once again break the record for the most

distant galaxy found, the oldest supermassive black hole discovered or the earliest

reionisation bubbles. However, with these new powerful instruments it is the

unexpected which excites us all the most. It is these that will provide daring

new challenges to our understanding and maintain that passion humanity has

for exploration.
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Figure 5.3: The Hubble Ultra Deep Field (HUDF), one of the deepest images of the
sky taken to date. Credit: NASA, ESA, R. Ellis (Caltech), and the HUDF 2012 Team
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Scathing eyes ask that we be symmetrical, one sided
and easily processed. Yet every misshapen spark’s
unseen beauty is greater than its would be judgement.

— Monty Oum
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