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Abstract

This thesis utilises all five fields of the CANDELS survey to probe galaxy evolution

out to redshift I ∼ 7 in the context of size, surface brightness, and structure. Both the

optical and ultraviolet (UV) rest-frames are used depending on the context.

We present a size analysis of a sample of ∼ 49,000 galaxies from the CANDELS

GOODS-North and GOODS-South fields using redshift-independent relative surface

brightness metrics to determine an unbiased measure of the differential size evolution

of galaxies at 1 < I < 7. We introduce a novel method for removing foreground objects

from distant galaxy (I > 3) images that makes use of the Lyman break at 912 Å, in

what we call ‘2D Lyman-break Imaging’. The images used are in the rest-frame optical

at I < 3 and progressively bluer bands at I > 3. We separately consider a mass-

selected sample (with masses in the range 109"� < "∗ < 1010.5"�) and a number

density-selected sample (using a constant number density of = = 1 × 10−4 Mpc−3).

We use the redshift-independent Petrosian radius as a proxy for size. We use different

definitions of the Petrosian radius tomeasure the inner and outer radii to determinewhere

size change occurs within a galaxy. The evolution of the measured size can be described

by a power-law of the form 'Petr = U(1 + I)V kpc where V < 0. We find that the

outer radius increases more rapidly, suggesting that as a galaxy grows, mass is added

to its outer regions via an inside-out growth mechanism. This growth is stronger for

the number density selected sample, with the outer radii changing by a factor of ∼ 3.4

compared to ∼ 2.6 for the inner radii. We test and confirm these results using a series

of image simulations.

Next, we investigate the rest-frame UV surface brightness (SB) evolution of galaxies

up to I ∼ 6 using a variety of deep Hubble Space Telescope (HST) imaging. We find

a very strong evolution in the intrinsic SB distribution with a decrease of 4-5 mag

arcsec−2 between I = 6 to I = 1. This change is much larger than expected in terms

of the evolution in UV luminosity, sizes or dust extinction and we demonstrate that this

evolution is ‘unnatural’ and due to selection biases. We also find no strong correlation

xxx



between mass and UV SB and thus, deep HST imaging is unable to discover all of

the most massive galaxies in the distant universe. Through simulations we show that

only ∼ 16% of galaxies that we can detect at I = 2 would be detected at high-I. We

furthermore explore possible origins of high SB galaxies at high-I by investigating the

relationship between intrinsic SB and star formation rates. We conclude that ultra-high

SB galaxies are produced by very gas rich dense galaxies which are in a unique phase

of evolution, possibly produced by mergers. Analogues of such galaxies do not exist in

the relatively nearby universe.

Finally, we explore the quantitative non-parametric structural evolution of ∼ 16, 000

galaxies up to I ∼ 3 in all five CANDELS fields. A fundamental feature of galaxies

is their structure and how this evolves, yet we are just now deriving this evolution in

quantitative ways. Our goal is to investigate how the structure changes with time with a

focus on how the concentration and asymmetry of light evolve in the rest-frame optical.

To interpret our galaxy structure measurements, we also run and analyse 300 simu-

lation realisations from IllustrisTNG to determine the timescale of mergers for the CAS

system. We measure that from I = 0 − 3, the median asymmetry merger timescale is

0.56+0.23
−0.18 Gyr, and find it does not vary with redshift. Using these data, we find that

galaxies become progressively asymmetric at a given mass at higher redshifts and we

derive merger rates which scale as∼ (1+I)1.87±0.04 Gyr−1, which agrees well with recent

machine learning and galaxy pair approaches, removing previous inconsistencies. We

also show that far-infrared selected galaxies that are invisible to HST have a negligible

effect on our measurements. Furthermore, we find that galaxies are more concentrated

at higher redshifts. This is interpreted as a sign of how their formation occurs from a

smaller initial galaxy that later grows into a larger one through mergers, consistent with

the size growth of galaxies from ‘inside-out’, suggesting that the centres are the oldest

parts of most galaxies.
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Chapter 1

Introduction

1.1 The Λ-CDM Cosmological Model

The Universe began 13.8 billion years ago with the Big Bang, a primordial singularity

with infinite temperature and density. For a period of approximately 380,000 years

following the Big Bang, the Universe expanded and all baryonic matter which was

initially in a ‘primordial soup’ of protons, neutrons, electrons, and photons, cooled,

allowing the formation of neutral atoms. Further cooling allowed the radiation field to

decouple from the baryons. This process, known as recombination (Peebles, 1968a,b),

allowed the cosmic microwave background (CMB) to propagate freely throughout the

Universe. It is this radiation that reveals the initial conditions of the Universe.

The CMB was first discovered inadvertently in 1964 by Arno Penzias and Robert

Wilson (Penzias & Wilson, 1965) and presented itself as a source of excess noise in

radio wavelength observations. This excess noise was found to be uniform across the

sky, no matter the time of day, and this discovery lead to the pair receiving the Nobel

Prize in Physics in 1978. Since this initial measurement of the CMB, further, more

1
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detailed measurements have been made; the Cosmic Microwave Background Explorer

(COBE; Mather et al., 1990) satellite determined that the CMB is almost completely

uniform in temperature, with extremely small fluctuations of Δ)/) ∼ 10−5. The

Wilkinson Microwave Anisotropy Probe (WMAP; Bennett et al., 2003) and Planck

(Planck Collaboration et al., 2014) have confirmed and measured these anisotropies

to extremely high precision. Figure 1.1 shows the increase in the angular resolution

for each successive CMB satellite. Measurements of these CMB anisotropies from

Planck (Planck Collaboration et al., 2014), along with angular diameter distances from

measurements of baryon acoustic oscillations (BAO) from surveys like the 6dF Galaxy

Survey (Beutler et al., 2011) and SDSS’s Baryon Oscillation Spectroscopic Survey

(BOSS; Alam et al., 2017), and luminosity distances from Type Ia supernovae such

as those from the Pantheon sample (Scolnic et al., 2018), can be combined to give

constraints on parameters for a scenario typically known as the Λ-Cold Dark Matter

(Λ-CDM) model. This model predicts that the Universe is currently made up of 31.66

± 0.84% matter, with the remaining percentage made up of an unknown entity known

as dark energy (Λ) (Planck Collaboration et al., 2020). Of the ∼30% matter, just 5%

consists of visible stars, gas, and dust. 25% of matter is cold dark matter (CDM) which,

like dark energy, is an unknown.

The anisotropies present in the CMB are a result of quantum fluctuations in the very

early Universe and these primordial fluctuations had a key part to play in the formation

of structure. Prior to recombination, the primordial elements (helium, deuterium, and

lithium) were formed from the ‘primordial soup’ via big bang nucleosynthesis (Burles

et al., 2001) and were coupled to the CMB. This radiation pressure prevented baryonic

matter from collapsing. Dark matter, an unknown entity making up the majority of

the matter in the Universe, was decoupled from the electromagnetic radiation and as

such, was able to form small over-densities, known as dark-matter halos, around the
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Figure 1.1: Illustration of the increase in precision and angular resolution of the
anisotropies measured within the CMB by COBE (left), WMAP (centre), and Planck
(right). The blue and red regions indicate the small variations in temperature of a
fraction of a degree. Image credit: NASA/JPL-Caltech/ESA.

small fluctuations in density due to their own gravity. Recombination then allowed

the baryonic matter to collapse under gravity and fall into the gravitational potentials

created by the dark-matter halos. Thus began the several million year long ‘Dark Ages’

(Miralda-Escudé, 2003), so-called due to the lack of obvious sources of light. During

this time, the over-densities continued to grow in a hierarchical manner, whereby the

smaller halos collapsed first and merged together to form the larger halos. The baryonic

matter that had fallen into these gravitational potentials was able to fall further into

these dense regions by radiative cooling. This process gave rise to the filamentary

structure seen in the distribution of galaxies and stars today. Eventually, the most dense

concentrations of baryonic and non-baryonic matter had the conditions necessary for

nuclear fusion and thus, the first stars and galaxies were born .

As these stars emitted ultraviolet (UV) radiation, the previously neutral intergalactic

medium (IGM) was ionised during an era known as the Epoch of Reionisation (EoR).
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This era began at I ∼ 15 and ended at I ∼ 6 and was the last major phase change of the

Universe (Thomas et al., 2009; Kulkarni et al., 2017). The time frame for reionisation

is most strongly constrained by the Gunn-Peterson trough seen in the spectra of distant

quasars due to the presence of neutral hydrogen (Gunn & Peterson, 1965; Fan et al.,

2006). Figure 1.2 shows the timeline of these events from the Big Bang, to the present

day.

Figure 1.2: A timeline of the evolution of the Universe, showing the various stages.
It starts with the Big Bang on the left, followed by the time period known as inflation
where the Universe rapidly expanded. It then progresses to the Dark Ages 380,000
years after the formation of the Universe. Following that is the formation of the first
stars, reionisation, and the formation of galaxies. It ends on the right with the present
day, approximately 13.8 billion years after the Big Bang. This thesis focuses on the
time period from the end of reionisation to the present day. Image credit: N.R. Fuller,
National Science Foundation.
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1.2 Galaxy Formation and Evolution Models

The hierarchicalΛ-CDMmodel is themostwidely accepted theory of structure formation

within the Universe (White & Frenk, 1991), and there have been many attempts to

recreate such a formation scenario using numerical simulations (e.g., Cole et al., 2000;

Springel et al., 2005; Nelson et al., 2019a). Such simulations act as a bridge between

the theory and observations. They provide the ability to track galaxies through time to

help us to understand the physical processes that produce the galaxies seen today. It

is possible to simulate galaxies as if they were imaged with specific instruments and

telescopes, which allows comparisons to be made with observational results.

IllustrisTNG (Nelson et al., 2019a) is a recent suite of cosmological, gravo-

magnetohydrodynamical simulations that have been used to model a number of galaxy

properties and their evolution. Genel et al. (2018) use TNG100 to examine the evolution

history of galaxy sizes with stellar mass, star formation rate, and redshift and compare

the results to observations. The size-mass relation is found to be relatively flat up to

"∗ = 1010.5 M� and steeper at higher masses. I explore this relation in §2.4.3 for a

sample of galaxies in the CANDELS GOODS fields. For any given mass, the galaxies

at lower redshifts are larger than their higher redshift counterparts. These results largely

agree with observational results, such as those found by van derWel et al. (2014). Along

with observable quantities such as size, simulations can also be used in the context of

morphological and structural parameters. For example, Huertas-Company et al. (2019)

train a convolutional neural network (CNN) on the visual morphologies of galaxies at

I ∼ 0 in the Sloan Digital Sky Survey (SDSS) and applied the same network to a sample

of 12,000 galaxies within the IllustrisTNG simulation that have been post-processed to

appear as if they were from the same survey. The range of morphologies seen in the

observational data is mirrored in the simulations.
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The Evolution and Assembly of Galaxies and their Environments (EAGLE) simula-

tion suite (Schaye et al., 2015; Crain et al., 2015) is another example of a cosmological

hydrodynamical simulation. The simulation is in a box of size 100 Mpc h−1 on a side

which contains 10,000 galaxies with a size equal to or greater than that of theMilkyWay.

Like IllustrisTNG, EAGLE has been used to examine galaxy properties; Furlong et al.

(2017) determine the evolution of galaxy sizes from I ∼ 2 to I ∼ 0 for both passive and

actively star forming galaxies within the simulation. The trends found in the size-mass

relation are consistent with observations and are within 0.1 dex for I < 1 and 0.2-0.3

dex for 1 < I < 2. The galaxy size is found to increase with decreasing redshift, as

expected.

As simulations allow the tracking of individual galaxies within it, the state of a given

galaxy is known at all times. As such, new techniques used to measure or identify stages

of a galaxy’s lifetime can be tested; Lotz et al. (2008) use GADGET hydrodynamical

simulations (Springel et al., 2001) with the dust radiative transfer code SUNRISE (Jon-

sson, 2006) to create a sample of merging galaxies, the images of which are processed

to match the specifications of SDSS 6-band imaging. Quantitative measures of galaxy

morphology such as asymmetry, concentration, Gini, and "20 and their dependence on

a range of parameters, including the merger stage, are examined. The asymmetry is

a measure of the degree to which the light within a galaxy is rotationally symmetric

(Abraham et al., 1996; Conselice, 2003). Concentration is a measure of the ratio of

two radii containing given fractions of the light within a galaxy Kent (1985). The Gini

coefficient is the ratio of the distribution of light within a galaxy and a perfectly even

flux distribution (Lotz et al., 2004). "20 is the second-order moment of the brightest

20% of a galaxy’s flux (Lotz et al., 2004). I explore the asymmetry and concentration

in more detail in Chapter 4. By identifying mergers in multiple ways, it is possible

to determine the mean timescale for such mergers to occur, and the timescale is found
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to depend on the method used to find mergers. These timescales can then be used to

determine merger rates if a merger fraction has already been measured.

In summary, there are a wide range of simulations available and these simulations

can be extremely useful for testing hypotheses. Observations make it possible to fine-

tune the parameters the simulations are based upon and therefore gain further insight

into the theory of galaxy formation.

1.3 Galaxy Detection

High-redshift galaxies are key to understanding galaxy evolution and there are multiple

methods of for detecting such galaxies. One of the most popular is the Lyman-break

method that makes use of the Lyman limit at 912 Å and was first implemented by

Guhathakurta et al. (1990) and Steidel & Hamilton (1992). Light emitted at higher

energies than this limit is absorbed by the neutral hydrogen gas surrounding star-forming

galaxies and this causes the blue regions of a galaxy’s spectral energy distribution (SED)

to appear to be missing. This missing region is called the Lyman break. At higher

redshifts the light is observed at longer, redder wavelengths. As such, the Lyman break

occurs at redder wavelengths the higher the redshift, and an object will appear to drop-

out in a certain filter. This can be used to identify high redshift galaxies by using images

of galaxies in multiple filters. Figure 1.3 shows an example of a galaxy spectrum and

how it appears in different Hubble Space Telescope (HST) filters.

Such a method revolutionised the detection and study of galaxies in the early Uni-

verse. Imaging of the Hubble Deep Field (HDF; Williams et al., 1996) and Hubble

Deep Field South (HDF-S; Ferguson et al., 2000; Casertano et al., 2000) using the HST

Wide Field and Planetary Camera 2 (WFPC2) allowed the detection of galaxies out to

I ∼ 5 (Madau et al., 1996). Further development of instruments aboard HST (e.g. the
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Near-Infrared Camera and Multi-Object Spectrometer (NICMOS) and the Advanced

Camera for Surveys (ACS)) pushed the detection of galaxies out to I ∼ 6 (e.g., Bouwens

et al., 2003; Thompson, 2003; Bunker et al., 2003; Stanway et al., 2004a,b).

Figure 1.3: An example spectrum of a galaxy showing that the bluer wavelength light is
absorbed and as such, the galaxy only appears in redder filters. Image credit: CANDELS
Collaboration.

At higher redshifts, the Lyman break has been redshifted from optical to near-

infrared wavelengths and as such, prior to the advent of instruments such as the Wide

Field Camera 3 (WFC3) on HST, galaxy detections at I > 6 were limited. The infrared

capabilities of this camera enabled the detection of galaxies out to I ∼ 7 and beyond

(e.g., Finkelstein et al., 2010; Wilkins et al., 2010; Oesch et al., 2010, 2012; Bouwens

et al., 2010).

Another method of detecting high redshift galaxies is by the Lyman-U method. The

neutral hydrogen atoms within the gas surrounding galaxies are ionised by the UV light
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from ongoing star formation, creating Lyman-U absorption lines. This causes a break

at a rest-frame wavelength of 1216 Å instead of at 912 Å as for the Lyman break due

to the Lyman-U forest absorption for high-I galaxies. Galaxies can also be selected

based on the redshifted Lyman-U emission lines and such galaxies are known as Lyman-

U emitters. This technique was first suggested as an indication of young galaxies by

Partridge & Peebles (1967).

Along with techniques such as the Lyman-break method, there are other factors that

affect the detectability of a galaxy; for example, surface brightness effects will affect

how well a galaxy can be observed. These effects are explored in Chapter 3.

1.4 Observable Properties of Galaxies

There are many properties that can be measured using available telescopes and instru-

ments, and such properties can be used to infer the processes that galaxies undergo

during their evolution.

1.4.1 Morphology

One of the first galaxy properties to be measured was morphology. Galaxies are broadly

separated into two distinct classes; elliptical galaxies and spiral galaxies. Elliptical

galaxies are primarily bulge-dominated and are ellipsoidal in shape. Spiral galaxies

are typically disk-dominated and feature one or more spiral arms. These classifications

were most famously visualised by Edwin Hubble (Hubble, 1926) in Hubble’s ‘tuning

fork’ diagram where galaxies lie on a sequence from the bulge-dominated ellipticals to

disks, with a combination of the two in between. This schematic is shown in Figure

1.4, starting with elliptical galaxies on the left and progressing to the more disk-like
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spiral galaxies on the right. The spiral category is separated further into pure spirals

and those with a bar through the central bulge. However, this Hubble sequence is

not representative of all galaxy populations. Some galaxies fit neither the elliptical or

spiral definition and are known as irregular or peculiar galaxies. Such galaxies have

many components such as tails and irregular structure and they are typically associated

with interactions and mergers with other galaxies (Toomre & Toomre, 1972; Schweizer,

1982). In Chapter 4, I explore a non-parametric measure of structure and morphology

for a sample of galaxies at 0.5 < I < 3 within all five CANDELS fields.

Figure 1.4: An example of the Hubble ‘tuning fork’ showing the two broad galaxy
classifications beginning with elliptical galaxies on the left and becoming more disk-
like to the right. The spiral galaxies are split into two further categories; spirals with
many spiral arms and spirals with a bar and two spiral arms. Image credit: NASA &
ESA.
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1.4.2 Colour

Along with morphology, galaxies also display a wide range of colours, a property that

is defined by the ratio of the galaxy’s flux or luminosity in two different photometric

filters. Colour is closely linked to galaxy morphology whereby early-type galaxies,

which include ellipticals and lenticulars, typically appear redder than late-type galaxies,

which include spirals and peculiars. Therefore, an early-type galaxy will have a higher

luminosity in a redder, longer wavelength filter than a bluer, shorter wavelength filter

(Roberts & Haynes, 1994). This bimodality can be seen in a galaxy colour-magnitude

diagram, an example of which is shown in Figure 1.5; the two groups - the red sequence,

home to early-type galaxies and the blue cloud, home to late-type galaxies - are easily

distinguishable.

The observed colour is also indicative of the age of stellar populations within a

galaxy; redder, early-type galaxies tend to be older compared to the bluer, late-type

galaxies. Therefore, early-type galaxies must have ceased their star formation earlier

than late-type galaxies. This difference in colour, and therefore age, suggests a difference

in the process and formation histories between the two types. By examining various

galaxy properties, it is possible to begin to determine the cause of these differences.

1.4.3 Size

Galaxy size is one of the simplest properties to measure, and can be taken directly

from galaxy images. The evolution of galaxy size is important in understanding the

processes that galaxies undergo to produce the galaxies we see today. Size has been

shown to increase with time, primarily by measuring the effective radius of a sample of

galaxies. Studies using theHubble Space Telescope’sAdvanced Camera for Surveys and

Near Infrared Camera and Multi-Object Spectrometer have shown that there is strong
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Figure 1.5: Colour (6 − 8) vs 8-band absolute magnitude for galaxies from SSDS DR7
within the Coma supercluster. Each galaxy is coded depending on its morphological
type with early-type galaxies in red and late-type galaxies in blue. Green points indicate
bulge-dominated galaxies. The two types can be easily distinguished as two separate
groups; the red sequence and the blue cloud. Figure from Gavazzi et al. (2010).

evolution of the effective radius since I ∼ 3 (Trujillo et al., 2007; Buitrago et al., 2008;

Cassata et al., 2013). Other studies involving the CANDELS survey have also shown

this evolution (Buitrago et al., 2008; Bruce et al., 2012; Buitrago et al., 2013; Patel et al.,

2013; van der Wel et al., 2014). Along with space based observations, ground based

observations also show such an evolution (van Dokkum et al., 2010; Carrasco et al.,



1.4. Observable Properties of Galaxies 13

2010). Although these previous works show an evolution, the factor by which the size

changes across this redshift range of 0 < I < 3 varies between a factor of 2 (van der Wel

et al., 2008) and a factor of ∼7 (Buitrago et al., 2008).

Once higher redshifts are reached, the size evolution becomes less steep compared

to that seen at lower redshifts. The size is found to evolve as (1 + I)V up to I ∼ 7 where

V ' 1 (Bouwens et al., 2004; Oesch et al., 2010; Straatman et al., 2015; Curtis-Lake

et al., 2016; Allen et al., 2017). The effect of galaxy mass has also been explored;

massive galaxies are more compact at higher redshifts than those of a similar mass at

low redshift (Ferguson et al., 2004; Cimatti et al., 2008).

This observed size evolution is thought to be due to the accretion of gas and dust

from the intergalactic medium and through the merging with other galaxies (e.g., Fer-

reras et al., 2009; López-Sanjuan et al., 2012). Accretion has been found to be the

most significant formation scenario amongst massive galaxies (Conselice et al., 2013;

Ownsworth et al., 2016) and mergers have been suggested to be the predominant cause

of the size growth of massive galaxies (Bluck et al., 2012). Simulations also confirm

that mergers are a significant cause for galaxy growth (e.g., Wellons et al., 2016).

Previous works use the effective, or half-light, radius as a measure of size. However,

such measurements can be subject to biases as a result of redshift and cosmological

dimming. These issues can be resolved by instead using the redshift-independent

Petrosian radius that is determined by the ratio of the surface brightness at a given radius

to the surface brightness within that radius (e.g., Bershady et al., 2000; Conselice, 2003).

This method of measuring size allows us to probe where in the galaxy the size grows

the most and can indicate how galaxies grow with time.

In Chapter 2, I explore this size evolution using the Petrosian radius, a redshift-

independent measure of size, for a sample of mass-selected galaxies and a sample of
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number density-selected galaxies at 1 < I < 7 within the GOODS-North and GOODS-

South fields of the CANDELS survey, and examine possible causes for the observed

evolution (Whitney et al., 2019)

1.4.4 Surface Brightness

Galaxy surface brightness, a measure of luminosity per unit area, has previously been

studied at low redshifts in both the optical and near-infrared (e.g., Schade et al., 1995;

Roche et al., 1998; Labbé et al., 2003; Barden et al., 2005). The advent of larger and

deeper surveys like CANDELS provide the ability to look to higher redshifts to explore

the surface brightness evolution in the early Universe. The results of the low redshift

studies have been varied and there is no consensus as to how the evolution of surface

brightness occurs. Schade et al. (1996) examine a sample of galaxies using ground-

based imaging and find a relatively strong evolution of 1.6 mag since I ∼ 1. Other works

such as those conducted by Schade et al. (1995), Lilly et al. (1998), Roche et al. (1998)

and Barden et al. (2005) use Hubble Space Telescope observations and find a slightly

shallower but similar evolution in the surface brightness of 1 mag since I ∼ 1. These

results are confirmed by models; Bouwens & Silk (2002) model disk evolution in two

ways, with both suggesting that the surface brightness changes by 1.5 mag since I ∼ 1.

Other studies argue that selection effects must be taken into account when examining

this evolution; Simard et al. (1999) initially find a change of 1.3 mag over the same

redshift range. However, once selection effects are considered, no evolution is found in

the surface brightness. Ravindranath et al. (2004) find similar results; a change of < 0.4

mag over 0.2 < I < 1.25 for disk-like galaxies is found.

These works are limited to the optical rest-frame however, there is important infor-

mation to be gleaned from other wavelengths such as the UV. Surface brightness in the
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UV has been shown to correlate with star formation and gas densities (Schmidt, 1959;

Kennicutt, 1998) and so can be used to determine how these parameters evolve with

cosmic time.

In Chapter 3, I examine the evolution of the surface brightness and its relationship

with star formation for a mass-selected sample of galaxies at 1 < I < 6 within the

GOODS-North and GOODS-South fields of the CANDELS survey. I also explore the

effects of incompleteness and galaxy detectability on the results (Whitney et al., 2020).

1.4.5 Luminosity Function

Another crucial measurement is to ascertain the number of galaxies per luminosity

bin; the luminosity function (LF). By determining how the LF evolves with time and

luminosity, insight into the star formation histories of galaxies can be gained. It can

also help to better understand reionisation; studies of extremely high redshift galaxies

suggest the population of faint galaxies at these redshifts that dominate the LF are good

candidates for the driving force behind reionisation (e.g., McLure et al., 2013). The

luminosity function for Lyman break galaxies is typically measured at _rest ∼ 1500 Å or

_rest ∼ 1600 Å.

The UV luminosity function is well fit by a Schechter function (Schechter, 1976) of

the form

q(!) = q∗
(
!

!∗

)U
exp

(
− !
!∗

)
. (1.1)

This function can also be expressed in log space as

q(") = 0.4ln(10)q∗10−0.4("−"∗) (U+1)exp
(
−10−0.4("−"∗)

)
(1.2)
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where q∗ is a normalisation factor,"∗ is the characteristic magnitude where the function

turns over from a power law into an exponential, and U is the faint-end slope of the

luminosity function. This value is typically negative, suggesting there is an abundance

of galaxies with low luminosities. Figure 1.6 shows an example luminosity function fit

with a Schechter function and how it evolves with redshift.

Figure 1.6: Evolution of the ultraviolet luminosity function from I ∼ 4 to I ∼ 8. Each
redshift is fit with a Schechter function (solid lines), given in Equation 1.2. This fit
shows the steep faint-end slope, indicating that there is a considerable contribution from
low luminosity galaxies. It also shows the steepening of the faint-end slope as redshift
increases. Figure from Bouwens et al. (2012).

The UV luminosity function has been shown to evolve with a steeper faint end slope

at higher redshift (shown in Figure 1.6) and a non-linear change in the characteristic

magnitude, whereby there is a brightening of the characteristic magnitude with cosmic

time (e.g., Arnouts et al., 2005; Bouwens et al., 2006; McLure et al., 2009; Bouwens
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et al., 2015).

1.4.6 Star Formation Rate Density

Another measurement that can provide information about the history of the Universe is

the star formation rate density. Through observations of the star formation rate density,

it has been shown that star formation peaked at I ∼ 2 − 3, approximately two to three

billion years after the Big Bang, as shown in Figure 1.7. These star formation rate

density measurements, along with measurements of the stellar mass density, indicates

that the majority of stellar mass was formed after I ∼ 2 (Madau & Dickinson, 2014).

Figure 1.7: History of cosmic star formation in ultraviolet (top right panel), infrared
(bottom right panel) and a combination of the two (left panel). The solid line in each
panel indicates the best fit to the star formation rate density. Figure from Madau &
Dickinson (2014), see the references therein for individual data points.
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1.4.7 Galaxy Mergers

Theway inwhich galaxymass is assembled is an important piece of the galaxy formation

puzzle. It is known to happen in two different ways; by the accretion of gas from the

surrounding environment, and through the merging and interacting of galaxies. Mergers

are direct evidence for the hierarchical assembly of structure in the Universe where

galaxies and dark matter halos coalesce to formmore massive systems. Merger fractions

and rates can provide insight into the state of the Universe at particular redshifts, and

give a better understanding of galaxy evolution. Mergers are typically identified in two

ways. One such method is to find pairs of galaxies that are close together in terms

of redshift and angular separation. This has enabled merger fractions and rates to be

determined at a range of redshifts (e.g., Bluck et al., 2009, 2012; Mundy et al., 2017;

Duncan et al., 2019). Another method used to identify mergers is to select galaxies that

exhibit signs consistent with morphological disturbances (e.g., Conselice et al., 2003;

Lotz et al., 2011). It is also possible to identify mergers using Deep Learning methods

(Ferreira et al., 2020). Merger fractions and rates have been shown to decrease with

cosmic time using multiple methods of merger identification. A comparison of the

merger rates and fractions determined using different methods is shown in Figure 1.8.

In Chapter 4 of this thesis, I examine the evolution of the merger fraction and rate in

more detail using the non-parametric method of identifying galaxies by their asymmetry.

1.5 The CANDELS Survey

TheHubble Space Telescope (HST) has played a key part in the study of galaxy formation

and evolution. It has been able to observe areas of the sky, such as the The Great

Observatories Origins Deep Survey (GOODS) fields (Giavalisco et al., 2004) to great
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Figure 1.8: Evolution of the merger fraction (left) and merger rate (right) for a sample
of galaxies in the CANDELS fields. Mergers are identified using a convolutional neural
network trained on simulated galaxies from the IllustrisTNG cosmological simulation.
The galaxies are identified as being either pre-merger (blue circles) or post-merger
(yellow diamonds). These two categories are combined into one large category of
a merger in any state (green triangles). The purple line of best-fit is fit to all three
categories, and the purple region surrounding this fit is one standard deviation from the
fit. Also shown are a comparison of results from other works that use different methods
to identify mergers. Figure from Ferreira et al. (2020), see the references therein for
individual data points.

depths and at a range of wavelengths. However, the GOODS-North and GOODS-South

fields only cover a relatively small region of the sky (∼320 arcmin2) which leads to

inaccurate galaxy counts due to cosmic variance.

Hubble’s Advanced Camera for Surveys (ACS) was designed to survey large areas

of the sky at optical wavelengths and is 10 times more efficient than its predecessor,

the Wide Field Camera 2 (WFC2). It allowed the detection of galaxies out to I ∼ 6

using the Lyman break selection technique and provided morphologies in the rest-frame

optical at lower redshifts. However, near-infrared observations are required to do the

same at higher redshifts. The NICMOS camera enabled the extension of observations of

galaxies into the near-infrared, however the efficiency was not comparable to the optical

observations of ACS. The GOODS NICMOS Survey (GNS; Conselice et al., 2011a)
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observed 45 arcmin2 of the GOODS fields in a single filter to a depth of ��� ≈ 26.5

and required 180 HST orbits in order to do so. The Wide Field Camera 3 (WFC3/IR)

greatly improves on the capabilities of the NICMOS camera. It enables the detection of

galaxies in the near-infrared at an efficiency comparable to that of ACS and to depths of

��� & 27.1 mag and ��� & 27.0 mag across the two filters, and requires half the orbits

of the NICMOS camera.

Figure 1.9 shows a comparison between each of the instruments aboard HST in

terms of the wavelengths covered and the discovery efficiency (defined as the system

throughput multiplied by the field of view area).

Figure 1.9: Hubble Space Telescope detector discovery efficiencies (system throughput
multiplied by the field of view area). Image credit: STScI/Space Telescope Science
Institute.

Making use of the greater efficiency of WFC3, along with the ACS, the Cosmic

Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; Grogin et al.,

2011; Koekemoer et al., 2011), a Multi-Cycle Treasury program awarded 902 orbits
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of Hubble time, was designed to document the first third of galactic evolution over the

redshift range 1.5 < I < 8. The Cosmic Assembly Near-infrared Deep Extragalactic

Legacy Survey covers a total of ∼800 armin2 across five separate fields; GOODS-North,

GOODS-South, the COSMOS field (Scoville et al., 2007), the Extended Groth Strip

(EGS; Davis et al., 2007), and the UKIDSS Ultra-deep Survey field (UDS; Lawrence

et al., 2007). These fields are then split into two different observing tiers. The first

of these tiers is the CANDELS/Deep tier. This tier covers a region of ∼125 arcmin2

over the two GOODS fields, to a 5f depth of � = 27.7 mag. The second tier is the

CANDELS/Wide tier which covers an area of ∼668 arcmin2 over all five fields, to a 5f

depth of � ≥ 27.0 mag.

The CANDELS survey was designed with four key scientific goals in mind:

1. Cosmic Dawn - formation and evolution of galaxies and AGNs (6 < I < 10)

2. Cosmic High Noon - the peak of star formation and AGN activity (I ≈ 2)

3. Ultraviolet Observations - hot stars at 1 < I < 3.5

4. Supernovae - standardizable candles beyond I ≈ 1

Each of these four overarching goals is separated further into smaller aims. For

example, the ‘Cosmic Dawn’ goal is focused on constraining parameters such as star

formation rates, ages, metallicities, stellar masses, and dust content at the end of the

Epoch of Reionisation. Further to this, another objective is to improve constraints on the

bright end of the UV luminosity function at I ∼ 6 − 8. Duncan et al. (2014) determine

the stellar mass function, luminosity function, and dust-corrected star formation rates

for galaxies at I ∼ 4, 5, 6 and 7 in the GOODS-South field of the CANDELS survey.

The ‘Cosmic Noon’ goal aims to improve the census of a mass-limited sample of

galaxies down to "∗ = 2 × 109M� at I ∼ 2 and use spectral energy distributions
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to determine their redshifts, stellar masses, and star formation rates. It also aims to

measure quantitative structural parameters and obtain rest-frame optical morphologies.

Kartaltepe et al. (2015) visually classify galaxies in all CANDELS fields, down to

� < 24.5, within a redshift range of 0 < I < 4. The classifications include their

Hubble type and also consider whether they are mergers or involved in an interaction,

or whether they exhibit a range of other features such as spiral arms. Tohill et al. (2021)

use convolutional neural networks to estimate the non-parametric galaxy structural

parameters concentration and asymmetry for 150,000 galaxies at 0 < I < 7 in the

CANDELS fields and are able to accurately predict these parameters within a shorter

time frame than previous methods.

This thesis focuses on goals one and two by examining the evolution of a variety

of galaxy parameters from the CANDELS survey since I ∼ 7, such as the size, surface

brightness, star formation, and structural parameters.

1.6 Thesis Outline

The aim of this thesis is to utilise the vast amount of data available as a result of the

CANDELS survey in order to examine the evolution of galaxies and the processes that

lead to the observed changes. The thesis aims to answer the following questions: How

do the sizes of galaxies evolve at 1 < I < 7? How does galaxy surface brightness evolve

since I < 6? How does the structure of galaxies change at 0.5 < I < 3?

Chapter 2 presents the results of an analysis of the size evolution ofmultiple samples

of galaxies at 1 < I < 7 in the GOODS-North andGOODS-South fields. Here I describe

the image processing technique developed to remove foreground objects from images

of galaxies, allowing for a more accurate determination of the Petrosian radii of the

galaxies in the samples.
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Chapter 3 investigates the evolution of observed and intrinsic surface brightness of

a mass-selected sample of galaxies and a number density-selected sample of galaxies at

1 < I < 6 in both the GOODS-North and GOODS-South fields.

Chapter 4 presents the results of a quantitative measure of galaxy morphology in

the rest-frame optical across all five CANDELS fields at redshifts of 0.5 < I < 3.

In the final chapter, I present the conclusions of the work presented in this thesis and

discuss possible future work.

Throughout this thesis, I use AB magnitudes and assume a Λ-CDM cosmology with

H0 = 70 kms−1Mpc−1, Ω< = 0.3, and ΩΛ = 0.7.



Chapter 2

Unbiased Differential Size Evolution

and the Inside-Out Growth of Galaxies

in the Deep CANDELS GOODS Fields

at 1 ≤ I ≤ 7

2.1 Introduction

Despite extensive research, the details of the processes that form and influence a galaxy’s

evolution are still largely unknown. This will change over the next decadewith the advent

of new facilities such as the James Webb Space Telescope. However, there is still a great

deal of information to be gathered from existing data from the Hubble Space Telescope.

The size evolution of galaxies through redshift can tell us critical information about

the potential formation scenarios undergone by the first galaxies in order to produce

the galaxies seen at later times. The size of a galaxy is one of the easiest and most

24
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direct properties that can be measured. The effective radius has typically been used to

determine this aspect of galaxy evolution over a range of redshifts (e.g., Buitrago et al.,

2008; van der Wel et al., 2008; Bouwens et al., 2004; Allen et al., 2017).

It has been shown using the Hubble Space Telescope Advanced Camera for Surveys

(ACS) and GOODS Near Infrared Camera and Multi-Object Spectrometer (NICMOS)

(Conselice et al., 2011a) data that there is a strong evolution in the effective radii of

galaxies since I = 3 (Trujillo et al., 2007; Buitrago et al., 2008; Cassata et al., 2013).

This is further confirmed by the use of data from the Cosmic Assembly Near-infrared

Deep Extragalactic Survey (CANDELS) (Grogin et al., 2011; Koekemoer et al., 2011)

and NICMOS data (van Dokkum et al., 2008; Buitrago et al., 2008;Weinzirl et al., 2011;

Bruce et al., 2012; Buitrago et al., 2013; Lani et al., 2013; Patel et al., 2013; van der Wel

et al., 2014). Ground based observations also yield similar results (van Dokkum et al.,

2010; Carrasco et al., 2010). These studies show a size evolution with an increase in

effective radius since I ∼ 2 from a factor of ∼2 (van der Wel et al., 2008) up to a factor

of ∼7 (Buitrago et al., 2008; Carrasco et al., 2010). This strong evolution in size is

consistent with simulations of massive galaxies forming through minor mergers (Naab

et al., 2009; Furlong et al., 2017).

At redshifts higher than I = 3, a less steep evolution in size is found compared to

I < 3 with the effective radius changing as (1 + I)−V where V ' 1 up to I = 7 (Bouwens

et al., 2004; Oesch et al., 2010; Straatman et al., 2015; Curtis-Lake et al., 2016; Allen

et al., 2017). Probing higher up to a redshift of I ' 12, the measured sizes also fit with

extrapolated data (Ono et al., 2013; Holwerda et al., 2015). Such studies, both at low

and high redshifts, show that massive galaxies at I > 1 are significantly more compact

than galaxies of a comparable mass at low redshift (Ferguson et al., 2004; Cimatti et al.,

2008; Damjanov et al., 2009). Observations of galaxies at high redshifts are subject to

cosmological dimming and K-correction effects and this can lead to finding no obvious
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evolution in size with redshift if these are not accounted for (e.g., Law et al., 2007;

Ichikawa et al., 2012; Ribeiro et al., 2016).

The cause of the observed evolution in size is thought to be a result of accretion of gas

and stars from the intergalactic medium and mergers with other galaxies (e.g., Ferreras

et al., 2009; López-Sanjuan et al., 2012). Conselice et al. (2013) and Ownsworth et al.

(2016) find that accretion is the dominant formation mode amongst the most massive

galaxies by calculating the evolution of stellar mass from observed star formation rates

and the amount of stellar material added via mergers. Bluck et al. (2012) suggests

mergers are the primary cause of the observed size evolution in massive galaxies by

determining the merger history of a sample of galaxies from the GOODS NICMOS

Survey. Additionally, Bluck et al. (2012) suggest mergers can explain the majority of

size evolution since I ∼ 1 assuming mergers occur over a short timescale. Naab et al.

(2009) also show this by simulating the formation of a massive spheroidal galaxy. The

cosmological hydrodynamical simulation Illustris has also been used to show that the

growth in size experienced by galaxies is largely caused by mergers (e.g., Wellons et al.,

2016). It has also been suggested that this evolution is due to quasar feedback that

removes gas from central regions, which in turn induces the expansion of the stellar

distribution (Fan et al., 2008). However, the details of the processes that lead to the

growth of galaxies over time are still largely unknown.

Through the study of the evolution of sizes in a sample of galaxies, we can hope to

expand the understanding of the formation of galaxies. However a more refined method

is now needed to make further progress on the study of galaxy sizes, and those measured

using parametric fitting are often subject to biases produced by redshift. Thus, in this

chapter we make use of the Petrosian radius, a redshift-independent measure of the

size determined by the ratio of surface brightness at a particular radius and the surface

brightness within that radius (e.g., Bershady et al., 2000; Conselice, 2003). It makes
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it possible to determine not only whether galaxies are growing but also where the size

is growing within the galaxies, i.e. whether the inner or outer regions of a galaxy are

getting larger. By using this redshift-independent measure of size in combination with a

newmethod to remove field galaxies from images, we present in this chapter an unbiased

view of how galaxies are changing in size over time.

The structure of the chapter is as follows: In §2.2, we describe the data and the

sample used. In §2.3 we describe the methods used to remove field objects from the

postage stamp images of the galaxies in our sample and to calculate the sizes of the

galaxies. In §2.4 we present our results. Finally, in §2.5 we discuss our results, and their

implications and present our conclusions in §2.6. Throughout this chapter we use AB

magnitudes and assume a Λ-CDM cosmology with H0 = 70 kms−1Mpc−1, Ω< = 0.3,

and ΩΛ = 0.7.

2.2 Data and Sample Selection

The data we use in this chapter are taken from the Advanced Camera for Surveys (ACS)

and the Wide Field Camera 3 (WFC3) of the Hubble Space Telescope (HST). The fields

used are the GOODS-North and GOODS-South fields of the Cosmic Assembly Near-

infrared Deep Extragalactic Survey (CANDELS) (Grogin et al., 2011; Koekemoer et al.,

2011). CANDELS covers a total area of 800 arcmin2 over 5 different fields. GOODS-

North and GOODS-South each cover an area of 160 arcmin2 and are centered on the

Hubble Deep Field North and the Chandra Deep Field South respectively (Giavalisco

et al., 2004). Both GOODS fields were part of the Deep and Wide tiers of CANDELS

which were observed using the WFC3 on HST (Grogin et al., 2011; Koekemoer et al.,

2011) and these regions were observed in the F105W (.105), F125W (�125), and F160W

(�160) filters. The ACS was used to observe the two fields in the F435W (�435), F606W
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(+606), F775W (8775), F814W (�814), and F850LP (I850) filters. We use only the Deep

tier and this covers the central regions of the GOODS fields.

Our sample consists of 48,575 galaxies from both GOODS-North and GOODS-

South fields, covering a redshift range of 1 ≤ I ≤ 7 and a mass range of 106"� ≤

"∗ ≤ 1012"�. Details of our sample are described in Duncan et al. (2014, 2019)

who make new estimates for the galaxy stellar mass function and star formation rates

for this sample of galaxies in the CANDELS fields. Figure 2.1 shows the distribution

of the stellar mass and the redshift of the galaxies in our sample with the yellow

bins representing the highest density of points and the dark purple representing the

lowest density. We see that the the highest concentration of mass and redshift lies at

approximately 108"� ≤ "∗ ≤ 109"� and 1 ≤ I ≤ 3 however the sample spans all

redshifts and masses. When selecting galaxies at high redshift (I > 6) for our sample,

we visually inspect the images to remove any contaminating galaxies that are potential

false positive detections. To determine which objects were false positives, any that had

no object visible in the �160 band image or were saturated in �160 band image were

removed from the sample. Figure 2.1 also shows the mass limits of each of the samples

described in §2.4. The mass limits of the mass-selected sample are shown as horizontal

dashed lines at log10("∗/"�) = 9 and log10("∗/"�) = 10.5. The upper mass limits

of each redshift bin of the number density-selected sample (constant number density of

1×10−4 Mpc−3) are shown as triangles and the lower limits are shown as circles.

2.2.1 Photometric Redshifts and Stellar Masses

The photometric redshifts of the galaxies within our sample are calculated using the

method described in Duncan et al. (2019). The photometric redshift software eazy

(Brammer et al., 2008) is used to determine the template-fitting estimates and three
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Figure 2.1: The galaxy stellar mass-redshift distribution for all 48,575 galaxies in our
sample from the entire CANDELS area of the GOODS-North and GOODS-South fields
(see Duncan et al. (2014, 2019) for details). The colours show the density of points with
yellow representing the highest density and dark purple representing the lowest. The
completeness limits are log10("∗/"�) = 8.55, 8.685, 8.85, 9.15 for I ∼ 4, 5, 6, and 7
respectively (Duncan et al., 2014). The limits for I < 3 are considerably lower than our
chosen lower mass limit of 109"�. The mass limits for each of the samples described in
2.4 are shown in white; the limits of the mass-selected sample are shown as horizontal
dashed lines. The upper mass limits for each of the number density-selected sample are
shown as triangles and the lower mass limits are shown as circles.

separate template sets are used and fit to all available photometric bands. The templates

used include zero-point offsets to the input fluxes and additional wavelength-dependent

errors. AGaussian process code (GPz; Almosallam et al. (2016)) is then used to calculate

further empirical estimates using a subset of the available photometric bands. Individual

redshift posteriors are calibrated and the four estimates are combined in a statistical

framework via a hierachical Bayesian combination to produce a final redshift estimate.

Of the ∼48,000 galaxies, 4.5% have a spectroscopic redshift. These spectroscopic
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resdshifts are taken from= a range of sources. For a more in-depth description of the

process, see §2.4 of Duncan et al. (2019).

The galaxy stellar masses we use are measured by using a modified version of the

spectral energy distribution (SED) code described in Duncan et al. (2014). Instead of

finding the best-fit mass for a fixed input redshift, the stellar mass is estimated at all

redshifts in the photo-I fitting range. Also included in these estimates is a so-called

‘template error function’ (the method for this is described in Brammer et al. (2008))

to account for uncertainties introduced by the limited template set and any wavelength

effects.

This mass-fitting technique uses Bruzual & Charlot (2003) templates and includes a

wide range of stellar population parameters and assumes a Chabrier (2003) initial mass

function. The assumed star formation histories follow exponential g-models for both

positive and negative values of g. Characteristic timescales of |g | = 0.25, 0.5, 1, 2.5,

5, and 10 are used, along with a short burst (g = 0.05) and continuous star formation

models (g � 1/�0).

We compare the mass measurements we make to the average of those determined by

the several teams within the CANDELS collaboration (Santini et al., 2015). This is done

in order to ensure that the stellar mass estimates do not suffer from systematic biases.

There is some scatter between the two mass estimates, however our mass estimates are

not affected by any significant biases compared to others. IRAC imaging is also used to

increase the reliability of the stellar masses at higher redshifts due to the filters covering

UV light on the blue side of the 4000Å break at these redshifts. Systematic and random

errors could introduce an error of approximately a factor of 2 however this would not

affect the results. For further details on the method and models used, see §2.5 of Duncan

et al. (2019) for an extensive discussion of the masses we use here.
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2.3 Methodology

2.3.1 2D Lyman-Break Imaging

Here we describe the newmethod we use to produce images to measure the properties of

galaxies in our sample. The method uses the well-known Lyman-break drop technique

where a galaxy at a certain redshift ‘disappears’ at wavelengths redder than the Lyman

limit at 912 Å which creates a sharp break in the continuum. This break gives galaxies

distinctive ultraviolet (UV) rest-frame colours which can be used to select galaxies at

specific redshifts using photometry within multiple filters. The hydrogen gas absorbs the

bluest wavelengths of light and thus the target object essentially disappears or becomes

significantly fainter compared to the flux in redder bands. The break is observed at

redder wavelengths as the redshift increases. For galaxies at I = 6 and I = 7, the break

falls within the +606 band, and for galaxies at I = 5 and I = 4, the break falls within the

�435 band. The band corresponding to the break for galaxies at I < 3 is at a shorter

wavelength than the available filters therefore this image processing technique is applied

only to galaxies at I ≥ 4. Note that effectively the galaxy nearly disappears in filters

which probe light below the Lyman limit, thus making it possible to isolate the light

which belongs to these galaxies from those at lower and significantly higher redshifts.

However, the majority of field objects will be at a lower redshift than the target objects

so there will be minimal contamination from those that are at higher redshifts.

The basic technique was first used by Steidel et al. (1996) to find distant galaxies

as unresolved objects in ground based imaging but can also be used in a 2-dimensional

way to remove foreground and background galaxies for systems where the Lyman break

is visible within resolved imaging as with theHubble Space Telescope. We call this ‘2D

Lyman-Break Imaging’, an earlier version of which is described in Conselice & Arnold

(2009).
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Figure 2.2: Examples of our image processing technique for four galaxies at redshifts
of 7.0, 6.4, 4.5, and 3.7. Each column (�A0F

8, 9
, $A0F

8, 9
, (8, 9 , and $0=0;HB8B

8, 9
) corresponds to

the parameters of Equation 2.1. The first column (left) shows the original +606 or �435
image showing the light below the Lyman-break rest-frame wavelength for the central
galaxy’s redshift, the second column shows the original �160 band image, the third
column shows the segmentation map corresponding to the optical rest-frame, while the
fourth column (right) shows the result of the image processing whereby all galaxies that
appear below the Lyman break are removed (see Equation 2.1 for details). The field of
view is 6” on a side.
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Initially, postage stamps measuring 6”×6” (100 pixels × 100 pixels) in size are

created from a mosaic image of the field. The postage stamps contain the target object at

the centre and contain other galaxies projected near the galaxy at different redshifts. In

order to minimise contamination from the field objects, the target objects are isolated by

removing these potentially contaminating objects. The following steps of our procedure

are probably best demonstrated with images as shown in Figure 2.2. To remove the

foreground objects, the band corresponding to the Lyman break and below is subtracted

from the optical rest-frame image. The resulting image is then normalised by the optical

rest-frame image. Maps of the pixels associated with the galaxy of interest are created

such that the pixels corresponding to the central object are given a value of one and the

pixels corresponding to the sky are given a value of 0. These are created by selecting

pixels that have a value that is equal to or greater than three times the standard deviation

of the background statistics.

This map is used in combination with a segmentation map of the optical rest-frame

image, where only pixels with values greater than 3 times the standard deviation of the

background are selected, to remove areas of the sky that are identified as field objects.

These removed areas and objects are then replaced with noise that has the same mean

and standard deviation as the sky. Figure 2.2 shows this process for four galaxies at

redshifts of 7.0, 6.4, 4.5 and 3.7. On the left we show the original +606 or �435 band

images. Only the foreground objects are visible in these bands. In the second column,

we show the optical rest-frame image for each of our sample galaxies where both the

central object and potentially contaminating foreground objects are visible. In the third

column, we show the corresponding segmentation map which highlights those pixels

that are associated with the target galaxy and other objects. There are small differences

between the objects appearing in the blue and red images however we always use the

segmentation map that corresponds to the optical rest-frame such that these foreground
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objects are removed completely.

On the right of Figure 2.2, we show the result of the image processing where we

have removed the foreground objects from the image. It is this final image in which we

carry out our size analysis.

Our image processing technique can be described by the equation

$
0=0;HB8B

8, 9
=

(
$A0F
8, 9
− �A0F

8, 9

$A0F
8, 9

· (′8, 9

)
+ 5 ($A0F,B:H

8, 9
) (2.1)

where$A0F
8, 9

is the original optical rest-frame image or its substitute, �A0F
8, 9

is the original

drop-out image, (′
8, 9

is the segmentationmapwherewhere only pixels with values greater

than 3 times the standard deviation of the background are selected, and 5 ($A0F,B:H
8, 9

) is

some function of the raw optical rest-frame image. The function 5 ($A0F,B:H
8, 9

) creates

an image in which the pixels corresponding to the central object are 0, the pixels

corresponding to the sky are those of the raw optical rest-frame image, and the pixels

corresponding to the field objects are noise that has the samemean and standard deviation

of the sky. The pixel values of both $A0F
8, 9

and �A0F
8, 9

must be in the same units e.g.

e−s−1cm−2Å−1.

Wemeasure the sizes of our galaxies using the images produced using our 2DLyman-

break method of removing foreground objects from the optical rest-frame images of our

galaxy sample. This allows us to probe the rest-frame at _ ∼ 4000 Å wherever possible.

The bands used for the image processing are shown in Table 2.1, along with the rest-

frame wavelength we probe at each redshift. Due to the availability of bands, we must

use bands that correspond to the UV at higher redshifts. The possible effects of this are

explored later on in this chapter, in §2.4.1.
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Table 2.1: The bands used to complete the image processing for each redshift in Column
1. Column 2 gives the band corresponding to the optical rest-frame ($A0F

8, 9
), and Column

3 gives the band corresponding to the Lyman-break where applicable (�A0F
8, 9

). Column
4 gives the rest-frame wavelength probed.

I $A0F
8, 9

�A0F
8, 9

_A4BC

1 �814 - 4070 Å
2 �125 - 4170 Å
3 �160 - 4000 Å
4 �160 �435 3200 Å
5 �160 �435 2670 Å
6 �160 +606 2290 Å
7 �160 +606 2000 Å

2.3.2 Galaxy Sizes

This work uses the Petrosian radius ('Petr([)) which is defined as the radius at which

the surface brightness at a given radius is a particular fraction of the surface brightness

within that radius (e.g., Bershady et al., 2000; Conselice, 2003). The concept of defining

a size of a galaxy by the rate of change of light as a function of radius was first proposed

by Petrosian (1976) for cosmological uses. The radius measured depends on a defined

ratio ([(A)) of surface brightness. [(A) is defined as

[(A) = � (A)
〈� (A)〉 (2.2)

where � (A) is the surface brightness at radius A and 〈� (A)〉 is the mean surface brightness

within that radius. By this definition, [(A) is 1 at the centre and 0 at large A (Kron,

1995). The Petrosian radius at [ = 0.2 contains at least 99% of the light within a given

galaxy (Bershady et al., 2000). This is valid for all galaxy profiles.

The Petrosian radius we use is determined using the CAS (concentration, asymmetry,

and clumpiness) code (Conselice, 2003) which provides two measurements of size
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(Petrosian radius and half-light radius) along with the CAS parameters. The Petrosian

radius differs from the half-light radius in that the former is a redshift independent

measure of galaxy size. As such, the Petrosian radius of a particular galaxy would be,

in principle, measured as the same no matter what redshift it was placed, whereas the

half-light radius would potentially decrease as the redshift increases and outer light is

lost.

We however examine this assumption and correct for the effects of the PSF in the

measurement of the Petrosian radii through simulating images and measuring radii in

the same way as we do for our sample galaxies. In Figure 2.3, we show how [ varies

with radius A for 98 random galaxies within our sample across a range of redshifts. We

show that on average, those galaxies at the higher redshifts (yellow lines) are smaller in

size than those at a given lower redshift (purple lines). The lines plotted are exponential

fits of the [ profiles of the form

[(A) = 04−2A + 3. (2.3)

The horizontal lines indicate the positions of the three [ values used throughout.

2.3.3 Simulations

To determine how well we can measure galaxy sizes through Petrosian radii we follow

the same method as Bhatawdekar et al. (2019) and simulate a sample of galaxies

using the IRAF task, MKOBJECTS in order to determine how much of a correction

to the measured radii is required. The sample of 1912 simulated galaxies is uniformly

distributed across the simulated field and a luminosity distribution of the form of a

power law is applied to create a range of magnitudes. The simulated galaxies lie within
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Figure 2.3: Exponential fits of the form [(A) = 04−2A + 3 of the [ profiles for 98
random galaxies from our sample showing that on average, the higher redshift galaxies
are smaller than those at lower redshift. The line colour corresponds to the redshift of
each of the galaxies, as indicated by the colourbar on the right. The three horizontal
lines indicate the locations of [ = 0.2, 0.5, and 0.8.

a magnitude range of 21 to 30 and a size range of 2 to 42 pixels. We apply a range of

surface brightness profiles to the sample of simulated galaxies with Sersic indices in the

range 0.5 < = < 4. The simulated galaxies are convolved using the WFC3 point spread

function (PSF). We use the same PSF for each of the simulated galaxies due to the fact

that any potential PSF variations do not make a significant impact at this level as we

use it solely on the simulated images and not in any fits produced. After this image is

created, SExtractor (Bertin & Arnouts, 1996) is run on on the new image to detect

the sources. A postage stamp measuring 100 pixels × 100 pixels of each object (pre-

and post-convolution) is created and examples of the simulated galaxies can be seen in

Figure 2.4. We show here the images before the WFC3 PSF has been applied on the

left and the images after the PSF has been applied on the right. The CAS code we use

for the real sample is then applied to this simulated sample to calculate the Petrosian
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radius of each of the objects in the same way we did for our original sample. We then

compare the radii measured before applying the PSF to the radii measured after the PSF

is applied for each value of [ (0.2, 0.5, and 0.8) and the relationship between the two is

obtained through a linear fit. In the real images, noise would have some effect on the

measured size such that the galaxies may appear slightly larger than in reality however

this effect is negligible so would not alter the results.

The relationship between the observed and intrinsic radii for each [ value for the

simulated galaxies is shown in Figure 2.5. We show 'Petr([ = 0.2) on the left, 'Petr([ =

0.5) in the centre, and 'Petr([ = 0.8) on the right. The linear fits are shown as a red

line on each of the panels. This fit is then applied to our observed sample to correct the

measured radii. On average, all three radii change by a factor of ∼ 0.8 with the radii

measured using [ = 0.8 changing on average by 0.036” (0.6 pixels), radii measured

using [ = 0.5 changing on average by 0.081” (1.35 pixels), and radii measured using an

[ = 0.2 changing by 0.094” (1.56 pixels) on average. The change in measured size for

these simulated galaxies is very small. We find the best fit between the size before and

after PSF convolution using the analytical form

'8=CA8=B82 = <'>1B4AE43 + 2. (2.4)

We henceforth correct our radii using these average values. These corrections are valid

down to a radius of 2 pixels.

2.4 Results

In this section we present the results achieved by measuring the sizes of our galaxies

in two different sub-samples taken from the full sample as described in §2.2; a mass-
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Figure 2.4: Examples of the simulated galaxies before the WFC3 PSF is applied (left)
and after (right). These are idealized images which we use to correct the effects of PSF
on our size measurements.
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Figure 2.5: Relationship between the post-convolution sizes and the pre-convolution sizes measured on the simulated galaxies
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selected sample where galaxies lie within a mass range of 109"� ≤ "∗ ≤ 1010.5"�,

and a number density-selected sample where galaxies are selected using a constant

number density of 1×10−4 Mpc−3. Where reference is made to a galaxy’s size, this is

taken to be the measured Petrosian radius.

2.4.1 Rest-frame Wavelength and Biases

The appearance of a galaxy depends greatly on its rest-frame wavelength, and a galaxy

can have a different morphological and quantitative classification at different wave-

lengths (Windhorst et al., 2002; Taylor-Mager et al., 2007; Mager et al., 2018). This is

due to the fact that different wavelengths probe different aspects of a galaxy, with bluer

light probing star formation and redder light probing the older existing populations of

stars. The young stars can often have a distribution which is quite different from the

older stars, and this needs to be accounted for if we want to measure galaxy sizes at

intrinsically different rest-frame wavelengths.

This is also true of the measured surface brightness, and therefore the measured

Petrosian radii. This effect is more prominent at lower redshifts when the star formation

has dropped significantly. At low redshift, there is little star formation therefore galaxies

at this epoch appear less luminous in the UV and therefore are often smaller in the

UV than those at higher redshifts where more star formation occurs (e.g., Hopkins &

Beacom, 2006). Furthermore, it has been shown that whilst the rest-frame UV and

optical structures of galaxies are often significantly different in the local universe, this is

not true at high redshifts where galaxies are in many ways extremely similar in terms of

structure in the rest-frame UV and optical (e.g., Papovich et al., 2003, 2005; Conselice

et al., 2005, 2011b). This is due to the fact that high redshift galaxies are dominated by

star formation whereas low redshift galaxies are significantly less star-forming. There
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is no explicit cut-off however it is expected that by I = 1, we can assume the UV and

optical structures of galaxies do not differ significantly. It has also been shown that the

measured size of a galaxy does not depend on the observed wavelength to the first order,

even after correcting for surface brightness dimming and PSF broadening (Ribeiro et al.,

2016). Therefore we are able to use images that correspond to the UV rest-frame at high

redshifts, particularly in the case of the most massive galaxies as the variation is not so

significant for this population (Cassata et al., 2010).

We thus measure the sizes of galaxies in the optical rest-frame at _ � 4000 Å where

possible. However, this is not possible for galaxies at I > 3 where we are forced to probe

galaxy sizes in progressively bluer wavelengths down to the UV. To determine the bias

resulting from this we compare the sizes measured in the observed rest-frame (_ = 4000

Å) to the intrinsic rest-frame UV at _ ∼ 2200 Å. We do this test at the lower redshifts

at 1 < I < 5 where we have both a rest-frame optical and rest-frame UV morphology.

What we find when we do this is that the sizes at both wavelengths are approximately

equal. To show this we fit a straight line of the form

'_1 = <'_2 + 2 (2.5)

to the results where '_1 is the Petrosian radius at [ = 0.2 measured in the intrinsic

bluer rest-frame and '_2 is the Petrosian radius at [ = 0.2 measured in the redder

rest-frame. The fits for each redshift can be found in Table 2.2. We only include results

up to I = 5 due to the availability of bands corresponding to the appropriate rest-frame.

Table 2.2 also gives the bands used to compare the observed and intrinsic sizes. The

mean difference between these two wavelengths (X') is shown in Column 6 of Table

2.2. This difference has been normalised by '_1 . These values show that the size

measurements made at the bluer rest-frame are similar in magnitude to those made at
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the redder rest-frame wavelength.

Table 2.2: Slopes (Column 2) and y-intercept (Column 3) of the observed rest-frame
size ('_1) and intrinsic rest-frame size ('_2) measurement fits (given by Equation 2.5),
including errors for each redshift (Column 1). Columns 4 and 5 give the bands cor-
responding to the observed and intrinsic rest-frame wavelengths respectively. Column
6 gives the mean difference between the size measured in the observed and intrinsic
rest-frame wavelengths. This difference has been normalised by '_1 . '_1 and '_2 are
the Petrosian radii measured at [ = 0.2.

I < 2 _2 _1 | X'
'_1
|

1 0.5359 ± 0.0001 5.0641 ± 0.0053 �814 �435 0.06
2 0.6488 ± 0.0001 5.4437 ± 0.0044 �125 +606 0.63
3 0.6904 ± 0.0002 4.7803 ± 0.0156 �160 I850 0.41
4 0.4584 ± 0.0013 2.9556 ± 0.0635 �160 .105 0.11
5 0.5941 ± 0.0015 2.3206 ± 0.0685 �160 �125 0.07

The slope of relationship between the observed and intrinsic rest-frame is shown in

Figure 2.6. Although the slope is less than one at all redshifts, the difference seen would

not significantly change the results when examining the radius evolution of the galaxies

in our sample.

2.4.2 Redshift-Size Relation

By studying our full sample, we are able to see the effect redshift has on the size of

galaxies for the full mass range. The distribution of the corrected Petrosian radii with

redshift of the total sample size at three different [ values can be seen in Figure 2.7 with

[ = 0.2 on the left, [ = 0.5 in the middle, and [ = 0.8 on the right. We represent the

pixel size as a white dashed line. From the definition of the Petrosian radius, [ = 0.2

corresponds to a measurement made near the outer edge of a galaxy, and [ = 0.8

corresponds to a measurement made in the inner regions of a galaxy. The evolution of

each radius with redshift changes in a similar way in that there are more galaxies at

larger radii at lower redshifts than seen at higher redshifts. However, the values of the
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Figure 2.6: The slope of the relationship between the observed and intrinsic rest-frame
for the redshift range of 1 < I < 5. The 50% difference would not significantly change
the results.
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Figure 2.7: Galaxy size-redshift distribution for the full sample of galaxies for three different [ values. Left: [ = 0.2. Middle:
[ = 0.5. Right: [ = 0.8. The yellow regions show the highest density of points and purple the lowest. The pixel size is shown by the
the white dashed line.
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radii differ such that the [ = 0.2 values are typically much larger than those of [ = 0.8

as expected.

2.4.3 Mass-Size Relation

From the full sample of galaxies we are able to determine the mass-size relation as a

function of redshift. In Figure 2.8, we show the mass-size distribution for each redshift

bin. We use 'Petr([ = 0.2) as a measure of size in this case. Each panel corresponds

to a different redshift, showing the density of the mass-size distribution and a line of

best fit. At low redshift, there appears to be a cut-off at the higher radii however this is

due to the way in which the data is binned and the limitation of radii on the size of the

postage stamps used to measure the radii. The redshift given in the upper left corner of

each panel indicates the midpoint of the redshift bin where the upper and lower limits

are 0.5 either side of this point. In the final panel, we show the lines of best fit for all

seven redshift bins, each in the same colour as their individual panels. The lines of best

fit are of the form

log10('Petr([ = 0.2)) = <log10("∗/"�) + 2 (2.6)

and the parameters for each redshift bin are shown in Table 2.3. We see that the slope

of the fit (<) decreases as redshift increases, showing that the sizes of the galaxies at

lower redshifts have a greater dependence on their masses compared to those galaxies at

higher redshifts. We also find that the intercept (2), on average, decreases as I increases

showing an evolution in size. These fits don’t take the errors in the masses into account

so the errors on the slope at high redshift are likely larger due to the uncertainty in

measuring stellar mass in the UV.
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Table 2.3: The parameters determined for the mass-size relation (shown in Figure
2.8) for each redshift bin. The fits are given in the form log10('Petr([ = 0.2)) =
<log10("∗/"�) + 2. These fits don’t take the errors in the masses into account so the
errors on the slope at high redshift are likely larger due to the uncertainty in measuring
stellar mass in the UV.

I < 2

1 0.139±0.002 -0.567±0.018
2 0.137±0.003 -0.742±0.025
3 0.126±0.004 -0.693±0.037
4 0.073±0.005 -0.293±0.048
5 0.064±0.009 -0.289±0.078
6 0.090±0.013 -0.581±0.117
7 0.048±0.027 -0.289±0.249
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Figure 2.8: Galaxy stellar mass-size distributions for the full sample of galaxies. The size measurement is given by 'Petr([ = 0.2).
Each panel shows the distribution of a different redshift along with a line of best fit given in Equation 2.6. In the final panel, we show
the fitted mass-size relation for each redshift using the same coloured lines as in the individual panels. The gradient of each best fit
is positive however it decreases as redshift increases. The best fit parameters are given in Table 2.3.
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2.4.4 Mass-selected Sample

Here we present the results of the analysis of a mass-selected sample (109"� ≤ "∗ ≤

1010.5"�) of 14,015 galaxies taken from the full sample. This mass range is chosen for

completeness (Duncan et al., 2014). A mass-selected sample allows us to remove biases

present in the full sample due to the detection limits of the surveys.

Comparing the median sizes of the galaxies in our sample at different epochs shows

how the sizes evolve with redshift. Figure 2.9 shows the evolution of the median

corrected radii of our mass-selected sample. The blue circles show the evolution of the

'Petr([ = 0.2) values, the orange diamonds show the evolution of 'Petr([ = 0.5), and the

green squares show the evolution of 'Petr([ = 0.8). The error bars on each point are the

standard error on the median. There is a clear change in each of the radii measurements

from I = 7 to I = 1, particularly in the case of [ = 0.2. We find that 'Petr([ = 0.2)

increases by a factor of 3.78±0.39 from I = 7 to I = 1 whereas 'Petr([ = 0.8) increases

by a factor of 3.20 ± 0.19. We fit a simple power-law relation to the median measured

sizes for each [ value of the form

'Petr([) = U(1 + I)Vkpc. (2.7)

The values we find for U and V for each of the methods and [ values can be seen in Table

2.4. The values for U and V for the mass-selected sample can be seen in Columns 2 and

3. In Figure 2.9, the power-law fits for the full samples are shown as a blue dotted line

for 'Petr([ = 0.2), an orange dashed line for 'Petr([ = 0.5), and a green solid line for

'Petr([ = 0.8).
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Table 2.4: The fits determined for both the mass-selected and number density-selected
samples as given by Equation 2.7.

Mass Number Density
[ U V U V

0.2 11.68±0.16 -0.97±0.03 12.62±1.10 -0.82±0.14
0.5 6.27±0.10 -0.92±0.03 4.57±0.48 -0.53±0.16
0.8 3.10±0.04 -0.80±0.03 2.66±0.18 -0.67±0.11

2.4.5 Number Density-selected Sample

Instead of selecting a sample of galaxies by their mass, in this selection we create a

sample of galaxies based on a constant number density. This method has been used in

a number of previous studies to examine galaxy formation and evolution over a large

redshift range (van Dokkum et al., 2010; Papovich et al., 2011; Conselice et al., 2013;

Ownsworth et al., 2016). This has been proven to have several advantages. Although

the stellar mass grows through star formation and minor mergers, the number density

of galaxies above a given density threshold is invariant with time in the absence of

major mergers or extreme changes of star formation (Ownsworth et al., 2016). Selecting

galaxies through this method directly tracks the progenitors and descendants of massive

galaxies at all redshifts (e.g., Mundy et al., 2015; Ownsworth et al., 2016).

We select a sample of galaxies using a constant number density of 1×10−4 Mpc−3,

yielding a sample size of 521 galaxies. This is done by ranking the galaxies in each

redshift bin by stellar mass until the required number density is reached. Figure 2.10

shows the evolution of the median corrected radii for this selected sample. As for Figure

2.9, the blue circles represent 'Petr([ = 0.2), orange diamonds represent 'Petr([ = 0.5)

and green squares represent 'Petr([ = 0.8). We fit a power-law to the median sizes. We

show these fits in Table 2.4 and in Figure 2.10 as a blue dotted line for 'Petr([ = 0.2), an

orange dashed line for 'Petr([ = 0.5), and a green solid line for 'Petr([ = 0.8). We find
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Figure 2.9: Top: histogram showing the distribution and number of galaxies in each
redshift bin. Bottom: evolution of the average Petrosian radius through redshift for
the mass limited sample where a mass-cut of 109"� ≤ "∗ ≤ 1010.5"� is applied.
Each point is the median value for each redshift bin with the error bars showing the
standard error. Blue circles show how 'Petr([ = 0.2) changes, orange diamonds show
'Petr([ = 0.5), and green squares show 'Petr([ = 0.8). By fitting a power-law relation
to the median sizes, we find 'Petr([ = 0.2) = 11.68(1 + I)−0.97±0.03 (blue dotted line),
'Petr([ = 0.5) = 6.27(1 + I)−0.92±0.03 (orange dashed line), and 'Petr([ = 0.8) =
3.10(1 + I)−0.80±0.03 (green solid line).

that 'Petr([ = 0.2) changes by a factor of 3.39 ± 0.54 over the redshift range 1 < I < 7,

a much more significant change compared to a factor of 2.59 ± 0.24 for 'Petr([ = 0.8)

over the same redshift range.
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Figure 2.10: Top: histogram showing the distribution and number of galaxies in each
redshift bin. Bottom: evolution of the average Petrosian radius through redshift for the
number density-selected sample where galaxies within a constant number density of
1×10−4 Mpc−3 are selected. Each point is the median value for each redshift bin with
the error bars showing the standard error. Blue circles show how 'Petr([ = 0.2) changes,
orange diamonds show 'Petr([ = 0.5), and green squares show 'Petr([ = 0.8). A power-
law relation is fit to each radius and we find 'Petr([ = 0.2) = 12.62(1 + I)−0.82±0.14

(blue dotted line), 'Petr([ = 0.5) = 4.57(1 + I)−0.53±0.16 (orange dashed line), and
'Petr([ = 0.8) = 2.66(1 + I)−0.67±0.11 (green solid line).

2.4.6 Inner Versus Outer Regions

In order to determine where the radius changes the most, we plot the normalised differ-

ence between the median 'Petr([ = 0.2) and 'Petr([ = 0.8) against redshift in Figure

2.11 where 'Petr([ = 0.2) corresponds to the outer edges of a galaxy and 'Petr([ = 0.8)
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corresponds to the inner regions of a galaxy. The normalised difference in the radii is

given by

Δ'Petr =
'Petr([ = 0.2) − 'Petr([ = 0.8)

'Petr([ = 0.8) . (2.8)

The difference between the radii measured at the outer edge and the inner regions

for both the mass-selected and number density-selected samples is shown in Figure

2.11. The mass-selected sample is represented by the red diamonds and the number

density-selected sample by black squares. Δ'Petr increases as redshift decreases for both

samples, but more significantly for the number density-selected sample.
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Figure 2.11: Evolution in the normalised median difference between 'Petr([ = 0.2)
and 'Petr([ = 0.8) for each redshift bin. This parameter, Δ'Petr, is shown in Equation
2.8. The mass-selected sample is shown as the red diamonds and the number density-
selected sample is shown as the black squares. For both samples, there is an increase in
Δ'Petr. The number of galaxies in each redshift bin are the same as in Figure 2.9 for the
mass-selected sample and Figure 2.10 for the number density-selected sample.
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2.4.7 Galaxy Merger Sizes

It has long been shown that galaxies increase in size as redshift decreases (e.g., Daddi

et al., 2005; Trujillo et al., 2007; Buitrago et al., 2008; Cimatti et al., 2008; van der Wel

et al., 2008; van Dokkum et al., 2008; Cassata et al., 2010) but the method through which

this occurs is largely unknown. We examine a sample of galaxies classified as mergers

and non-mergers in order to determine whether this is a potential factor in causing the

increase in size.

We identify a sample of mergers and non-mergers from the mass-selected sample by

utilising the CAS approach (Conselice, 2003) whereby merging galaxies are those with

a high asymmetry that is larger than the clumpiness. We use the condition

(� > 0.35) & (� > () (2.9)

to define our sample. This method predominantly identifies only major mergers where

the ratio of the stellar masses of the progenitors is at least 1:4 (Conselice, 2003, 2006;

Lotz et al., 2008).

We show the evolution of the Petrosian radii at three different [ values in Figure

2.12. Mergers are represented by circles and non-mergers are represented by triangles.

The colours are the same as in Figure 2.9 where 'Petr([ = 0.2) is shown in blue,

'Petr([ = 0.5) is shown in orange, and 'Petr([ = 0.8) is shown in green. For both

mergers and non-mergers, the radius decreases as redshift increases irrespective of the

value of [. However, the non-mergers are on average smaller than the mergers at the

same redshift despite having similar masses of 109.5"� and 109.4"� respectively. The

outermost radii change the most significantly for mergers and non-mergers, changing by

factors of 3.14 ± 0.49 and 4.38 ± 0.46 respectively. 'Petr([ = 0.8) changes the least with
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mergers and non-mergers evolving by factors of 2.62± 1.84 and 3.28± 0.18 respectively.

This is a sign that there is more evolution in the outer radii sizes for mergers than for

normal galaxies. During the merger process we see that galaxies are getting larger not

in their centers but in their outer parts. This is further evidence for our observational

picture that galaxies are forming from the inside-out.

2.5 Discussion

Using the GOODS-North and GOODS-South fields of the CANDELS dataset, we

present an analysis of the sizes of a sample of galaxies in the redshift range 1 ≤ I ≤ 7.

We also present a new method of removing nearby unrelated field objects from images

by making use of a 2-dimensional Lyman-break method at _A4BC = 912 Å. Using these

processed images, we measure the redshift-independent Petrosian radius of each galaxy

at [ values of 0.2, 0.5, and 0.8 and determine how these radii change with redshift. The

measured radii are then corrected to remove any effects from the PSF.

At high redshifts i.e. I > 3, the size distribution of the galaxies within the full

sample is dominated by galaxies with a small Petrosian radius with the median size

increasing as redshift decreases. This is true for all values of [. Typically the effective

radius has been used to measure the size evolution of galaxies. For example, Shibuya

et al. (2015) find sizes that decrease significantly toward high I, no matter what statistic

is used. In addition, a small sample of galaxies at I ∼ 9 − 10 studied by Holwerda

et al. (2015) were found to have mean size of 0.5 ± 0.1kpc which is consistent with

extrapolated low-redshift data.

In order to remove biases introduced by the detection limits of the surveys, we

select a mass-complete sample of galaxies from the main sample within the mass

range 109"� ≤ "∗ ≤ 1010.5"�. At I = 7, we find the average size of a galaxy is
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Figure 2.12: Top: numbers of galaxies in each redshift bin for the mergers (left), non-mergers (middle) and the total mass-selected
sample (right). Bottom: evolution of the median Petrosian radius for mergers and non-mergers within the mass-selected sample. The
error bars represent the standard error, some of which are smaller than the point size. Mergers are shown by circles and non-mergers
are shown by triangles. The Petrosian radius is plotted for the three different [ values with [ = 0.2 shown in blue (left), [ = 0.5 in
orange (centre), and [ = 0.8 in green (right). For all redshifts, the mergers are larger on average than the non-mergers but similar at
larger [.
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'Petr([ = 0.2) = 1.58 ± 0.16 kpc, a factor of 3.78 ± 0.39 smaller than 'Petr([ = 0.2) at

I = 1. By applying a simple power-law fit to each of the radii, we see the radii change

as (1 + I)V where V < 0 in Figure 2.9. We fit V = −0.97 ± 0.03 for 'Petr([ = 0.2)

and V = −0.80 ± 0.03 for 'Petr([ = 0.8) which shows that the size evolution is, on

average, faster for the outer regions of the galaxies than for the inner regions. These fits

are however shallower than other studies that use a simple fitted half-light radius e.g.

Allen et al. (2017) who find V = −0.89 for a mass-complete ("∗ > 1010"�) sample of

galaxies from the FourStar Galaxy Evolution Survey over a redshift range of I = 1 − 7.

Similarly, van der Wel et al. (2014) determine the size evolution of a sample of galaxies

with "∗ ∼ 1010"� to be steep with V = −1.1.

A similar result is achieved when measuring the sizes of a number density-selected

sample at a limit of 1 × 10−4Mpc−3. The median size for this selection at I = 7 is 1.64

± 0.24 kpc, a number similar to that found at the same redshift for the mass-selected

sample. The value at I = 1 for the number density-selected sample is a factor of 3.39 ±

0.54 larger than that at I = 7. The size evolution for this sample therefore evolves at a

similar rate to the previous mass-selected sample.

We again find that the evolution can be fit as a power-law of the form (1 + I)V. For

'Petr([ = 0.2), we find V = −0.82±0.14 and for 'Petr([ = 0.8), we find V = −0.67±0.11.

The result for the outermost radius is consistent with that of Bouwens et al. (2004)

who find V = −1.05 and Oesch et al. (2010) who find V = −1.12 for their samples. In

comparison Patel et al. (2013) select galaxies using a number density of 1.4×10−4Mpc−3

and find a value of V = −1.16 for quiescent galaxies which is slightly higher. The results

found by these previous works are determined using the effective radii of galaxies.

Independent of the selection method used, the outer radii of galaxies evolve with a

steeper slope than the inner radii suggesting that the outer regions are growing more

rapidly. This therefore suggests that mass is added to the outer regions in an inside-out



2.5. Discussion 58

formation mode. This difference in evolution between 'Petr([ = 0.2) and 'Petr([ = 0.8)

is highlighted in Figure 2.11. For each selection method, the value of Δ'Petr increases

with time, showing that the outermost radius increases at a greater rate than the innermost

radius.

We furthermore split the mass-selected sample into mergers and non-mergers based

on the measured CAS values. We examine this as the merging of galaxies is a dominant

method for forming distant galaxies and therefore we can determine how the size dis-

tribution changes during this process. Figure 2.12 shows that each of the different radii

increase as redshift decreases for both mergers and non-mergers however on average,

mergers are larger. As with the previous samples, 'Petr([ = 0.2) changes the most

significantly with mergers changing by a factor of 3.11 ± 0.81 and non-mergers evolving

in size by a factor of 3.98 ± 0.41. 'Petr([ = 0.8) changes the least with mergers and

non-mergers changing by factors of 2.07 ± 0.24 and 2.31 ± 0.13 respectively. The

outer radii change to a higher degree for mergers compared to the non-mergers, again

suggesting a inside-out formation scenario whereby galaxy formation events increase

the outer sizes more than the inner radii.

This inside-out growth could be due to a number of factors with these results

suggesting accretion of satellite galaxies being an important one (e.g., Ferreras et al.,

2014; Huertas-Company et al., 2016a; Buitrago et al., 2017). Miller et al. (2019)

suggests the growth of the inner parts of galaxies is related closely to the star formation

whereas the growth of the outer regions is linked to accretion and the relationship with

galactic halos. By measuring '20 and '80 as opposed to the half-light radius which

is more commonly used, star forming galaxies are found to be larger than quiescent

galaxies in the inner regions ('20) but the difference between the sizes of star forming

and quiescent galaxies disappears at '80.

The results we find are consistent with previous work. For example, Margalef-
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Bentabol et al. (2016) determine the size evolution of a sample of two-component

galaxies with stellar masses "∗ > 1010"� from CANDELS. The circularised effective

radius of each of the components is measured and the outer components are found to

increase in size from I = 3 to I = 1 by a factor of 2 whereas the bulges, or inner

components, remain roughly constant over the same redshift range. It is concluded that

this suggests inside-out formation with the bulges being in place early on in a galaxy’s

history. Carrasco et al. (2010) also find a similar result; by using observations of massive

("∗ ∼ 4×1011"�) galaxies from the Palomar Observatory Wide-Field Infrared survey,

the outer regions of low-I elliptical galaxies are shown to be denser than the high-I

compact massive galaxies by a factor of ∼ 2, confirming that mass is added in the outer

edges. Therefore, it is now commonly seen in all studies that galaxies are growing in an

inside-out fashion.

2.6 Conclusions

The details of the processes that lead to the growth of galaxies through time are still

largely unknown, but by measuring sizes using redshift-independent relative surface

brightness metrics, it is possible to determine where the size of a galaxy grows most

rapidly, and therefore suggest how galaxies grow. In this chapter, we present a new

method of removing foreground objects from images of galaxies that makes use of the

Lyman break at 912 Å. This allows us to reduce the risk of contamination from other

objects when measuring the sizes and other properties of galaxies. The images we use to

make our measurements are in the optical rest-frame at _ � 4000 Å wherever possible.

However, due to the limited availability of HST bands, this is not possible for galaxies

at I > 3 where we are forced to probe galaxy sizes in progressively bluer wavelengths

down to the UV. We calculate the Petrosian radii of three different samples of galaxies
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selected from the CANDELS GOODS-North and GOODS-South fields and determine

how these radii evolve with redshift from I = 7 to I = 1. We use the Petroisan radius as

a proxy for size throughout. Overall, we find an increase in size from I = 7 to I = 1 with

the outer radii increasing the most rapidly over this redshift range. This rapid growth in

the outer edges suggests an inside-out formation process is causing the overall growth

in galaxy size.

We also determine how size evolves for a sample of mergers and non-mergers and

find that mergers are, on average, larger than non-mergers at the outer radii for a given

redshift. The outer radii evolve more rapidly than the inner radii, further supporting the

idea that the size evolution of galaxies is caused by an inside-out formation process e.g.

the accretion of satellite galaxies, mergers, and accretion of gas from the intergalactic

medium.



Chapter 3

Surface Brightness Evolution of

Galaxies in the CANDELS GOODS

Fields up to I ∼ 6: High-I Galaxies are

Unique or Remain Undetected

3.1 Introduction

When studying and examining galaxy evolution as a function of redshift it is common

to observe and characterise how quantities evolve with redshift to infer evolution. These

quantities aremost famously the ultraviolet (UV) luminosity function (LF) (e.g., Arnouts

et al., 2005; McLure et al., 2013; Bouwens et al., 2015), the stellar mass function (e.g.,

Duncan et al., 2014; Bhatawdekar et al., 2019), the spectral shape of the UV light

distribution (e.g., McLure et al., 2018), morphological evolution (e.g., Conselice &

Arnold, 2009) as well as the merger and pair fraction evolution (e.g., Duncan et al.,

61
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2019).

Galaxy surface brightness (SB) has previously been studied in the optical and near-

infrared at low redshifts (Schade et al., 1995; Roche et al., 1998; Labbé et al., 2003;

Barden et al., 2005). Such studies find mixed results with some suggesting there is

evolution in the surface brightness (e.g., Schade et al., 1996) and others suggesting it

does not exist or is due to selection effects (e.g., Simard et al., 1999). Higher redshift

galaxies have been examined in the context of gas, star formation, and star surface density

but rarely explicitly in the form of surface brightness for the last decade or so. However

these density relations are similar to the SB problem. Since the low redshift studies,

larger and deeper surveys have taken place allowing us to now look further and deeper

into the evolution of surface brightness of galaxies, and to do so at a consistent rest-

frame wavelength. With modern deep imaging data from the Hubble Space Telescope,

it is possible to investigate the evolution of surface brightness as measured in the UV

and determine how it evolves in terms of intrinsic surface brightness, and what this

evolution implies for galaxy formation, star formation, dust, as well as galaxy detection.

Surface brightness in the UV rest-frame is a good indicator of star formation density

and gas density (Schmidt, 1959; Kennicutt, 1998; Leroy et al., 2008; Freundlich et al.,

2013), and thus enables an understanding of how these quantities change with time to

first order. Star formation density has been shown to increase to a peak between I ∼ 1

and I ∼ 2, before becoming nearly constant to high redshift for Lyman break galaxies

(e.g., Steidel et al., 1999; Giavalisco et al., 2004). Observations from the Hubble Space

Telescope show a small amount of evolution at I > 3 (Bouwens et al., 2003) and those

measurements that are made using photometric redshifts show constant star formation

up to I ∼ 6 (Thompson et al., 2001; Kashikawa et al., 2003). Surface brightness also

determines how well galaxies can be detected and in this chapter we investigate both of

these problems.
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When measuring the surface brightness of a given galaxy it is now well known that

this value is constant for the same galaxies seen at different distances in the nearby

universe. However, when a galaxy is at cosmological distances, the surface brightness

becomes lower by a significant amount that scales with redshift (I) as (1 + I)U, where

U can range from 3 to 5 depending on the particular circumstances (Tolman, 1930,

1934). One result of this is that the observability of galaxies which would normally be

detectable would have such a low surface brightness that even with deep Hubble Space

Telescope exposures, it would not be possible to detect them at higher redshifts.

The literature on the evolution of SB is however not entirely consistent on how this

evolution occurs. Previous studies of the rest-frame surface brightness evolution of

disk galaxies find mixed results ranging from little or no evolution to a difference of

∼1-2 mag between the local Universe and I ∼ 1. For example, Labbé et al. (2003) use

ground-based near-infrared imaging and find an increase of 1 mag out to I ∼ 2 − 3 for

six Milky Way-type galaxies. Schade et al. (1996) also use ground-based imaging but

find a stronger evolution of 1.6 mag from I ∼ 1 for a larger sample of 143 galaxies (33

early-type and 110 late-type). These results are also found in Hubble Space Telescope

observations; Schade et al. (1995), Lilly et al. (1998), Roche et al. (1998) and Barden

et al. (2005) who find an average increase in surface brightness of ∼ 1 mag by I ∼ 1 for

a mixture of both spiral and elliptical galaxies.

In terms of surface brightness and selection, Simard et al. (1999) identify the need

for selection effects to be taken into account when probing higher redshifts, and this is

another reason why studying the evolution of SB is important. Before taking selection

effects into account, Simard et al. (1999) find a change of 1.3 mag from I ∼ 1 to

I ∼ 0 but once these effects are considered, no evolution in the surface brightness

is seen. Similarly, Ravindranath et al. (2004) find a change in surface brightness

of < 0.4 mag over the range 0.2 < I < 1.25 in the I-band for disk like galaxies when
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considering selection effects. These studies show that there are relatively bright galaxies

in the highest redshift bins. Trujillo & Aguerri (2004) also take selection effects into

account in their analysis, a change of ∼ 0.8 mag from I = 0.7 to I = 0 is found when

measuring the surface brightness in the +-band. Models supporting an increase in

surface brightness include Bouwens & Silk (2002) who model disk evolution based on

two different approaches. Both models find a strong evolution in the �-band surface

brightness of 1.5 mag by I = 1, and it is argued that these results are not an artefact of

selection effects.

These works are limited to relatively low redshift objects, where the cosmological

SB dimming is not as dramatic as it is at higher redshifts and to the optical rest-frame.

As higher redshift data from surveys such as the Cosmic Assembly Near-infrared Deep

Extragalactic Survey (CANDELS) is now available, it is now possible to probe how the

surface brightness of galaxies changes with time, and infer the processes that cause this

evolution over ∼ 12 Gyr of cosmic time for the UV rest-frame.

We examine the evolution of the UV rest-frame (_ ∼ 2000 Å) surface brightness

through the redshift range of 0.5 < I < 6.5. We also examine the relationship between

the surface brightness with star formation rate (SFR). In order to reduce any biases in the

results, we use a mass-selected sample that is >95% complete (Duncan et al., 2019). We

also examine a separate number density-selected sample. Stellar mass incompleteness

is an important factor to consider when examining galaxies at high redshift as due

to detection limits, some galaxies will be missed in observations. We explore this

incompleteness in our sample in order to see how this affects our surface brightness

measurements.

This chapter is structured as follows. In §3.2 we describe the data and the sample.

In §3.3 we describe the method used. In §3.4 we present our main results, and in §3.5

we discuss our findings. Finally, we conclude in §3.6. Throughout this chapter we use
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AB magnitudes and assume a Λ-CDM cosmology with �0 = 70 kms−1Mpc−1, Ω< =

0.3, and ΩΛ = 0.7.

3.2 Data and Sample Selection

For this work two samples of galaxies over the redshift range 0.5 < I < 6.5 are selected

from the Great Observatories Origins Deep Survey North and South (GOODS-N and

GOODS-S respectively) fields (Giavalisco et al., 2004) from the Cosmic Assembly

Near-infrared Deep Extragalactic Survey (CANDELS) (Grogin et al., 2011; Koekemoer

et al., 2011). CANDELS is a Multi Cycle Treasury Programme which images objects

using the Advanced Camera for Surveys (ACS) and the Wide Field Camera 3 (WFC3).

In total, CANDELS covers an area of 800 arcmin2 over five different fields. The

GOODS-N and GOODS-S fields cover a combined area of 160 arcmin2 and are centred

on the Hubble Deep Field North and the Chandra Deep Field South (Giavalisco et al.,

2004). CANDELS is divided into CANDELS/Deep which images both GOODS-N and

GOODS-S to a 5f depth of 27.7 mag in the�-band and CANDELS/Wide which images

the fields to a 5f depth of 26.3 mag in the �-band. For this work, we use the F435W,

F606W, F814W, and F850LP images observed using the ACS and the F105W, F125W,

and F160W images observed using the WFC3. These filters will be referred to as �435,

+606, �814, I850, .105, �125, and �160 from this point onwards.

In this work, we analyse two separate samples; amass-selected sample and a number-

density selected sample. The mass-selected sample is comprised of 1,522 galaxies that

lie within the mass range 1010"� < "∗ < 1011"� to ensure completeness (Duncan

et al., 2019). The completeness limits at I = 6 are log10("�) = 10. The mass limits

for I < 6 are considerably lower than our chosen mass limit of 1010"�. The redshift

and mass distributions of the galaxies within this sample are shown in the left panel of
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Figure 3.1. The yellow regions indicate a high density of galaxies and purple indicates

a lower density of galaxies.

The number density-selected sample is generated by using a constant number density

of 1×10−4 Mpc−3 (Ownsworth et al., 2016). This sample consists of 400 galaxies

that have masses in the range 109.5"� < "∗ < 1011.8"�. The redshift and mass

distributions within the number density-selected sample are shown in the right panel of

Figure 3.1. As with the left panel, the yellow regions indicate a high density of galaxies

and purple indicates a lower density of galaxies. This sample is chosen as it potentially

allows us to directly track the progenitors and descendants of massive galaxies at all

redshifts (e.g., Mundy et al., 2015; Ownsworth et al., 2016). In the following subsections

we discuss how we measured photometric redshifts and stellar masses for our sample of

galaxies. There are a small number of high-I galaxies with high masses in this sample

that are unlikely to be real, however these galaxies do not affect our results.
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Figure 3.1: Left: redshift and mass distributions of the mass-selected sample. Right:
redshift and mass distributions of the number density-selected sample. In both, yellow
indicates an increased density of points and purple indicates a low density.
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3.2.1 Photometric Redshifts and Stellar Mass Fitting

We use the same methods as in 2.2.1 in order to determine the photometric redshifts and

stellar masses of the galaxies within our sample.

3.2.2 Star Formation Rates

The star formation rates we use in this chapter are determined through spectral energy

distribution (SED) fitting. The measured rest-frame absolute magnitudes (M1500) are

corrected for dust extinction using the relation determined by Meurer et al. (1999).

Where the relation implies a negative extinction, the extinction is set to 0. The UV star

formation rates are calculated using the following:

(�' ("� yr−1) = !*+ (erg s−1 Hz−1)
1.39 × 1027 (3.1)

where the conversion factor of Madau et al. (1998) and Kennicutt (1998) is used. For

further details, see Duncan et al. (2014) and Duncan et al. (2019).

3.3 Methodology

3.3.1 2D Lyman-break Imaging

We utilise the same image processing technique described in 2.3.1 however in this case,

we use the UV rest-frame as opposed to optical. The bands used are given in Table 3.1,

along with the rest-frame wavelength we probe at each redshift. This 2D Lyman break

imaging method removes all nearby galaxies and only retains the original system. We

do this to avoid contamination from foreground objects, utilising the fact that the Lyman
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Table 3.1: The bands used to complete the image processing for each redshift in Column
1. Column 2 gives the band corresponding to the UV rest-frame ($A0F

8, 9
), and Column 3

gives the band corresponding to the Lyman-break where applicable (�A0F
8, 9

). Column 4
gives the rest-frame wavelength probed.

I $A0F
8, 9

�A0F
8, 9

_A4BC

1 �435 - 2175 Å
2 +606 - 2020 Å
3 �814 - 2035 Å
4 I850 �435 1700 Å
5 .105 �435 1750 Å
6 �125 +606 1785 Å

break allows us to find which systems are at a different redshifts of the principal galaxy

we are looking at.

3.3.2 Size Measurement & Magnitude Determination

In this work we use the Petrosian radius ('Petr([)) to measure the sizes of our galaxies

(e.g., Whitney et al., 2019). The radius we use for sizes, defined by the Petrosian

index, is also the radius we use to measure the magnitude of the galaxy. The Petrosian

radius is defined as the radius at which the surface brightness at a given radius is a

particular fraction of the surface brightness within that radius (e.g., Bershady et al.,

2000; Conselice, 2003). The Petrosian radius and the way in which it measured are

described in further detail in 2.3.2. We correct the sizes for point spread function (PSF)

effects by simulating a sample of galaxies and applying the WFC3 PSF to images of

these galaxies, as described in Whitney et al. (2019).

In order to calculate the surface brightness, we first calculate the magnitude, <,

within an aperture of radius 'Petr by measuring the flux within this aperture. From this

magnitude, we are able to determine the observed surface brightness and the intrinsic

surface brightness, as explained below.
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3.3.3 Surface Brightness Dimming

Below we give a detailed description of our derivation for how the surface brightness of

a galaxy changes due to cosmological effects. There are many papers on this in the past

(Tolman, 1930, 1934; Giavalisco et al., 1996; Conselice, 2003) however, we rederive the

net correction for the dimming in our own specific situation whereby we are observing

the same rest-frame wavelength, but in different observed filters, at different redshifts.

Note that all situations in surface brightness dimming are unique and the derivation

below is focused on our own situation.

It is well known that themeasured surface brightness of a given galaxy is not constant

with redshift, and that objects are subject to surface brightness dimming whereby an

object at redshift I1 is a factor 5 dimmer in surface brightness than the same object at

redshift I2 where I1 > I2 Tolman (1930, 1934). There are 5 factors of (1 + I) that need

to be taken into account when considering surface brightness dimming; two factors of

(1 + I) arise from the fact that the source was closer to the observer when the light was

emitted. This causes the object to look larger by a factor (1 + I) in two dimensions.

One factor of (1 + I) arises from a change in the rate of photons being received from

the source. Another factor is the result of photons shifting to a lower energy as they

propagate from the source to the observer. The final factor comes from the change in

the unit wavelength bandpass. When considering the integrated flux, the final factor

does not apply. This is consistent with the argument made by Tolman (1930) whereby

galaxies dim with redshift by a factor of (1 + I)4. Here we consider the flux density

measured in units of 5a. Therefore, the redshift dependence is reduced to (1 + I)3.

We carry out a detailed derivation on a step by step basis so that other situations can

be adopted using our methodology. First, when considering the spectral flux density in

units of 5_ (erg s−1 cm−2 Å−1), as used in Space Telescope (ST) magnitudes, there are
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five factors of (1 + I) to consider when calculating how much the surface brightness

reduces by in terms of a bolometric flux. One term of (1+ I) originates from the energy

reduction of a photon. When a photon is emitted, it has a wavelength _4<8C and has

energy �4<8C given by

�4<8C =
ℎ2

_4<8C
. (3.2)

We know that observed wavelength, _>1B, is a factor of (1 + I) larger than the emitted

wavelength due to redshift, therefore, the observed energy, �>1B, is given by

�>1B =
ℎ2

_4<8C (1 + I)
. (3.3)

From this, we can say that the energy is a factor of (1 + I) smaller at the time of

observation than at the time of emission, giving the first factor of (1 + I).

Another factor is due to time dilation; two photons emitted in the same direction

XC4<8C are separated by a proper distance 2 × XC4<8C . At observation, the proper distance

is 2 × XC4<8C × (1 + I). The two photons are then detected at a rate of

XC>1B = XC4<8C (1 + I). (3.4)

This yields a second factor of (1 + I). The two factors that are due to energy reduction

and time dilation are the two factors associated with the luminosity distance 3! . The

luminosity distance 3! is used when determining the flux emitted from an object with

luminosity !:

5 =
!

4c32
!

. (3.5)
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the luminosity distance is related the the transverse comoving distance A by the relation

3! = A (1 + I). (3.6)

We can therefore express the flux in terms of the luminosity distance as:

5 =
!

4cA2(1 + I)2
. (3.7)

The two factors in the denominator are due to the energy and time dilation effects as

described above. The third and fourth factors arise from the change in angular size of

the object; for an object of diameter 3 and angular size X\, the angular diameter distance

is given as:

3� =
3

X\
. (3.8)

For a flat Universe, the angular diameter distance is given by

3� =
A

(1 + I) . (3.9)

Substituting this into Equation 3.7, we see that the flux is reduced by a factor of (1 + I)4

due to redshift:

5 =
!

4c32
�
(1 + I)4

. (3.10)

The fifth and final factor arises due to the change in unit bandpass wavelength from

emission to detection. A filter has central wavelength _ andwidthΔ_. Both the observed

central wavelength and the observed band width increase by a factor of (1 + I). For a
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fixed filter width this results in a reduction of observed flux from a galaxy. The observed

bandpass wavelength can therefore be given as

_>1B = _4<8C (1 + I) + Δ_4<8C (1 + I). (3.11)

From these arguments, we can see that

5_ ∝ (1 + I)−5 (3.12)

in units of erg s−1 cm−2 Å−1, or ST magnitudes, where `8=C is the intrinsic surface

brightness.

In the case of the spectral flux density is units of 5a (erg s−1 cm−2 Hz−1), as used in

AB magnitudes, we must consider the first four factors described above (energy, time

dilation, angular size). However we must consider the change in unit frequency as

opposed to the change in unit wavelength. As frequency is inversely proportional to

wavelength, the frequency interval decreases by a factor of (1 + I) from emission to

detection. From this, we find that

5a ∝ (1 + I)−3 (3.13)

in units of erg s−1 cm−2 Hz−1, or ABmagnitudes. We use this factor of (1+I) throughout

the remainder of this work when comparing the measured surface brightness at different

redshifts as derived in Equation 3.13.

We use the factor of (1+I)4 when artificially redshifting galaxies, as described below

in §3.3.5. Overall, the surface brightness dimming factor used when considering the

integrated flux (erg s−1 cm−2) includes the factors that are a result of energy reduction,
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time dilation, and change in size. Therefore, objects are subject to a cosmological

dimming factor of (1 + I)−4. This is also the case when considering pixel values of an

image, where the pixel values are in units of photons s−1cm−2Å−1.

3.3.4 Surface Brightness: Observed and Intrinsic

One of the main goals of this chapter is to examine the intrinsic evolution of the surface

brightness for galaxies up to I = 6.5. However, this is a derived quantity that must be

calculated based on the observed surface brightness, and assuming that cosmological

dimming is taking place. As such, we examine in this chapter both the observed and the

derived intrinsic SB evolution.

First, we describe the method in which we use to derive the intrinsic surface bright-

ness from the observations. The observed surface brightness is given by

`>1B = < + 2.5log10(c'2
Petr) (3.14)

where< is the apparent magnitude discussed in §3.3.2 and 'Petr is the Petrosian radius of

the galaxy in which that magnitude is measured. The apparent magnitude is calculated

from the measured flux within the measured Petrosian radius 'Petr. As we are measuring

fluxes in theABmagnitude system, this surface brightness should be corrected by surface

brightness dimming of the form:

`8=C = < + 2.5log10(c'2
Petr) − 2.5log10((1 + I)3). (3.15)

We use Equation 3.15 to calculate the intrinsic SB for the systems we detect, within

the observed SB given by Equation 3.14. Throughout the rest of this chapter we use
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these SB values to understand the physical evolution and selection effects present within

deep surveys such as CANDELS. As explained in §3.3.3, we use a factor of (1 + I)4 to

determine the amount of cosmological dimming experienced by a galaxy when being

artificially redshifted from a redshift I1 to a higher redshift I2.

3.3.5 Artificially Redshifted Galaxies

One of the tools we use to determine whether galaxies observed at low redshift (I1)

would be detectable at higher redshift (I2), is by artificially redshifting galaxies in our

sample from low redshift to high redshift. We start by examining a representative

simulation by taking galaxies from I1 = 2 and simulating how they would appear within

the CANDELS data at I2 = 6. This procedure is done by multiplying the +606 image

by the factor
(

1+I1
1+I2

)4
and inserting this into the background of the �125 mosaic image

whose noise is reduced by a factor defined as,

5 =
1

1 −
(

1+I1
1+I2

)4 , (3.16)

to ensure we are not overestimating the background. We also include luminosity evo-

lution in the form of the difference between the characteristic magnitudes (Δ"∗) of the

UV luminosity functions for each redshift. The values for 1 ≤ I ≤ 3 are taken from

Arnouts et al. (2005) and the values for 4 ≤ I ≤ 7 are taken from Bouwens et al. (2015).

The redshifting process is therefore described by the equation

'8, 9 = $8, 9 ·
(
1 + I1
1 + I2

)4
· Δ"∗ +

#8, 9

5
(3.17)

where '8, 9 is the redshifted image, $8, 9 is the rest-frame UV image at I = 2, and #8, 9
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is the background noise. Figure 3.2 shows an example of this redshifting technique,

beginning at I = 2 and ending at I = 6. We then measure these galaxies using the CAS

code (Conselice, 2003) in the same way would do on actual galaxies. We use this to

measure the size (in this case, the Petrosian radius at [ = 0.2, 'Petr and flux of each

galaxy from which we can determine the measured surface brightness.

z = 2.0 z = 2.5 z = 3.0

z = 3.5 z = 4.0 z = 4.5

z = 5.0 z = 5.5 z = 6.0

Figure 3.2: Example of the redshifting process beginning with a I = 2 galaxy (top left)
and ending with the same galaxy redshifted to I = 6 (bottom right). The images in
between correspond to the original galaxy redshifted in XI = 0.5 intervals. The image at
each redshift interval has been evolved with the characteristic magnitude of that redshift
(Arnouts et al., 2005; Bouwens et al., 2015).
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We calculate a surface brightness completeness limit by examining the whole sample

from which the two sub-samples are selected and determining at which magnitude the

surface brightness function declines. This magnitude is then used to calculate the

equivalent intrinsic surface brightness at each redshift.

3.4 Results

In this section we present the results we find when measuring the surface brightness of

the galaxies using the two separate samples described in §3.2; a mass-selected sample

where the galaxies lie within a mass range of 1010"� < "∗ < 1011"� and a number

density-selected sample where each redshift bin contains galaxies such that a number

density selection is used at the constant value of 1 × 10−4 Mpc−3 with a mass range of

109.5"� < "∗ < 1011.8"�. This particular method of selecting galaxies allows us to

trace how the most massive galaxies have evolved in SB over time.

3.4.1 Observed Surface Brightness as a Function of Redshift

Throughout this work we measure all sizes and fluxes in the UV rest-frame between

1785 Å, and 2175 Å. Surface brightness is variant with wavelength, hence the need for

a consistent rest-frame wavelength across redshifts. The UV rest-frame is also useful

for tracing the star formation within galaxies. One downside of using the UV is that we

are not able to trace the underlying older stellar mass formed within these galaxies. We

are only tracing the young stars and the effects of dust on this light.

Before applying mass and number density cuts to the data, we examine the observed

surface brightness distribution of the full sample of ∼34,000 galaxies obtained from the

CANDELS GOODS-North and GOODS-South fields. These galaxies lie in the redshift
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range 0.5 < I < 6.5 and have stellar masses in the range 106"� < "∗ < 1012"�. The

observed surface brightness for each of these galaxies can be seen in Figure 3.3 before

any cuts are performed. The average observed surface brightness of each redshift bin is

given as a blue triangle, with an error of 1f. There is a jump in `>1B between redshifts

I = 3 and I = 4 due to a difference in limiting magnitude of the filters, whereby F814W

probing I ∼ 3 is more sensitive than any redder filter with WFC3.
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Figure 3.3: Observed surface brightness for the full sample from which the mass-
selected and number density-selected samples are taken from. The average observed
surface brightness for each redshift bin are shown as blue triangles with errors equal
to 1f. This is purely an observational result showing the range of surface brightness
which we probe with our filters and exposures.

The evolution of the observed surface brightness (`>1B) of the mass-selected sample

can be seen in the left panel of Figure 3.4 with the mean surface brightness indicated for

each redshift as orange circles. The same plot for the number density-selected sample

can be seen in the right panel of Figure 3.4 with the mean surface brightness shown by
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green circles. Both forms of the evolution are fit with a power law of the form:

` = U(1 + I)−V. (3.18)

The parameters determined for the fits are shown in Table 3.2. Both samples show a

relatively flat evolution, increasing by 0.9± 1.5 mag arcsec−2 and 1.2± 1.4 mag arcsec−2

respectively. We correct the observed surface brightness for size evolution by setting

the size of each galaxy to be the mean size of the I = 6 galaxies such that Equation 3.14

becomes

`>1B = < + 2.5log10(c'2
I=6). (3.19)

We plot these size corrected values as empty circles and fit these points with the power

law given in Equation 3.18 and this is shown as a dashed line on both the left and right

panels of Figure 3.4. We see that the size corrected values yield a shallower evolution

whereby the difference between the surface brightness at I = 1 and I = 6 is now 0.4

± 1.8 mag arcsec−2 and 0.1 ± 1.9 mag arcsec−2 for the mass-selected and number

density-selected samples respectively.

When using more the more direct physical value of surface brightness in the form of

measured flux per unit area in real units rather than logged, we find that themass-selected

sample evolves as (1 + I)0.25±0.71 and the number density-selected sample evolves as

(1 + I)0.07±0.73. This method also suggests that the flux per unit area decreases with

time.
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Figure 3.4: Left: evolution of the average observed surface brightness for the mass-
selected sample. The mean surface brightness is shown for each redshift as orange
circles. A power law is fit to the mean values and we find `obs = 27.44 ± 0.34(1 +
I)−0.03±0.01. This fit is shown as a solid line. The surface brightness is corrected for
size by setting the sizes of all galaxies to the mean I = 6 galaxy size . These points are
shown as empty circles. The fit to the points is shown as a dashed line and is found to be
`obs = 25.35± 0.20(1 + I)0.01±0.01. The error bars shown are 1f from the mean. Right:
evolution of the average observed surface brightness for the number density-selected
sample. The mean surface brightness for each redshift is indicated by the green circles.
The error bars shown are 1f from the mean and a fit of the form (1 + I)−V (solid line)
have been fit to the data. The fit is found to be `obs = 27.94± 0.39(1 + I)−0.04±0.01. The
observed surface brightness is corrected for size, as shown by the empty circles. The
power law fit of these values yields `obs = 26.09± 0.37(1 + I)−0.00±0.01 and is shown as
a dashed line.

3.4.2 Intrinsic Surface Brightness as a Function of Redshift

The intrinsic surface brightness (`8=C) varies with redshift such that galaxies at a low

redshift are ∼5 mag dimmer than those at the highest redshift. The evolution of `8=C

can be seen in the left panel of Figure 3.5 for the mass-selected sample and in the right

panel of Figure 3.5 for the number density-selected sample. The mean intrinsic surface

brightness is indicated by the orange and green points respectively. We fit a power law

to these mean values and these fits are indicated by a solid line in both cases. The

parameters of the power law fits for both figures are shown in Table 3.2. Both samples
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show a similar evolution, with the mass-selected sample evolving as (1+ I)−0.18±0.01 and

the number density-selected sample evolving as (1+ I)−0.19±0.01. No matter the selection

method, the intrinsic surface brightness changes by several mag arcsec−2 with the mass-

selected sample changing by 4.8 ± 1.5 mag arcsec−2 and the number density-selected

sample changing by 5.0 ± 1.4 mag arcsec−2.

As for the observed surface brightness, we correct for size evolution for both samples

by setting the size of each galaxy to the mean size of the I = 6 bin. Equation 3.15

therefore becomes

`8=C = < + 2.5log10(c'2
I=6) − 2.5log10((1 + I)3). (3.20)

This is shown in the left (mass-selected) and right (number density-selected) panels of

Figure 3.5 by the empty circles and a fit of the form (1 + I)−V is shown as a dashed line

for both samples. This size correction causes the evolution to flatten for both samples

with V changing from 0.18 ± 0.01 to 0.13 ± 0.01 and 0.19 ± 0.01 to 0.15 ± 0.01 for the

mass-selected and number density-selected samples respectively. This size correction

also causes the difference in surface brightness between I = 1 and I = 6 to change to 3.5

± 1.8 mag arcsec−2 and 3.9 ± 1.9 mag arcsec−2 for the two samples. This means that size

can only account for about a magnitude of the evolution of galaxy surface brightness,

with 3-4 mag arcsec−2 unaccountable for the fact that galaxies are growing in size within

their Petrosian radius as they evolve from high to low redshift (e.g.,Whitney et al., 2019).

By examining the evolution of the size corrected surface brightness, a quantity that is

linearly proportional to the luminosity, we are effectively examining the evolution of the

absolute magnitude at a fixed size.

We also show the distribution of the surface brightness for the full mass-selected

sample in Figure 3.6. This demonstrates a systematic evolution at all galaxy masses in
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Table 3.2: The fits determined for both the mass-selected (M) and number density-
selected (ND) samples as given by Equation 3.18.

Sample U V

`observed
M 27.44 ± 0.34 -0.03 ± 0.01
ND 27.94 ± 0.39 -0.04 ± 0.01

`intrinsic
M 27.91 ± 0.51 -0.18 ± 0.01
ND 28.31 ± 0.57 -0.19 ± 0.01
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Figure 3.5: Left: evolution of the intrinsic surface brightness for the mass-selected
sample with the mean surface brightness for each redshift bin shown by the orange
circles. We fit a power law of the form (1 + I)−V (solid line) and find `int = 27.91 ±
0.51(1+ I)−0.18±0.01. Also shown are the mean size corrected values (empty circles) and
a power law fit to these points. This fit is found to be `int = 25.54±0.22(1+ I)−0.13±0.01.
The error bars shown are 1f from the mean. Right: evolution of the intrinsic surface
brightness for the number density-selected sample with the mean surface brightness for
each redshift bin shown by the green circles. We fit a power law (shown by the solid
line) and find `int = 28.31 ± 0.57(1 + I)−0.19±0.01. The mean size corrected surface
brightness is also shown as empty circles, along with the fit to these points. The fit is
found to be `int = 26.25 ± 0.34(1 + I)−0.15±0.01. The error bars shown are 1f from the
mean.

surface brightness such that, on average, galaxies at higher redshifts exhibit a higher

intrinsic surface brightness, which then declines at lower redshifts. One caveat to this

observation is that this is not necessarily a complete sample, as we would naturally be

missing galaxies lower than the surface brightness completeness limit. At high redshift
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this limit is quite high – 20 mag arcsec−2, which appears to be the limit in which we can

still detect intrinsically faint galaxies at I > 3. What remains to be known or determined

is if there are indeed galaxies at these redshifts which have an intrinsic surface brightness

which is lower than this value and therefore unobservable with our current deep imaging.

We investigate this question later in the chapter.
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Figure 3.6: Intrinsic surface brightness distribution for each redshift. The different
coloured lines show the different redshifts for this distribution of intrinsic surface bright-
ness. These are corrected by a factor of (1+I)3 from the observed distributions to account
for the surface brightness dimming with redshift.

3.4.3 Artificially Redshifting Galaxies

We examine the effects of redshift using the simulations described in §3.3.5. We carry

out these simulations by artificially redshifting galaxies at I = 2 and imaging them to

how they would appear in our data at I = 6. This is done primarily using the techniques

described in §3.3.5 whereby the galaxy is reduced in surface brightness by (1 + I)4, and
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then reimaged into our data.

When we carry out this process we find that there are few galaxies obviously visible

in the resulting images. This implies that without some type of luminosity evolution

we would only be able to detect a few galaxies with properties similar to the ones we

can detect at I = 2 at higher redshifts. However, in addition to our visual determination

of whether a galaxy has been detected, we measure the signal-to-noise ratio (S/N) of

each of the objects after they are simulated. We measure the flux within 'Petr([ = 0.2).

The average S/N for the redshifted sample is ∼ 3, which is barely detectable at best, and

which is a significant decrease when compared to the original sample of galaxies that

have an average S/N of ∼ 100. We find that 16% of the artificially redshifted galaxies

are detectable (defined as having a S/N > 5) compared to 94% of the original sample of

I = 2 galaxies.

We measure a difference of 3.5 ± 1.6 mag arcsec−2 in intrinsic surface brightness

between I = 6 and I = 2 for the mass-selected sample and so we apply this difference to

the I = 6 simulated galaxies in the form of an increase of brightness by a factor of ∼ 24

using the relation:

!I=6
!I=2

= 100.4·Δ" . (3.21)

As a result, the S/N of the artificially redshifted galaxies increases to about∼ 50 after this

luminosity evolution is included. We also measure a mean observed surface brightness

of 26.3 mag arcsec−2 and a mean intrinsic surface brightness of 19.9 mag arcsec−2. Both

results are ∼ 0.3 magnitudes dimmer than the values we see for the actual I = 6 sample

of galaxies. This implies that most of these galaxies would be observable at I = 6 just

using the amount of decrease in the observed surface brightness and correcting for it.

However, we know from various studies of the luminosity function in the UV that
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the intrinsic average brightness of galaxies on average changes as we go to higher

redshifts, with galaxies becoming brighter (e.g., Arnouts et al., 2005; Bouwens et al.,

2006; McLure et al., 2013; Duncan et al., 2014; Bouwens et al., 2015; Bhatawdekar

et al., 2019). This observed brightening of the average galaxy population is however

much less than the amount we observe in terms of the SB evolution.

To see the effect of this on the detectability of our sample of galaxies after being

simulated from I = 2 to I = 6 we increase the brightness of our images by the observed

amount from LF evolution. We take the I = 2 characteristic magnitude, M∗
*+

, to be

−20.33± 0.50 (Arnouts et al., 2005) and set this value to be the zero-point. We take the

I = 6 characteristic magnitude to be −20.94± 0.20 (Bouwens et al., 2015) and calculate

the change in magnitude between the two redshifts to be 0.61 ± 0.54 mag. We are

then able to calculate the factor by which the brightness changes ( !I=6
!I=2

) from the lowest

redshift to the highest redshift. We determine this value to be 1.75 ± 0.87, which is

much less than the factor of 24 observed, as discussed above. We calculate this factor

for each redshift interval and multiply the redshifted images by this factor to simulate

the evolution of the luminosity function.

We show the evolution of both the observed and intrinsic surface brightness of the

artificially redshifted sample of galaxies that have been evolved with the luminosity

function in Figure 3.7. Unlike the actual observed surface brightness evolution, the

measured SB for the simulated sample increases by 1.0 ± 1.9 mag arcsec−2 from I = 6

to I = 2, and we find that the evolution goes as (1 + I)0.05±0.01 so therefore these

simulated galaxies appear to get brighter with redshift. This is due to the method used

when artificially redshifting the galaxies; the overall factor the images are multiplied

by decreases as redshift increases leading to a smaller measured flux and therefore a

dimmer surface brightness. The real mass-selected sample on the other hand decreases

by 0.7 ± 1.6 mag arcsec−2 over the same redshift range. The intrinsic surface brightness
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however follows the trend seen in the real sample but the evolution is not as steep; the

evolution goes as (1+ I)−0.09±0.02 and the surface brightness decreases by 1.9 ± 1.9 mag

arcsec−2 over the redshift range I = 6 to I = 2 whereas the real sample decreases by 3.5

± 1.6 mag arcsec−2 over the same redshift range.

Based on this, there is approximately 1.6 magnitudes of intrinsic surface brightness

evolution unaccounted for in the simulated images. We find from this that 84% of the

I = 2 galaxies would not be detected at I = 6 if evolved with the luminosity function

(where detected galaxies are determined as being those with a S/N > 5), with only the

highest surface brightness ones being detectable. This implies that there is a either a

significant amount of galaxies being missed in deep HST imaging which exist at high

redshifts, or that some galaxies have evolved significantly more than others. This would

imply an unusually shaped surface brightness function at high redshifts. We will further

discuss this in the discussion section of this chapter.

We also alternate how much evolution we add to determine how much brighter the

galaxies at I = 2 would need to be in order to be considered significant detections.

We find that a factor of 6 is required for a mean S/N value of 10. This factor of 6 in

brightness equates to a change in magnitude of ∼ 2 which is much larger than the change

of 0.61 in magnitude seen for the characteristic magnitudes between I = 2 and I = 6.

Thus it cannot be the case that surface brightness evolution is determined simply by an

evolving luminosity and size within the Petrosian radius.

The limiting magnitudes for an extended source for the �125 filter of GOODS-South

and GOODS-North fields are 27.9 mag and 28.0 mag respectively. These values are 5 ×

the photometric error within a 0.2 arcsec2 aperture (Grogin et al., 2011). This equates to

limiting observed surface brightness to 26.2 mag arcsec−2 and 26.3 mag arcsec−2 within

a 0.2 arcsec2 area, respectively. However, this is not a proper limit due to various factors.

We thus empirically determine the SB completeness limit for our data by examining at
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Figure 3.7: Evolution of the observed (blue triangles) and intrinsic (orange circles)
surface brightness of our simulated galaxies that have been evolved with the luminosity
function increase in brightness from I = 2 to I = 6. We fit a power law to both surface
brightness and find `obs = 25.29 ± 0.30(1 + I)0.05±0.01 (shown as a dashed line) for the
observed surface brightness and find `int = 25.52 ± 0.67(1 + I)−0.09±0.02 (shown as a
solid line) for the intrinsic surface brightness. Also shown are the fits to the real surface
brightness evolution for both the intrinsic (dotted line) and observed (dot-dash line).

which magnitude the SB function declines. We find that 90% of the simulated galaxies

that have been evolved with the luminosity function correction have an observed surface

brightness that is lower than the limiting surface brightness. Therefore, if these galaxies

were real, we would not be able to detect the vast majority of these galaxies using the

�125 filter of WFC3.

In the next section of this chapter we investigate the relationship of surface brightness

to other galaxy properties. One reason we do this is to try to make sense of this evolution

in observed surface brightness and what it might imply regarding the galaxy population

at high redshift.
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3.4.4 Correlation With Other Parameters

The first part of this chapter is about the use of surface brightness measures as a way to

detect galaxies. We discuss how it is likely that many galaxies are likely missing and

whether the evolution of luminosity is consistent with the intrinsic SB evolution. In this

section, we explore the relationship between the intrinsic surface brightness and other

galaxy parameters such as star formation rate. This is the second part of this chapter

whereby we examine how the surface brightness reveals information about the physical

state of the galaxies and how they are evolving.

Firstly, we determine the relationship between intrinsic surface brightness and the

stellar mass of our mass-selected sample of galaxies for each redshift bin, as shown in

Figure 3.8. Each panel shows the relationship for each redshift bin with the final panel

giving the evolution of the slope of the relationship. The fits for each redshift are shown

as dashed lines and the surface brightness completeness limit described in §3.3.4

is shown by a solid line. The fits are determined by minimising the errors in the surface

brightness. There are galaxies below the surface brightness limits due to the way in

which we determine the surface brightness limit; we find the point at which the surface

brightness function declines and as this is gradual and not a vertical drop, there are some

galaxies that have a low surface brightness. We find a slight dependence of surface

brightness on galaxy stellar mass whereby lower surface brightness galaxies have a

higher mass, however this is a very small dependence. In general, a galaxy of any given

mass could have a range of surface brightness at all redshifts. This suggests that the

stellar mass of a galaxy does not heavily influence the evolution of its intrinsic surface

brightness. It also implies that by only reaching a certain surface brightness limit we

are not solely missing low-mass galaxies, but high-mass galaxies are missing too. This

has important consequences for understanding the fact that we are missing galaxies at
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Figure 3.8: Relationship between the intrinsic surface brightness and galaxy stellar mass for each redshift bin. Each bin is shown in
a separate panel and the final panel shows the slope of the fit for each bin. The fits are shown as dashed lines in each panel and the
surface brightness completeness limit at each redshift is indicated by the solid vertical line. The linear fits are done by minimising the
errors in the surface brightness. We find very little dependence of surface brightness on galaxy stellar mass at all redshifts, suggesting
that a galaxy of any given mass could have a range of surface brightness values.
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high redshift under the surface brightness completeness limits.

As we probe the universe with deeper observations, we are are able to detect galaxies

with lower surface brightness. However, as we are only looking at objects in the UV rest-

frame at the highest redshifts with HST, we can conclude that we are missing galaxies

at all stellar masses. To highlight this, we compare the relationship between the stellar

mass and intrinsic surface brightness measured in the UV rest-frame (�435) and the �160

band, as shown in Figure 3.9. The slope for the �160 band is negative as opposed to no

relation as seen for the �435 band. This is such that within the �160 band those galaxies

with the highest masses exhibit a higher surface brightness. We do not witnesses this

when observing galaxies in the rest-frame UV; in this case there is a large scatter and

no obvious trend. From this we can conclude that it is thus likely that observations are

missing low surface brightness galaxies in the UV which span all stellar masses.

We also examine the evolution star formation rate density, Σ(�' of the two samples.

Σ(�' is defined as the star formation rate per unit area where the area used is the region

bound by a circle of radius 'Petr([ = 0.2). In the left panel of Figure 3.10, we show the

mean star formation rate density for the mass-selected sample as orange circles. In the

right panel of Figure 3.10, we show the same relation but for the number density-selected

sample. For both samples, we see decreases in log10(Σ(�') of 1.4 ± 0.6"�yr−1kpc−2

and 1.5 ± 1.0"�yr−1kpc−2 for the mass-selected and number density-selected samples

respectively. Both results show that a higher surface brightness correlates with a larger

SFR and a larger SFR per unit mass.

The relationship between the star formation rate (SFR) and the intrinsic surface

brightness is shown in Figure 3.11 for the six redshift bins. On top we show the results

for the mass-selected sample and the bottom shows the same results for the number

density-selected sample. Each panel shows the relationship between the two variables
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Figure 3.9: Intrinsic surface brightness versus stellar mass for I = 1 galaxies as observed
withHST. The UV rest-frame (�435) is shown as grey crosses and the samemeasurement
for the �160 band is shown as red circles.

for each redshift bin, along with a fit to the data. The final panel shows the evolution

of the slope of these fits with redshift. On average, the slope gets steeper with time for

the mass-selected sample. The slope for the number density-selected sample however

remains approximately constant with time.

We also show the relationship between the intrinsic surface brightness and specific

star formation rate (sSFR, defined as the star formation rate per unit mass) for both

samples in Figure 3.12. As for Figure 3.11, on the top panel we show the relationship

for the mass-selected sample and on the bottom we show the relationship for the number

density-selected sample. Each panel shows the relationship between SFR and intrinsic

SB for each of the seven redshift bins and the bottom right panel shows the evolution of

the slope with redshift. The slopes of both samples get steeper with time however the

mass-selected sample changes by a greater amount.
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Figure 3.10: Left: evolution of the logarithm of the star formation rate density, Σ(�'
for the mass-selected sample. Individual points are shown as grey circles. The orange
circles show the mean Σ(�' for each redshift bin. The error bars on these points are
given as 1f from the mean. Right: evolution of the logarithm of the star formation
rate density for the number density-selected sample. Green circles show the mean star
formation rate density for each redshift. The error bars on these points are given as 1f
from the mean.

3.5 Discussion

In this section we discuss our results, including what the meaning of the surface bright-

ness evolution implies for detection of missing galaxies at high redshift, as well as for

what the correlation of SBWith other parameters means for the origin of the changes in

observed intrinsic surface brightness.

3.5.1 Surface Brightness Evolution

The observed surface brightness evolution for both themass and number density samples

decreases with time by 0.7± 1.5 mag arcsec−2 with evolution of the form (1+I)−0.03±0.01

for the mass-selected sample and decreases by 1.2 ± 1.4 mag arcsec−2 with evolution
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Figure 3.11: Top: star formation rate versus intrinsic surface brightness for the mass-
selected sample. Bottom: star formation rate versus intrinsic surface brightness for
the number density-selected sample. Each redshift bin is given as a separate panel and
a straight line fit (dashed line) to the fits is given for each. The final panels give the
evolution of the slope of these fits. The error bars on these points are the square root
of the variance of the estimated slope. For the mass-selected sample, the slope of the
fits for each redshift bin gets steeper with time, on average, suggesting the dependence
of surface brightness on star formation rate gets stronger with time. For the number
density-selected sample, the slope remains roughly constant with time suggesting that,
for this sample, there is little dependence on the relationship between star formation rate
and surface brightness with time.
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Figure 3.12: Top: specific star formation rate versus intrinsic surface brightness for
the mass-selected sample. Bottom: specific star formation rate versus intrinsic surface
brightness for the number density-selected sample. Each redshift bin is given as a
separate panel and a straight line fit (dashed line) to the fits is given for each. The final
panels give the evolution of the slope of these fits. The error bars on these points are the
square root of the variance of the estimated slope.
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of the form (1 + I)−0.04±0.01 for the number density-selected sample. This suggests that

the observed surface brightness remains almost constant with a slight decrease at low

redshifts, which is certainly due to the more sensitive optical filters on HST. It could

also be due to a selection bias.

However, that is the observed surface brightness evolution, and what we really want

to study and understand is the intrinsic evolution of surface brightness once it has been

corrected for redshift effects, what we call the intrinsic surface brightness, `int. The

change in the mean `int from I = 6 to I = 1 for the mass-selected sample is 4.7 ± 1.5

mag arcsec−2. The intrinsic surface brightness evolution of the number density-selected

sample changes by 5.0 ± 1.4 mag arcsec−2 over the same range. This is a very large

change in surface brightness over this redshift range, where `int decreases by 0.5-0.7

mag arcsec−2 per redshift interval.

This is consistent with previous studies using both ground based and HST observa-

tions that find an evolution of 1-2 mag between I = 0 and I = 1 (e.g., Schade et al.,

1996; Lilly et al., 1998; Labbé et al., 2003; Barden et al., 2005), but now extended

to much higher redshifts. This change in intrinsic surface brightness is likely due to

the fading of sources or an intrinsic luminosity difference. The question is - what is

producing this change in intrinsic surface brightness evolution, and what does it imply

for our detectability for distant galaxies? To answer this we consider the effects of size,

dust, star formation, and detection limits to understand these issues.

3.5.1.1 Effects of UV Luminosity Evolution

As we are examining the evolution of the UV luminosity surface brightness, one area

where wemust first try to understand the evolution of the SB is within the UV luminosity

itself. As explained in §3.4.3, we are able to trace the evolution of this UV luminosity
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function, andmore importantly, the value ofM∗UV and how it evolveswith time. Although

the total SFR decreases at I > 2 overall per unit volume, the UV flux of individual

galaxies increases, as characterized by the UV luminosity function. Using this data we

know that the I = 2 characteristic magnitude, M∗
*+

= −20.33 ± 0.50 (Arnouts et al.,

2005) and at higher redshifts this becomes brighter to −20.94 ± 0.20 (Bouwens et al.,

2015), as discussed in §3.3.5. Thus a representative amount of evolution is for galaxies to

become fainter, on average, by about 0.61 magnitudes over this epoch. This is certainly

much less than the 4 to 5 magnitudes of observed SB evolution. Therefore the intrinsic

SB evolution cannot be accounted for solely or even primarily by an evolution in UV

flux.

3.5.1.2 Size Corrections

The size evolution of galaxies is well documented (e.g., Trujillo et al., 2007; Buitrago

et al., 2008; van Dokkum et al., 2008; Cassata et al., 2010; Whitney et al., 2019).

Because galaxies evolve in size to become larger at lower redshifts, this will in principle

act to decrease the surface brightness of galaxies. Thus we test to determine whether

this observed size evolution is causing an ‘artificial’ evolution in the surface brightness.

To determine this we correct both the observed and intrinsic surface brightness values

by setting the size of all galaxies to that of the median size at I = 6 as measured in

Whitney et al. (2019). In all cases (for both samples and for both measures), we find

that the fit to the evolution becomes less steep, and the change in intrinsic SB decreases

from Δ`1→6 = 4.7 ± 1.5 mag arcsec−2 to Δ`1→6 = 3.5 ± 1.8 mag arcsec−2 for the

mass-selected sample and decreases from Δ`1→6 = 5.0 ± 1.4 mag arcsec−2 to Δ`1→6 =

3.9 ± 1.9 mag arcsec−2 for the number density-selected sample. Therefore, the value of

mag arcsec−2 changes by ∼1 mag arcsec−2 for both samples. This suggests that whilst

the size evolution is causing some of the evolution we see in the surface brightness, it is
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not the primary cause. When we account for the size and luminosity evolution, this still

leaves ∼ 3.5 magnitudes of SB unaccounted for that must be due to other effects.

By correcting the surface brightness using Equation 3.20, we are effectively ex-

amining the absolute magnitude at a fixed size. Ultimately we find that there is a

small difference between the size corrected and uncorrected surface brightness evo-

lution, indicating that the effect of size evolution and surface brightness evolution on

incompleteness is small.

3.5.2 Effects of Dust

Here we explore the possibility of dust extinction producing an apparent decrease in the

surface brightness from I = 6 to I = 1. In this work we use the UV rest-frame and as

such, the light is significantly affected by dust attenuation.

We calculate the estimated dust extinction using the relation between dust extinction

and the UV-continuum slope V from Meurer et al. (1999):

�1600 = 4.43 + 1.99V (3.22)

where �1600 is the dust extinction at the rest-frame wavelength _ = 1600 Å. In the case

where this relation implies a negative extinction, �1600 is assumed to be 0. Typically,

higher redshift objects are found to have bluer UV-continuum slopes than lower redshift

objects, implying the presence of younger stellar populations and lower metallicities in

higher redshift objects (Wilkins et al., 2013). A smaller value of V therefore suggests

there is less dust extinction at high-I (Meurer et al., 1999; Lehnert & Bremer, 2003;

Bouwens et al., 2009). This implies that as dust grows in importance with time it will

havemore of an effect on themeasured UV luminosity, which will therefore also produce
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a change in the SB of the galaxies. Very dusty galaxies, such as sub-mm galaxies, are

rare and there would be a negligible amount in the CANDELS fields we are taking our

observations from, and as such, these galaxies are not something we need to consider

here.

To determine the effect of this we consider the measured extinction for I ≥ 3 galaxies

due to the fact the V is a measure of evolved populations and as such, the high values of V

measured at low redshift are artificially inflated by the abundance of early-type galaxies.

We find that for the mass-selected sample, there is an increase of 0.1 ± 3.4 mag between

I = 6 and I = 3. When fitting the values of �1600 to a straight line, we calculate a

best-fit slope of -0.15 ± 3.4, so on average, there is an increase in the extinction but it

is not significant. The value of �1600 for the number density-selected sample increases

by 2.6 ± 4.3 mag from I = 6 to I = 3. The dust extinction therefore plays a small role

in the decrease in intrinsic surface brightness, with ∼0.1 mag being accounted for in the

mass-selected sample and ∼2.6 mag being accounted for in the number density-selected

sample when considering the redshift range 3 ≤ I ≤ 6. After considering size and

dust corrections, we are left with ∼3.4 mag arcsec−2 of SB evolution unaccounted for

within the mass-selected sample and ∼1.3 mag arcsec−2 unaccounted for within the

number-density selected sample. However, the errors on the evolution of dust extinction

are large in comparison to the actual value so this may result in all the surface brightness

evolution being accounted for.

3.5.3 UV Magnitude Evolution Modelled

We model the change in absolute magnitude for the redshift range 1 ≤ I ≤ 6 for a

number of different star formation histories using SMpy1 (Duncan et al., 2014). The

SED is convolved at each redshift with the filter corresponding to the UV rest-frame

1https://github.com/dunkenj/smpy
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wavelength at that redshift. The filters are given in Table 3.1. We use the same simple

stellar population models and initial mass function used when completing the stellar

mass fitting as described in §2.2.1. We model the evolution of the rest-frame magnitude

using a star formation history given by

(�' ∝ 4 −Cg (3.23)

and vary the value of g. The evolution of the magnitude using star formation histories

with g = -10 Gyr, -5 Gyr, 1 Gyr, 5 Gyr, and 10 Gyr are as shown in Figure 3.13 where g

= -10 Gyr is shown as a green dashed line, g = -5 Gyr is shown as an orange dashed line,

g = 1 Gyr is shown as a red solid line, g = 5 Gyr is shown as a black dotted line and g =

10 Gyr is shown as a blue dashed line. We show the change in absolute magnitude since

I = 6 for each value of g, where we assume the star formation started at I = 20. The

scenario where the star formation history occurs very quickly during the early universe

(g = 1 Gyr) shows that the galaxies get much dimmer with time. The the other scenarios

where the star formation is more gradual and continues throughout the galaxy evolution

(g >) show a much shallower change in absolute magnitude, but the galaxies still get

dimmer as redshift decreases. The scenarios where we model a rising star formation

history yield a change in magnitude similar to that of g > in that it is a shallow increase

but could be argued to be constant throughout time. For star forming galaxies we would

expect these g values to be somewhat larger, and only near g ∼ 1 at I < 3 for the most

massive systems that undergo most of their star formation early in the universe’s history.

The model we use assumes a dust extinction of �+ = 0 and a metallicity of / = /�. We

also assume these values are constant with redshift therefore this figure only illustrates

the age effects on the magnitude evolution but in reality, the dust extinction increases

with time, as explained in §3.5.2, and also scales with metallicity so the evolution may
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be steeper than seen here.

If we assume a star formation history with g = 1 Gyr, we see a change of 5.8 mag

from I = 6 to I = 1 which would entirely account for the evolution seen in the surface

brightness not already accounted for by size and dust. However, our systems are known

to be star forming over a long period of time, and therefore the g value would be larger. If

we take the information from empirical measurements of the value of g (e.g., Ownsworth

et al., 2016) we find that g ∼ 2 − 5 Gyr. If we assume that our galaxies have a similar g

which is the case for systems at these mass ranges at I < 3, then we would find that the

star formation history would cause the SB to be roughly constant with time. This would

only exacerbate the problem of understanding the decline of the SB for these galaxies

at lower redshifts. We have nonetheless already accounted for the decline in the UV

brightness from using the luminosity function changes from I ∼ 6 to lower redshifts.

Thus we can conclude from this section that the decline in surface brightness we observe

in our selections is not due to an evolution in the star formation rate. If anything these

estimates are the maximum change in the brightness as the star formation history is

known to increase from I = 6 to I = 3 which would have the effect of only increasing

further the brightness of our sample.

3.5.3.1 Image Simulations - How many galaxies are we missing?

By artificially redshifting a sample of galaxies, we are able to determine whether the

same galaxies we see at low redshift are detectable at high redshift. As a fiducial

experiment we simulate the galaxies in our I = 2 sample to I = 6 and determine how

many of these we would detect, at what S/N, and at what measured surface brightness,

as described in §3.4.3.

When we do this experiment we find that only ∼16% of these simulated I = 2
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Figure 3.13: Evolution of the change in absolute magnitude since I = 6 for five different
star formation histories. The SED is convolved at each redshift with the filter that
corresponds to the UV rest-frame wavelength at that redshift. We use three decreasing
star formation histories; g = 1 Gyr is shown as a solid red line, g = 5 Gyr is shown as
a dotted black line and g = 10 Gyr is shown as a dashed blue line. We also show two
examples of increasing star formation histories; g = -5 is shown as a dashed orange line
and g = -10 is shown as a green dashed line. There is a significant difference between
|g | = 1 Gyr and |g | > 1 Gyr whereby the UV rest-frame absolute magnitude decreases in
brightness from I = 6 to I = 1 for g = 1 Gyr but remains roughly constant for the other
scenarios. The change in absolute magnitude is the change since I = 6 so is therefore 0
at this point.

galaxies are still detectable when simulated to be at I = 6 (at a S/N > 5), compared to

94% of the original galaxies at I = 2 with a S/N > 5, with the remaining 6% of detected

galaxies at a S/N < 5 down to our magnitude limit. This suggests we are not detecting a

significant number of galaxies at these high redshifts due to their observed low surface

brightness produced by the effects of redshift.

The characteristic luminosity (!∗), as determined from the characteristic magnitudes
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given by Arnouts et al. (2005) and Bouwens et al. (2015), decreases by a factor of 1.75

from I = 6 to I = 2. By calculating the equivalent change in luminosity of the redshifted

sources using

!I=6
!I=2

= 100.4·Δ" , (3.24)

we measure that the intrinsic luminosity of all galaxies artificially redshifted to I = 6

is 5.75 times brighter in SB than that of the original galaxies at I = 2. Therefore,

the evolution we see in the artificially redshifted galaxies is greater than that of the

characteristic luminosity. This strongly implies that the galaxies at I = 2 are not the

descendants of the galaxies at I = 6 just by examining how much evolution they would

have undergone.

When artificially redshifting the sample of I = 2 galaxies, we find that the change

in surface brightness, both observed and intrinsic, does not correlate with the change

we see in the real galaxies. For the observed surface brightness, we see a decrease

in surface brightness of 1.0 ± 1.9 mag arcsec−2 when comparing the redshifted I = 6

galaxies (evolved with the luminosity function correction) to the original I = 2 galaxies,

as shown in Figure 3.7. For the real sample, we see an increase in surface brightness of

0.7 ± 1.1 mag arcsec−2 over the same redshift range. For the intrinsic surface brightness,

we see a change of 1.9 ± 1.5 mag arcsec−2 in the simulated sample whereas for the real

sample, there is a change of 3.5 ± 1.6 mag arcsec−2 over the same redshift range.

We conclude from this analysis that there are a significant number ofmissing galaxies

at high redshifts that are driving the intrinsic average surface brightness evolution.

Because it is only the brightest galaxies we are detecting at I ∼ 6 due to our SB limits,

this drives up the intrinsic measurement of the average surface brightness. This is true

even when examining a mass- or number density-selected sample. It is thus not simply
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due to missing lower mass galaxies. In fact, as our simulations show we are missing

84% of the I = 2 galaxies when they are simulated to I = 6 even when we take into

account the average increase in magnitude from the UV luminosity function. From this

we conclude that there is a significant population of galaxies that remain undetected at

these higher redshifts (e.g., Conselice et al., 2016). Most of these galaxies are likely

to be span our entire mass range, and not just be low-mass systems. Therefore, our

previously stated mass completeness limit underestimates selection effects.

The density of our detected galaxies (those with S/N > 5) at I = 2 is measured as

3.2 × 10−3Mpc−3. The density of our detected galaxies at I = 6 is almost a factor of

10 smaller at 2.5 × 10−4Mpc−3. The measured density of the simulated I = 6 galaxies

(evolved with the luminosity function) is 4.1 × 10−3Mpc−3. This is 16 times greater

than the real I = 6 galaxies. This suggests we are missing a significant number of high

redshift galaxies in the real observations. The fact that there are undetected galaxies

at high redshift is consistent with the actual number of galaxies being higher than the

number we can actually see (Conselice et al., 2016). Many of these missing galaxies

will be lower mass, but a significant fraction will be high mass systems.

3.5.4 The Origin of High SB Galaxies

In this section we discuss how to measure how the SB evolves intrinsically and what

this implies for the evolution of galaxies in terms of their star formation rate and gas

densities that produce this star formation. One issue is that it is clear that at the highest

redshifts we are only observing galaxies with the very highest intrinsic SB levels. These

are much higher in SB than galaxies in the nearby universe and the question is what is

the origin of these systems and how do they relate to lower redshift galaxies?



3.5. Discussion 103

3.5.4.1 Star Formation Rate Density

For both mass- and number density-selected samples, we find that on average, there is

a decrease in the star formation rate density (Σ(�') over time. The gas density and

fraction are observed to be greater at higher redshifts (Tacconi et al., 2013; González

Delgado et al., 2017) which leads to a higher Σ(�' by extrapolating from the Kennicutt-

Schmidt law (Barden et al., 2005; Mosleh et al., 2012). Increased size at low redshift

also contributes to the lower Σ(�' we see at low redshift. However, from the change we

see in the star formation rate over redshift (Figure 3.10), this size evolution is unlikely

to be a significant cause of the decrease in Σ(�' at lower redshifts.

We find a difference in Σ(�' of 1.4 ± 0.6 M�yr−1kpc−2 for the mass-selected sample

and a difference of 1.5 ± 1.0 M�yr−1kpc−2 for the number density-selected sample over

the redshift range 1 < I < 6. This suggests that the evolution in luminosity cannot be

solely driven by the star formation rate density. This reinforces our conclusions from

the previous argument that there are multiple factors contributing to the origin of the 4

to 5 mags of evolution in intrinsic SB observed.

3.5.4.2 Star Formation Rate and Specific Star Formation Rate

As we have shown, the surface brightness of a galaxy depends strongly on the star

formation rate, particularly in the UV, as to be expected. In the case of the mass-selected

sample, this relationship appears to grow stronger as time progresses with galaxies

that have a high star formation rate generally exhibiting a brighter SB. In the case of

the number density-selected sample the slope of the relation between these quantities

remains approximately constant with time suggesting that there is little dependence on

the relationship between star formation rate and intrinsic surface brightness with time.

The two samples differ in that one contains galaxies that are at the samemass and one
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that contains galaxies of differing mass, depending on the number density requirement

with the lower redshift bins containing galaxies of a higher mass than the higher redshift

bins. From this, we can infer that the surface brightness of galaxies at high redshift of

a given mass depends less on the star formation rate than galaxies of the same mass at

lower redshifts. On the other hand, if we directly track galaxies through time, we infer

that the relationship between star formation rate and surface brightness does not change

as the galaxies evolve and grow in mass.

The evolution of the relationship between the specific star formation rate and intrinsic

surface brightness is similar to that between the SFR and `8=C whereby the mass-selected

sample shows a stronger dependence between the two at lower redshifts and for the

number density-selected sample remains roughly constant with time.

3.6 Conclusions

We present an analysis of the surface brightness evolution of two separate samples (a

mass-selected sample and a number density-selected sample) of galaxies taken from the

GOODS-North and GOODS-South fields of the Cosmic Assembly Near-infrared Deep

Extragalactic Legacy Survey. We examine UV rest-frame (_ ∼ 2000 Å) images and

find that strong evidence for surface brightness evolution whereby on average, galaxies

get intrinsically brighter per unit area with redshift. This is the case for both the mass-

selected and number-density samples. The evolution is consistent with the form given

by ∝ (1 + I)−0.18±0.01 and ∝ (1 + I)−0.19±0.01 for each sample respectively. We explore

possible causes of this evolution.

Size evolution is well known, and is now well quantified, so we test to determine

whether this is producing the surface brightness evolution by setting the size of all

galaxies to that of the average size of the galaxies at I = 6 (Whitney et al., 2019). We
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find that SB the evolution is not significantly changed when accounting for this, thus

the increase in the size of galaxies is not producing an ‘artificial’ surface brightness

evolution. We also find that dust extinction is a possible cause of the evolution we see in

`8=C but we find that it plays a small role, contributing 0.1 mag of evolution between I = 6

and I = 3 for the mass-selected sample and 2.6 mag for the number density-selected

sample over the same redshift range.

We find that the star formation rate density (Σ(�') decreases with time, however

the change does not completely explain the significant evolution we see in the intrinsic

surface brightness. Thus a large portion of the intrinsic evolution for SB within galaxies

is left unexplained. Thus, we are seeing an unnatural evolution in the amount of SB

changes which thus must be due to an observational bias – we are missing high redshift

galaxies in our observations, some of which are likely quite massive systems.

The stellar mass is known to be the cause of differences in galaxy evolution and is a

measure of the formation and merging history of a galaxy (Bhatawdekar et al., 2019).

We find that the intrinsic surface brightness of galaxies in the mass-selected sample does

not rely heavily on the stellar mass; for each redshift bin, the slope of the relationship

between the two quantities is very close to zero. This suggests that the stellar mass of

a galaxy does not correlate with a galaxy’s surface brightness. It also implies that the

selection in the UV at these redshifts does not give mass completeness at any mass, even

for the most massive, star forming galaxies.

To further demonstrate this we artificially redshift a sample of I = 2 galaxies to

I = 6 to determine the level of surface brightness and what fraction of these we would

still be detected at the higher redshift. We find that the surface brightness of these

redshifted galaxies is much lower than that of the real I = 6 galaxies suggesting that we

are not detecting the low SB galaxies we see at low redshift. This remains true when

we consider the amount of evolution in the UV luminosity function when carrying out
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these simulations.

In the case of the mass-selected sample, the star formation rate and specific star

formation rate of galaxies depend strongly on the surface brightness at low redshift

however this relationship gets weaker as redshift increases. We find that the relationship

between these parameters is approximately constant for the number density-selected

sample so whilst there is a dependence on SFR and `8=C , this dependence does not

change with time.

Overall, we conclude that the high surface brightness galaxies we find at high redshift

are not perfectly analogous to starburst galaxies seen at lower redshifts. It is also likely

that there are many missing galaxies at these redshifts which will be discovered with

telescopes that can probe deeper than HST, such as the forthcoming James Webb Space

Telescope (JWST). Uncovering these galaxies will require that we obtain fundamentally

much deeper imaging which will be carried out with first generation imaging with JWST.

This may reveal a new population of distant high redshift galaxies that are not just lower

mass, but including lower SB massive systems. These results may in fact alter our

understanding of galaxy formation and the history of star formation and mass assembly

in our universe’s history.



Chapter 4

Galaxy Evolution in all Five

CANDELS Fields and IllustrisTNG:

Morphological, Structural, and the

Major Merger Evolution to I ∼ 3

4.1 Introduction

Throughout the history of galaxy studies, the most common way to derive galaxy

evolution is through examining some property as a function of time. This includes

the evolution of star formation, stellar mass, metallicity, and other properties. One

of the most fundamental properties that is still being explored is the morphological

or structural evolution of galaxies, which is an integrated result of the many different

galaxy properties and formation processes (e.g., Conselice et al., 2008; Mortlock et al.,

2013; Conselice, 2014; Huertas-Company et al., 2016b).

107
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There are many ways in which to trace the structural evolution of galaxies. The

most simplistic and direct way is investigating the size evolution (e.g., Trujillo et al.,

2007; Buitrago et al., 2008; Allen et al., 2017; Whitney et al., 2019), and the surface

brightness evolution (e.g., Whitney et al., 2020), as well as simply the evolution of

apparentmorphology classified intoHubble types/peculiars (e.g., Conselice et al., 2005).

Another way to examine the evolution of galaxy structure is to examine the bulge

and disk components of galaxies and how these evolve together (Bruce et al., 2014;

Margalef-Bentabol et al., 2018). What has not been carried out in any detail is the

quantitative evolution of galaxies as measured with non-parametric parameters. These

parameters, including concentration and asymmetry (Kent, 1985; Conselice, 2003),

reveal the processes of galaxy assembly through the systematic change of galaxy light

over time.

Throughout a galaxy’s lifetime, it will undergo several processes that will alter its

structure and its morphology. Within a cosmological context of Λ-CDM, this includes

the formation of bulges and then disks. In the simplest paradigm galaxies collapse into

small systems that grow through star formation and mergers with other galaxies. At

some point gas accretion will also occur and this is a primary method by which spiral

arms and disks are formed. This process includes the accumulation of gas forming into

stars that will expand galaxies in their outer parts (Whitney et al., 2019). This also

includes mergers that will lead to structural peculiarities, and eventually, for some, into

more concentrated systems. Furthermore, within clusters of galaxies processes such

as ram pressure stripping (Gunn & Gott, 1972), starvation (Larson et al., 1980), and

harassment (Moore et al., 1996) are all tied to galaxy star formation history and can

strongly influence the physical and morphological properties of a galaxy.

A galaxy’s morphology is traditionally defined as the point at which it lies on

the ‘tuning fork’ diagram, first described by Edwin Hubble (Hubble, 1926), whereby
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galaxies are defined as either spirals or ellipticals/S0s. Historically, these morphological

classifications were done visually (e.g., de Vaucouleurs, 1959; Sandage, 1975; van

den Bergh, 1976; Lintott et al., 2008, 2011), whereby an individual examines galaxy

images and assigns labels to those images based in their visual appearance. However,

this method gives rise to errors and biases and the sheer sample size of current and

upcoming surveys mean this is quickly becoming inefficient even for large citizen-

science projects such as Galaxy Zoo (Cheng et al., 2020). In order to remove some

of these problems it is important to use a less subjective and more quantitative way

of classifying galaxies. One such method is a non-parametric system that seeks to

measure the concentration, asymmetry, clumpiness, Gini and "20 (CAS parameters) of

galaxies by using measured light distribution. This system is described in papers such

as Conselice et al. (2000b, 2002); Lotz et al. (2004). Using this method, galaxies can be

placed in parameter space and from this, it can be seen that all major classes of galaxies

in various phases of evolution are easily differentiated (Conselice, 2003). Furthermore,

classical classifications of galaxies are unable to be used at higher redshifts, whereby

most galaxies are not elliptical or spirals (e.g., Conselice et al., 2005; Mortlock et al.,

2013).

An important stage of galaxy evolution that can be measured with these parameters

is when a galaxy undergoes a merger. Mergers can be identified using methods such as

pair fractions (Man et al., 2016; Mundy et al., 2017; Duncan et al., 2019; Ventou et al.,

2019), Deep Learning models (Ferreira et al., 2020), and by using the CAS parameter

space (Conselice, 2003; Lotz et al., 2004; Conselice et al., 2008; López-Sanjuan et al.,

2009). Major mergers lie in a specific areas of these parameter spaces and as such, they

are a useful tool in determining whether a galaxy is a merger or not. The merger rate

can then be calculated from this to determine the role of mergers in forming galaxies.

In this chapter we investigate the general evolution of galaxy structure through
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cosmic time. We start with visual estimates of morphology and structure and then

we examine the quantitative structural evolution of these systems. We use IllustrisTNG

simulations to help us interpret these structures from which we derive the rates of galaxy

formation processes such as those driven by mergers and how light concentration in a

galaxy changes with time.

Throughout this chapter we use AB magnitudes and assume a Λ-CDM cosmology

with H0 = 70 kms−1Mpc−1, Ω< = 0.3, and ΩΛ = 0.7.

4.2 Data & Methods

4.2.1 Data

We use a sample of 16,778 galaxies at redshifts in the range 0.5 < I < 3 with stellar

masses from 109.5"� < "∗ < 1012.2"� and only select galaxies with a signal-to-noise

ratio > 10. This S/N ratio is determined from the flux of the image. This signal-to-

noise cut removes only 340 galaxies from the initial sample. The mass and redshift

distribution can be seen in Figure 4.1 where the yellow regions indicate a higher density

of galaxies and purple indicates a lower density of galaxies. We select two samples from

the 16,778 galaxies; a low mass sample with 109.5"� < "∗ < 1010.5"� and a high

mass sample with "∗ > 1010.5"�. We later also consider how our results change if

we used a constant co-moving number density selected sample. The mass limits for our

mass-selected sample are shown as horizontal dashed lines on Figure 4.1. Masses and

redshifts are determined using the method described in Duncan et al. (2019). A brief

description of the process used to obtain the measurements is given in §2.2.1.

This study makes use of data from the Cosmic Assembly Near-infrared Deep Extra-

galactic Survey (CANDELS; Grogin et al., 2011; Koekemoer et al., 2011). This survey
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Figure 4.1: Mass and redshift distribution of the sample of galaxies. Yellow indicates a
higher density of galaxies and purple indicates the lowest density. White areas indicate
there are no galaxies present in this region of parameter space. The dashed horizontal
lines at log10("∗/"�) = 9.5 and log10("∗/"�) = 10.5 indicate the boundaries between
the two mass bins used in this study.

covers 800 arcmin2 over five fields; GOODS-North, GOODS-South, COSMOS, UDS,

and EGS. Our sample consists of galaxies from each of the five fields. CANDELS

makes use of the Advanced Camera for Surveys (ACS) and the Wide Field Camera 3

(WFC3) on theHubble Space Telescope (HST). For this work we use imaging data from

the F814W, F125W, and F160W filters. These filters will be referred to as �814, �125,

and �160 from this point onward.

We measure all parameters in the optical rest-frame at approximately _A4BC ∼ 4000

Å.We do this by locating the observed filter where _A4BC ∼ 4000Å falls as determined by

its redshift. We then use that filter in our further analysis to have a consistent rest-frame

optical view of our galaxies. The idea here is to measure everything at a constant optical
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rest-frame wavelength, to avoid structural biases produced by changes in rest-frame

wavelength. The rest-frame wavelength and associated filter are given for each redshift

bin in Table 4.1.

Table 4.1: The bands corresponding to the rest-frame optical at each redshift. Column
1 gives the midpoint of the redshift bin. Each redshift bin spans a redshift range of
ΔI = 0.5. Column 2 gives the band corresponding to the optical rest-frame and column
3 gives the rest-frame wavelength probed.

I $A0F
8, 9

_A4BC

0.75 �814 4650 Å
1.25 �814 3620 Å
1.75 �125 4550 Å
2.25 �125 3850 Å
2.75 �160 4270 Å

We use visual morphological classifications from Kartaltepe et al. (2015) who base

the majority of their classifications on �-band images, however �- and +-band images

are also used for some features such as clumpy light. For a summary of how these clas-

sifications are done and in which morphological classes they are placed, see Kartaltepe

et al. (2015).

4.2.2 Morfometryka

We measure the non-parametric concentration, asymmetry, and clumpiness parameters

using the Morfometryka code (Ferrari et al., 2015). These measurements are made

within the Petrosian region (e.g., Conselice et al., 2000b). This is defined as the area

with the same axis ratio and position angle as the galaxy and with major axis equal

to #'Petr'Petr, where #'Petr = 1.5 and 'Petr is the Petrosian radius. Below we give a

description of each index we use, although for more details see Conselice (2003).
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4.2.2.1 Asymmetry

The asymmetry, �, is calculated in the same way as in Conselice (2003) whereby a

galaxy image rotated by 180◦ is subtracted from the original source image, and the

absolute value of the total light in this self-subtracted image is divided by the total light

in the original image. Asymmetry through various tests has been shown to be one of the

most robust non-parametric structural parameters to measure and use in analyses. The

formula for calculating the asymmetry index (�) we use is outlined in detail in Conselice

(2003) and is given by:

� = min
(
Σ|�0 − �180 |
Σ|�0 |

)
− �1:6 (4.1)

where �0 represents the original galaxy image, and �180 is this image after rotating it by

180◦ from its centre. The asymmetry value is calculated through an iterative approach

to find the centre of the rotation which is altered to find the one that gives the minimum

asymmetry value. This minimum asymmetry is used as the final asymmetry value (e.g.,

Conselice et al., 2000b) with a search radius typically a pixel or half pixel. �1:6 is the

background asymmetry of the image. This background term differs from the original

application of the CAS parameter measurements whereby the background asymmetry

is determined from a single region. Morfometryka initially did not include such a

background correction. In this case we use the same method for determining �1:6 as in

Tohill et al. (2021) whereby a 10 × 10 grid is overlayed on the image in an area outside

of the galaxy segmentation map, the asymmetry of the individual cells are measured

and then the median of these values is taken for �1:6. This removes the bias present

in the original method of measuring the asymmetry of a single background region and

ensures the measurement is more robust.
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4.2.2.2 Concentration

The concentration of a galaxy is used to distinguish between the different types of

galaxies; for example, early type galaxies and their immediate progenitors tend to have

a higher concentration than late type galaxies (e.g., Bershady et al., 2000; Conselice,

2003). Concentration, �, is defined as the ratio between two circular radii containing

certain fractions of the total flux of the galaxy (Kent, 1985). We use '20, the radius

containing 20% of the total light, and '80, the radius containing 80% of the total light.

Therefore, the concentration is given as

� = 5 × log10

(
'80
'20

)
. (4.2)

This calculation of the concentration is sensitive to seeing effects that aremore prominent

in the central regions and is therefore sensitive to the value of the inner radii '20 (Ferrari

et al., 2015). We however, investigate other forms of concentration indices, and fully

explore the idea of light concentration and what it actually implies for our galaxies. We

also consider the '50 and '90 radii to avoid problems with the inner parts of galaxies,

as well as examine the Petrosian radii measures of light concentration.

4.2.2.3 Clumpiness

The clumpiness, (, is a measure of the small scale structure within a galaxy. A higher

clumpiness indicates that there are clumps of material within a galaxy, for example

spiral galaxies contain many star forming regions and therefore contain many clumps of

material. Elliptical galaxies on the other hand are generally smooth and therefore have a

clumpiness that is close to zero. ( is calculated in the same way as in Conselice (2003)

whereby the image is first smoothed by a filter and then subtracted from the original
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image. The flux contained within this residual is then divided by the flux contained

with the original image. In this case, the filter used to smooth the original image is a

Hamming window of size 'Petr/4. Formally, the clumpiness can be described by the

following

( =
∑
8, 9

|� (8, 9) − �( (8, 9) |
|� (8, 9) | − (1:6 (4.3)

where � (8, 9) is the original image, �( (8, 9) is the smoothed image, and (1:6 is the average

smoothness of the background.

4.2.3 Correcting Values for Redshift Effects

Galaxy structure will change for a given galaxy when that same galaxy is viewed at

higher redshifts. To decouple evolution from this effect, we need to account for this. In

order to correct for redshift effects, we artificially redshift a sample of galaxies at 0.5

< I < 1 in redshift intervals of ΔI = 0.5 to a maximum redshift of I = 2.75. We take

the galaxies in this initial bin from both GOODS fields and consider this our fiducial

sample. We simulate these galaxies to higher redshifts and in the other CANDELS

fields. We do this using the method described in Tohill et al. (2021). This method

considers a number of effects. Firstly, it considers the rebinning factor 1, which is the

decrease in the apparent size of the galaxy when viewed at a higher redshift. This is

done by following the method outlined in Conselice (2003) and de Albernaz Ferreira &

Ferrari (2018). Luminosity evolution is also considered and this is implemented in the

form found in Whitney et al. (2020) whereby the intrinsic surface brightness goes as

`int ∝ (1 + I)−0.18 (4.4)
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for amass-selected sample of galaxies. After applying the rebinning factor, cosmological

dimming of the form (1+ I)−4, as found by Tolman (1930), is applied. Finally, the image

is convolved with the PSF corresponding to the rest-frame filter and inserted into an

actual CANDELS background. For the first redshifting interval (I = 0.75 to I = 1.25)

we do not convolve with the PSF as the filter corresponding to the optical rest-frame

is the same for both redshifts. We then use Morfometryka to measure the CAS

parameters at each redshift and compare these new values to the parameters measured

at the original redshift. The differences are then applied to the real galaxies at the

corresponding redshift. This change is dependent on the field due to the depth reached

by each of the fields. The GOODS fields reach a greater depth than the COSMOS, EGS,

and UDS fields and as such, we apply a different correction to each field. We also ensure

that we are comparing the same galaxies at each redshift interval. To do this we only

consider at all redshifts those galaxies that can be measured in the highest redshift as

this ensures that we are comparing exactly the same galaxies at all redshifts to create a

fair comparison and relevant correction factors.

The top left panel of Figure 4.2 shows the average asymmetry corrections applied to

all CANDELS fields. The top right panel of Figure 4.2 shows the average concentration

corrections applied to the five CANDELS fields. The bottom left panel shows the

average clumpiness corrections applied to the CANDELS fields. For all parameters, the

correction increases in magnitude for higher redshifts and the concentration corrections

are relatively largewith increased redshift. Table 4.2 gives the values of these corrections

for each redshift bin within each field.
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Figure 4.2: Top left: mean asymmetry correction applied to all five CANDELS fields.
Top right: mean concentration correction for all CANDELS fields. Bottom left: mean
clumpiness correction applied to the CANDELS fields. The error bars are equal to one
standard deviation from the mean. In all panels, the GOODS-North correction is shown
by a blue circle, GOODS-South by an orange diamond, COSMOS by a green triangle,
EGS by a red square, and UDS by a purple inverted triangle.

4.2.4 Photometric Redshifts and Stellar Mass Fitting

To calculate the stellarmasses and photometric redshifts of the glaxies within the sample,

the same methods as in 2.2.1 are used.
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Table 4.2: The asymmetry, concentration, and clumpiness corrections applied to each
field at each redshift interval.

Asymmetry
I GOODS-N GOODS-S COSMOS EGS UDS

0.75 0 0 0 0 0
1.25 -0.010 -0.010 -0.009 -0.004 -0.007
1.75 0.008 -0.004 -0.008 -0.007 -0.023
2.25 -0.032 -0.016 -0.036 -0.027 -0.060
2.75 -0.084 -0.079 -0.104 -0.100 -0.118

Concentration
0.75 0 0 0 0 0
1.25 -0.27 -0.29 -0.30 -0.40 -0.20
1.75 -0.39 -0.43 -0.32 -0.46 -0.43
2.25 -0.83 -0.87 -0.75 -0.85 -0.84
2.75 -1.08 -1.10 -1.08 -1.09 -1.14

Clumpiness
0.75 0 0 0 0 0
1.25 -0.028 -0.028 -0.028 -0.028 -0.028
1.75 -0.035 -0.035 -0.035 -0.035 -0.036
2.25 -0.036 -0.036 -0.036 -0.037 -0.036
2.75 -0.030 -0.032 -0.031 -0.035 -0.031

4.2.5 Illustris TNG300 Simulations

To interpret our results, we investigate how non-parametric morphologies change with

redshift in a controlled manner with simulated galaxies. We do this as we want to

disentangle real evolution effects from redshift effects. Additionally, by measuring these

structural properties in simulated data we can estimate the observability timescales of

galaxy mergers since it is possible to follow the time evolution of particular galaxies

in this way (e.g., Lotz et al., 2008). With this goal in mind, we use data from the

IllustrisTNG simulations (Pillepich et al., 2018; Springel et al., 2018; Nelson et al., 2018;

Naiman et al., 2018; Marinacci et al., 2018; Nelson et al., 2019b; Nelson et al., 2019;

Pillepich et al., 2019), which is a suite of cosmological, gravo-magnetohydrodynamical
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simulation runs, ranging within a diverse set of particle resolutions for three comoving

simulation boxes of size, 50, 100, 300 Mpc h−1, named TNG50, TNG100 and TNG300,

respectively.

Here we use data from both TNG50-1 and TNG300-1. For estimating the merging

timescales we focus on the largest simulation box TNG300-1, as it provides us with a

more mass complete sample at higher redshifts. However, when doing direct compar-

isons between the morphology measured in CANDELS and in the simulations we use

data from TNG50-1 as its mass and spatial resolution produce more realistic morpholo-

gies. This enables us to generate images of simulated galaxies that are embedded in a

cosmological context.

Tomeasure the observability timescales of pair galaxymergers discussed in §4.3.4.3,

we select galaxies using the TNG300-1merger trees by searching and locating galaxies in

the simulation that have had only one major merger event within redshifts I = 2 to I ∼ 0.

This is to avoid contamination in the structure from past merger events. To balance any

potential issues with the mass resolution of TNG300-1, we limit our analysis only to

massive galaxies with "∗ > 1010"�, which are in general represented by thousands

of stellar particles. For these galaxies, we select all the snapshots and subhalos that

are ± 2 Gyr of the snapshot from where the merger event takes place. We then narrow

down our selection to 300 distinct galaxies, each with 35 different snapshots, resulting

in a total of ∼ 10, 000 distinct objects. This ensures that we extensively probe not only

around the merging event, but also the stages where the galaxies does not show signs of

merging.

For a comparison between the non-parametric morphology and merger classifica-

tions of CANDELS galaxies and simulated galaxies we use the small box, high mass

resolution TNG50-1 simulation, which is capable of producing output images in higher

resolutions due to the high mass resolution and smaller gravitational softening length.
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Here we do two different selections on TNG50-1 galaxies, which are described in §4.3.5.

The IllustrisTNG data contains the information from the stellar, gas, and dark matter

particles for each source. However, to create mock broadband images from this infor-

mation we post-process each stellar particle with a population synthesis process, as each

particle represents a large region that can be described by a rich stellar population based

on its age, mass, and metallicity. Instead of using the approach outlined in Ferreira et al.

(2020), we follow the recipes from Trayford et al. (2017) and Vogelsberger et al. (2020)

to post-process the simulation data with the Monte Carlo dusty radiative transfer code

SKIRT (Camps&Baes, 2015, 2020). We also include the resampling of the star-forming

regions outlined in Camps et al. (2016) and Trayford et al. (2017), as this is particularly

important to avoid problems with the coarse representation of star forming regions. For

each source simulated with SKIRT we produce observations in four different orienta-

tions in the 3D volume containing the galaxy cutout. Three of those are aligned with

the simulation box axis: GH, GI and HI. We also include a fourth orientation covering

an octant of the 3D volume. This post-processing step is independent of the simulation

run used, the only difference being the number of stellar and gas particles available and

the output size of the datacube.

The output from SKIRT is a datacube with a spectral energy distribution (SED) for

each pixel, which is then convolved with the filter response function for the HST CAN-

DELS filters used in this work, namely �814, �125, and �160. The resulting broadband

images are stored in two ways: without any observation effects and with HST-matched

properties, including PSF, noise level, and sky background. The final images are then

processed with Morfometryka to measure their CAS values. We later use these

simulation outputs as a method for understanding our observational results.
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4.3 Results

In the following subsections we discuss the results of our study in terms of the mor-

phological and structural evolution of galaxies to I = 3. We first describe the visual

morphological classification evolution of our sample of galaxies, while later we discuss

the quantitative evolution using the CAS parameters. Finally we use these results to

derive the merger fraction and merger rate evolution for our sample and the resulting

number of mergers and mass accretion from mergers over this cosmic time.

4.3.1 Visual Classifications

Using the visual classifications for the CANDELS survey from Kartaltepe et al. (2015),

we examine the fraction of each galaxy type within our sample. We consider those

galaxies that are classified as the following: spheroid, disk, peculiar, and other. A galaxy

is considered to have a classification if the fraction of classifiers within Kartaltepe et al.

(2015) that deem it to be that particular type of object is greater than 0.6, and the fraction

of all other classifications is less than 0.6. For peculiar galaxies, we consider any galaxy

where the fraction of classifiers that consider that galaxy to be irregular in shape is greater

than 0.6; no other conditions are required for this group. The other group consists of

galaxies for which no consensus could be reached as to its morphological type, galaxies

that were deemed unclassifiable, or galaxies that had no classification given. Figure

4.3 shows the evolution of the fraction of galaxies in each of these groups within our

sample across the redshift range 0.5 < I < 2.5. The spheroid galaxies are shown as

red circles, disk galaxies as blue crosses, and peculiar galaxies as green triangles. The

unclassifiable objects are shown as grey inverted triangles. We also fit power laws of

the form U(1 + I)V to the spheroid (solid line), disk (dashed line), and peculiar (dotted

line) categories. We find that the fractions evolve as:
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5sp = (0.73 ± 0.09) (1 + I)−0.95±0.16 (4.5)

for the spheroid galaxies,

5di = (0.48 ± 0.05) (1 + I)−0.60±0.13 (4.6)

for the disk galaxies, and

5pe = (0.11 ± 0.01) (1 + I)1.04±0.10 (4.7)

for the peculiar galaxies. The fraction of both disk and spheroid galaxies increase with

cosmic time, whereas the fraction of peculiar galaxies decreases as redshift decreases.

Note that these fits are only valid down to I ∼ 0.5 and it is at this redshift where the

fractions sum to one. It is clear that extrapolating these to I ∼ 0 would over-predict the

number for each type. The fraction of ‘other’ galaxies evolves from ∼20% at I ∼ 2.25

and decreases to ∼6% at I ∼ 0.75 due to the fact that galaxy features will be more

distinguishable at lower redshifts due to increased resolution and fewer effects such as

surface brightness dimming. This increase in unknown classifications at high redshifts

suggests the fractions of spheroid, disk, and peculiar galaxies are underestimated. The

evolution seen here is broadly consistent with Mortlock et al. (2013), whereby the

fractions of both disk- and spheroid-like galaxies increase with cosmic time whereas

peculiar galaxies are more common at higher redshifts than lower redshifts.
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Figure 4.3: Evolution of the fractions of galaxies in our sample within a given visual
morphological classification. Spheroid galaxies are shown as red red circles, disk
galaxies as blue crosses, peculiar galaxies as green triangles, and unclassifiable objects
as grey inverted triangles. Also shown are the power law fits to the spheroid (solid line),
disk (dashed line), and peculiar categories (dotted line). For the error bars on these
fitted parameters see the text.

4.3.2 Asymmetry and Concentration

We next explore the data by comparing the measured asymmetry and concentration

values with the visual classifications from Kartaltepe et al. (2015) as described in the

previous section. In this section we examine those galaxies that are identified as disk,

spheroid, or peculiar galaxies. We first examine the uncorrected CAS parameters here,

and later investigate a way to correct these parameters for redshift effects. Essentially,
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the uncorrected values are comparable to each other at a given redshift (internally

consistent), whereas the corrected values are comparable across all redshifts (externally

and internally consistent).

In Figure 4.4, we show the evolution of the uncorrected concentration versus asym-

metry for the galaxies within the sample that have one of our three main classifications.

Red circles indicate a spheroid galaxy, blue crosses a disk galaxy, and green triangles

a peculiar galaxy. Galaxies that fit none of these categories are shown as small grey

circles. Also shown are the cuts between galaxy types taken from Bershady et al.

(2000); the solid black line is the boundary between intermediate- and late-type galaxies

whereby the galaxies that lay above this line are considered to be late-type galaxies, the

dot dashed line is the boundary between early- and intermediate-type galaxies whereby

galaxies below this line are considered to be early-type galaxies, and the dashed line

is the boundary between mergers and non-mergers whereby galaxies that lie above this

line are mergers.

At all redshifts, galaxies classified as spheroids tend to have a higher concentration

and lower asymmetry, than the other classifications. Whereas peculiar galaxies have

a higher asymmetry but lower concentration. This is consistent with the results found

by Conselice (2003) for nearby galaxies. The range of concentration values increases

with time but the overall distribution of these values for the spheroid and disk galaxies

remains roughly constant with redshift. The asymmetry of the peculiar galaxies is

centred on the � > 0.35 merger condition, however, the mean concentration changes

from 〈�〉 = 3.52 at 2.5 < I < 3.0 to 〈�〉 = 2.49 at 0.5 < I < 1.0. The mean values for

spheroid galaxies are 〈�〉 = 2.67 and 〈�〉 = 0.16 at the highest redshift. These values

change to 〈�〉 = 3.10 and 〈�〉 = 0.12 at the lowest redshift. Galaxies classified as being

disks have average concentration and asymmetry values of 〈�〉 = 2.52 and 〈�〉 = 0.20 at

2.5 < I < 3.0 and these values do not change significantly within the lowest redshift bin
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Figure 4.4: Evolution of the concentration-asymmetry plane with redshift, colour-coded
by visual classification. Red circles are galaxies classified as spheroids, blue crosses
as disks, and green triangles as peculiar galaxies. Any galaxies that do not fit within
these three classifications are shown as small grey circles. The lines are boundaries
between galaxy types derived from Bershady et al. (2000). Galaxies that are above the
dashed line are considered to be mergers. The dot-dashed line is the boundary between
early- and intermediate-type galaxies and the solid line is the boundary between late-
and intermediate-type galaxies. The redshift indicated in the top right corner of each
panel is the midpoint of the redshift bin whereby the upper and lower limits are 0.25
either side of this point.

of 0.5 < I < 1.0 where 〈�〉 = 2.50 and 〈�〉 = 0.23. Thus the disks change their value

the least and the spheroids the most. These results also show that galaxy classification

is consistent and can be carried out to I ∼ 3.

4.3.2.1 Disk/Bulge-dominated Galaxies

Within the catalog of Kartaltepe et al. (2015) every image has flags based on a number of

interesting structural features present. Two of these flags indicated whether the galaxy
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appears to be bulge- or disk-dominated. Aswith the visualmorphological classifications,

we assume a galaxy is bulge- or disk-dominated if the fraction of classifications that

designate it to be such is greater than 0.6, and the other classification is less than 0.6. We

show the evolutionwith redshift of the concentration-asymmetry plane for those galaxies

classified as being bulge- or disk-dominated in Figure 4.5. Disk-dominated galaxies are

shown as blue points and bulge-dominated galaxies are shown as red points. As with

Figure 4.4, we also plot the boundaries between galaxy types. At higher redshifts there

are fewer galaxies with either of the classifications in consideration here, likely due to

greater noise and surface brightness dimming causing there to be less consensus among

those classifying the images. This highlights the issues in classifying galaxy images and

the need for a less subjective method of classifying galaxies.

Galaxies classified visually as disk-dominated predominantly lie in the late region

of the concentration-asymmetry plane and the average values in the 0.5 < I < 1.0 bin

are 〈�〉 = 0.22 and 〈�〉 = 2.68. These values remain roughly constant across redshift

and become 〈�〉 = 0.20 and 〈�〉 = 2.69 at 2.5 < I < 3.0. At high redshifts, the bulge-

dominated galaxies appear to lie in the late region but as redshift decreases, there are

more galaxies in the intermediate and early regions of the plane. The average values

of asymmetry and concentration of these bulge-dominated galaxies are 〈�〉 = 0.13 and

〈�〉 = 3.14 at 0.5 < I < 1.0. The asymmetry value remains roughly constant to higher

redshifts and becomes 〈�〉 = 0.14 at 2.5 < I < 3.0 but the concentration decreases with

redshift and becomes 〈�〉 = 2.80 at this redshift.

4.3.2.2 Clumpiness/Patchiness Matrix

Along with visual classifications of galaxies, classifiers involved in the work of Kartal-

tepe et al. (2015) also assigned flags based on how clumpy or patchy the distribution of

the light within the galaxies is. Clumps are defined to be concentrated knots of light
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Figure 4.5: Evolution of the concentration-asymmetry plane with redshift for galaxies
that have been given either a bulge-dominated flag (red circles) or a disk-dominated flag
(blue crosses). Galaxies that have neither flag are not plotted. As with Figure 4.4, the
lines are boundaries between galaxy types derived from Bershady et al. (2000). The
redshift indicated in the top right corner of each panel is the midpoint of the redshift bin
whereby the upper and lower limits are 0.25 either side of this point.

and patches are defined to be more diffuse structures of light. There are nine flags

associated with this method of identifying features, with each flag denoting a different

combination of the clumpiness (C) and patchiness (P). For example, a galaxy that ex-

hibits no clumpiness and no patchiness will be labelled as 0C0P. A galaxy that appears

to be extremely clumpy and patchy will be labelled as 2C2P. The levels of clumpiness

and patchiness range between 0 and 2. As such we are able to organise the flags into a

3×3 grid with each square of the grid denoting the level of clumpiness or patchiness.

Note, this clumpiness is not the same as the clumpiness, (, described in §4.2.2.3 and is a

purely visual descriptor. A score of 0 indicates no clumpiness or patchiness and a score

of 2 indicates a large amount of clumpiness or patchiness. In Figure 4.6, we show this
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matrix of values and in each square of the grid, give the average concentration (top left,

green), asymmetry (top right, red), and clumpiness (bottom left, blue). These average

values are across all redshifts so any evolution in these parameters is not considered

here. The lighter shades of colour denote a lower value of the CAS parameters while

a darker shade denotes a higher value. In terms of concentration, the less clumpy or

patchy a galaxy is, the higher its concentration on average. The opposite is true for

the asymmetry and clumpiness; the more clumpy/patchy an image is, the higher the

measured asymmetry and clumpiness.

4.3.3 CAS Parameter Evolution

We now investigate with our data the evolution of the CAS parameters. We ultimately

use image simulations to determine how these parameters change with the effects of

resolution and noise removed. Ultimately the evolution of these parameters will lead to

a physical understanding of the driving forces behind galaxy formation over the epoch

0.5 < I < 3.

4.3.3.1 Concentration Evolution

The concentration of a galaxy tells us important information about how the light is

distributed within a galaxy, relative to its centre. We show the evolution of the corrected

concentration index defined in §4.2.2.2 in Figure 4.7 for two different mass ranges across

the redshift range 0.5 < I < 3. The concentration values have been corrected using the

method described in §4.2.3.

The first includes galaxies in the mass range 109.5"� ≤ "∗ < 1010.5"� and

the evolution of the mean concentration for this mass bin is shown as red crosses

(see Figure 4.7). The second mass bin includes galaxies that have a mass "∗ ≥
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Figure 4.6: This figure shows the clumpiness (C) and patchiness (P) distribution visually
vs. the CAS parameters. The values on the G- and H-axes are the visual estimates of
clumpy galaxies, with high numbers denoting more visually looking clumpy systems.
The clumpiness values on the H-axes are different to the clumpiness calculated by
Morfometryka and are a purely visual score. Top left, green: mean concentration
(�) values for each region of the clumpiness/patchiness matrix defined by Kartaltepe
et al. (2015). Top right, red: mean asymmetry (�) values for each region of the
clumpiness/patchiness matrix. Bottom left, blue: mean clumpiness (() values for each
region of the clumpiness/patchiness matrix. In each panel, a darker colour indicates
a larger value of the relevant CAS parameter. Each three by three grid represents the
clumpiness/patchiness matrix whereby a higher value on each axis represents a higher
clumpiness or patchiness. The visual clumpiness/patchiness criteria appear to correlate
well with the measured � and ( values whilst concentrated galaxies are not visually
clumpy or patchy.
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1010.5"�. This mass bin is plotted as the blue triangles. For both, the error bars

represent one standard deviation from the mean. The lower mass galaxies have a lower

concentration than the higher mass galaxies, but both samples on average exhibit a

decrease in concentration with time. This is opposite to what we find when we examine

the uncorrected concentration index evolution. This therefore deserves some attention

to try to understand the origin of this, and whether it is in fact a real effect.
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Figure 4.7: Evolution of the mean corrected concentration for both mass bins. The
lower mass bin is shown as red crosses and the higher mass bin is shown by the blue
triangles. The error bars represent one standard deviation from the mean. On average,
the higher mass bin has a greater concentration than the lower mass bin at all redshifts,
however both bins show a decrease in concentration with cosmic time.

4.3.3.2 Asymmetry Evolution

The asymmetry of a galaxy is a useful indicator as to whether a galaxy is undergoing

any interactions or mergers with other galaxies (Conselice et al., 2000a,b). We explore
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its use to define mergers in the following section, but first we examine the evolution of

the corrected asymmetry for our sample of galaxies in the redshift range 0.5 < I < 3.

Figure 4.8 shows this evolution for two different mass ranges. As in Figure 4.7, the lower

mass bin is shown as red crosses, the higher mass bin is shown as blue triangles, and the

error bars represent one standard deviation from the mean. On average, the asymmetry

decreases with cosmic time for both mass bins, with the higher mass bin exhibiting a

steeper decrease.
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Figure 4.8: Evolution of the mean corrected asymmetry with redshift. As with Figure
4.7, the lower mass bin is shown as red crosses and the higher mass bin is shown by the
blue triangles. The error bars represent one standard deviation from the mean. Both
mass bins show a decrease in asymmetry with decreasing redshift.
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4.3.3.3 Concentration-Asymmetry Plane

In Figure 4.9, we show the evolution of the concentration-asymmetry plane for the

corrected values with redshift. As with Figures 4.4 and 4.5, we show the boundaries

between the galaxy types. We also plot the three visual classifications for each galaxy,

along with the position of any galaxy that does not fit these three categories within this

plane. Spheroid galaxies are shown as red circles, disks as blue crosses, and peculiar

galaxies as green triangles. Any other galaxies are shown as small grey circles. The

spread in distribution of both concentration and asymmetry increases at lower redshifts,

leading to the evolution of the average of both these parameters as seen in Figures 4.7

and 4.8.

There are fewgalaxies that liewithin the early region of the concentration-asymmetry

plane and those that do, are typically spheroid galaxies. This suggests that the galaxies

within our sample are more asymmetric than is typical for spheroids. Spheroid galaxies

that do not lie in this early region are mostly within the intermediate region. Within

the lowest redshift bin (0.5 < I < 1.0), spheroids have a mean asymmetry of 〈�〉 =

0.14 and a mean concentration of 〈�〉 = 3.03. At the highest redshift (2.5 < I < 3.0),

these values change to 〈�〉 = 0.25 and 〈�〉 = 3.77 with a steady increase in both � and

� at intermediate redshifts. Disk galaxies are primarily located within the late region,

as to be expected. The mean values are 〈�〉 = 0.21 and 〈�〉 = 2.52 at 0.5 < I < 1.0

and change to 〈�〉 = 0.28 and 〈�〉 = 3.62 at 2.5 < I < 3.0. The change in � is a

steady increase however asymmetry remains at an approximately constant value until

the highest redshift bin. Peculiar galaxies lie around the merger limit of � > 0.35 with

29.20 ± 0.01% of galaxies classified as being peculiar lying within this merger region.

If these corrections are right, we can see that there is a diversity already at 2.5 < I < 3.0

in the galaxy population and that galaxies of all types are more asymmetric and more

concentrated at higher redshifts.
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Figure 4.9: Evolution of the corrected concentration-asymmetry plane with redshift.
As with Figure 4.4, the lines indicates the boundaries between galaxy types. Galaxies
that lie above the dashed line are considered to be mergers. The dot-dashed line is
the boundary between early- and intermediate-type galaxies and the solid line is the
boundary between late- and intermediate-type galaxies. Spheroid galaxies are indicated
by red circles, disks by blue crosses, and peculiar galaxies by green triangles. Galaxies
that do not fall into any of the three categories are shown as small grey circles.

4.3.4 Merger Fractions and Rates

This section of the chapter describes our results of the merger history of galaxies

within the five CANDELS fields using a CAS approach. The outline of this section

is as follows: first we give a background description of the merger history of galaxies,

including definitions of the merger process. We then describe in some detail how to

measure the timescale for mergers and how these can then be used for measuring the

merger rate of galaxies. Finally, from the merger rates we are able to say how many

mergers these galaxies undergo on average and how much mass is added to galaxies
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through this process.

4.3.4.1 Merger Fractions

In this subsection we investigate the observational quantity that we can obtain directly

from the data. This is the merger fraction, which in this chapter we use the CAS

parameters described in §4.2.2 to define. We later compare the merger fractions and the

merger rates we derive using merger timescales to other measurements of the merger

history using machine learning methods (Ferreira et al., 2020) and galaxies in pairs

(Duncan et al., 2019). First we define what we mean by a merger fraction - that is, the

fraction of galaxies within some galaxy sample which is undergoing a major merger.

In our sample, a merger is defined within the CAS system as a galaxy that satisfies

the following criteria:

(� > 0.35) & (� > () (4.8)

where � and ( are the asymmetry and clumpiness values respectively. Both are corrected

for redshift effects. This method predominantly identifies only major mergers where

the ratio of the stellar masses of the progenitors is at least 1:4 (Conselice, 2003, 2006;

Lotz et al., 2008). �160 band images of examples of galaxies we consider to be a

merger, based on this system, are shown in Figure 4.10. The left two columns show

lower redshift (1 < I < 2) galaxies, and the right two columns show higher redshift

(2 < I < 3) galaxies. The redshift and asymmetry of each example are indicated on

each postage stamp.

We calculate the merger fraction using the condition given in Equation 4.8 for each

redshift bin, the evolution of which is shown in the left panel of Figure 4.12. The results
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Figure 4.10: Examples of galaxies within our sample that are classified as a merger
using the criteria given in Equation 4.8. Lower redshift (1 < I < 2) galaxies are shown
in the left two columns and higher redshift (2 < I < 3) galaxies are shown in the right
two columns. The redshift and asymmetry are given for each example.

for the low mass bin (109.5"� ≤ "∗ < 1010.5"�) are shown as red crosses and the

results for the higher mass bin ("∗ ≥ 109.5"�) are shown as blue triangles. We fit a

power law to the merger fraction evolution given by the form:

5< (I) = 50(1 + I)V (4.9)
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by applying a least squares fit to our data and setting 50 to a fixed value of the merger

fraction at I = 0. We take this I ∼ 0 value to be 0.0193 ± 0.0028 from Casteels et al.

(2014). This point is shown as a grey inverted triangle. We also include both mass bins

in this fit. We find that the merger fraction, 5< evolves as

5< = 0.019 ± 0.004(1 + I)1.87±0.04. (4.10)

This fit is shown in the left panel of Figure 4.12 as a solid black line and one standard

deviation from this fit is indicated by the grey shaded area. Also shown are the results

of Duncan et al. (2019) (yellow circles) who identify mergers using pair statistics and fit

a power law of the form (1 + I)1.78+0.21
−0.20 . We also compare to Ferreira et al. (2020) (green

diamonds) who identify mergers using a convolutional neural network and find that the

merger fraction evolves as (1 + I)2.82±0.46. Our merger fractions lie between these two

examples. Our merger fractions and their errors are given in Columns 2 and 4 of Table

4.3 for both the lower and higher mass bins respectively.

4.3.4.2 IR Luminous Galaxies

One of the things that we need to consider in our approach is that some galaxies are

invisible to optical/near-infrared light and are only detected in the far-infrared, sub-mm

or radio (e.g., Wang et al., 2019). These are sometimes called �-band drop-outs and

are of interest as they may in fact be galaxies that are massive, within our limits, but are

not considered part of the merger fraction as they would not be added into our �-band

selected sample.

A simple argument can be made to show that this concern is insignificant for our

merger fractions. The study of Wang et al. (2019) found 39 galaxies across the same

fields we study, which are not detected in the �-band, and thus would likely not be
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within our sample. Wang et al. (2019) claim that these galaxies are typically massive

ones at I > 2, with a median stellar mass of 1010.6"�. Let us examine the results of

assuming that all of these galaxies are mergers.

For our CANDELS sample, we have 6273 massive galaxies at I > 2, whilst the

merger fraction we measure is 5< = 0.183± 0.005 for these galaxies. This gives in total

1135 mergers within our sample. Then if we consider all 39 Wang et al. (2019) galaxies

to be mergers at I > 2 and within the mass range we are looking at, then the new merger

fraction with the Wang et al. (2019) drop-outs included would be (1135+39)/(6273+39)

= 0.186. This gives a very small merger difference of ∼ 0.003. The Poisson error on

our measurements is also 0.005, at the same level. If we consider that these galaxies

have the same merger fraction as the bulk of our systems, at 5< = 0.183, then the merger

fraction would be: 5< = 0.183, a difference of < 0.001 - almost unchanged and vastly

lower than our counting errors. We may be missing passive galaxies at I > 3 due to the

UV selection however these will be a small fraction of the population if there are any

missing at all. Therefore, this will not significantly affect our results.

Regardless, if we consider these far-infrared galaxies asmergers or that have amerger

fraction higher than our measured one, it would only increase our values slightly and

would be well within our current measurement errors.

4.3.4.3 Merger Timescales from IllustrisTNG

In this section we investigate the merger timescales for a sample of galaxies in the

IllustrisTNG 300-1 simulation. The process we use to generate mock images is outlined

in §4.2.5 and here we use only HST-matched mocks. We measure the observability

timescales with a process similar to the one developed in Lotz et al. (2008) and Nevin

et al. (2019). The main difference here is that the galaxies used in this evaluation are



4.3. Results 138

generated as a result of a cosmological simulation instead of an isolated galaxy-galaxy

merger simulation. Our sample is limited to massive "∗ > 1010"� major-mergers. We

briefly outline our steps to measure the timescales below.

First, we follow each galaxy in the simulation for a variety of snapshots spanning

± 2 Gyr around each merger event (limited to 0 < I < 2). The snapshot where the

merger event happens is defined as the the central snapshot, (2. This information is

extracted from themerger trees in the simulation and is originally defined by the SubLink

friends-of-friends algorithm (Rodriguez-Gomez et al., 2015). The snapshots after (2 are

considered to be after the merger event, while the snapshot previous to (2 are classified

as before the merger event. This is the only distinction done here for particular merger

stages, which is fundamentally different to the stages assigned in Lotz et al. (2008).

Secondly, we select only the broadband images that correspond to the rest-frame

optical at those redshifts. For these images, we measure the asymmetry using Mor-

fometryka. Thus, for each source simulated in §4.2.5 we have � for each snapshot

in four different orientations. By averaging � by the viewing angle, we find where the

asymmetries of each individual galaxy falls below the � > 0.35 threshold for both sides

of the merger event.

Finally, by comparing the time difference between where the � > 0.35 and � > (

criteria are no longer satisfied, and the redshift of the central snapshot, we estimate an

observability timescale for the asymmetry, both for the post-merger stage and the before

merger stage, and, if combined, for the total merger event. By doing this for all our

sample, we have a statistical estimation of the merger timescales for the asymmetry in

IllustrisTNG, as shown in Figure 4.11. We find a g = 0.56 Gyr, lower than the values

reported in Lotz et al. (2008), but higher than the ones found in Nevin et al. (2019) for

major-mergers. We find an asymmetric distribution in the timescales that is broad but

not deep; there is an asymmetric tail at higher timescales. The mean timescale of this
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distribution is∼20% greater than the median at 0.67 Gyr so the tail does not significantly

impact the timescale used. We consider the tail in our error in the timescale by finding

the differences between the median of the full sample of simulations and the median of

the sample both above and below 0.56 Gyr. From this, we yield a timescale of 0.56+0.23
−0.18

Gyr. We find that this timescale does not vary with redshift unlike in the case of pair

statistics (Snyder et al., 2017).
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Figure 4.11: Distribution of the timescales for the total merger events within the Illus-
trisTNG sample. The dashed line indicates the median timescale used to determine the
merger rates.

4.3.4.4 Merger Rates

Merger fractions are a solely observational quantity and can tell us little about the

evolution of galaxy formation and evolution. The merger rate (time between mergers

per galaxy) on the other hand is a fundamental parameter in galaxy evolution. We are
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able to convert from a merger fraction to a the merger rate (R) at each redshift using

R = 5<

g
(4.11)

where 5< is the merger fraction and g is the merger timescale.

We calculate themerger rate evolution for our sample of galaxies using a timescale of

g = 0.56+0.23
−0.18 Gyr found using mergers within the IllustrisTNG simulations as described

above. The merger rate evolution is shown in the right panel of Figure 4.12. As with the

merger fraction, we fit a power law to both the low-mass (red crosses) and high-mass

(blue triangles) data of the form

R(I) = R0(1 + I)V Gyr−1 (4.12)

where R0 is the local merger rate calculated using the local merger fraction, 50, from

Casteels et al. (2014) and the merger timescale we find using the IllustrisTNG simu-

lations. This local merger rate is shown as a grey inverted triangle. We find that the

merger rate evolves as:

R(I) = 0.03 ± 0.02(1 + I)1.87±0.04 Gyr−1. (4.13)

This fit is shown by a solid black line and one standard deviation from this fit is

indicated by the grey shaded area in the right panel of Figure 4.12. As with the merger

fractions, we also show the results of Duncan et al. (2019) and Ferreira et al. (2020).

Due to the different methods used to identify mergers, different timescales must be used;

Ferreira et al. (2020) use g = 0.6Gyr and Duncan et al. (2019) use a timescale that varies

with redshift such that g = 0.17 Gyr at 2.5 < I < 3.0 and g = 0.77 Gyr at 0.5 < I < 1.0
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in order to calculate their merger rates.

Despite using a timescale that differs from other merger identification methods, our

results are largely consistent with these previous results. Our merger rates and errors

for the low and high mass bins are given in Columns 3 and 5 of Table 4.3 respectively.

We also compare our results to those found by Rodriguez-Gomez et al. (2015) for the

Illustris simulation. This fit is shown by a dashed line here. The fit, given in Table

1 of Rodriguez-Gomez et al. (2015), is a complex function of redshift, the descendent

galaxy stellar mass "∗, and the progenitor stellar mass ratio `∗. We show the results

for a stellar mass of 1 × 1010"� and a stellar mass ratio of 1/4 (consistent with major

mergers, the type of mergers we are able to probe with our asymmetry selection). The

Illustris fit is steeper than the results we find in this chapter and can be approximated as

a power law of the form ∼ (1 + I)2.7. These simulations also predict a smaller merger

rate, particularly at the lowest redshifts, with the local merger rate predicted to be ∼3

times smaller than the value we use here.

4.3.4.5 Number of Mergers Since I ∼ 3

From themerger ratewe are able to calculate the number ofmergers a galaxy at 0 < I < 3

undergoes by integrating the inverse of the characteristic time between mergers, Γ(I).

First, we must convert the merger fraction, 5<, to the galaxy merger fraction, 56<, which

gives the number of galaxies merging as opposed to the number of mergers (Bluck et al.,

2009). The galaxy merger fraction is given by

56< =
2 × 5<
1 + 5<

. (4.14)

We can then calculate Γ, which is essentially the time in between mergers, using this

galaxy merger fraction:
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Figure 4.12: Left: evolution of the merger fraction. Right: evolution of the merger
rate. The lower mass bin from this work is shown as a red cross and the higher mass
bin from this work is shown as a blue triangle. The fit to both these points and a known
local value from Casteels et al. (2014) (grey inverted triangle) is shown as a solid black
line with the grey shaded area indicating one standard deviation from the fit. We find
a fit of the form 5< = 0.0193 ± 0.004(1 + I)1.87±0.04 for the merger fractions. For the
merger rates, we find a fit of the form R(I) = 0.03 ± 0.02(1 + I)1.87±0.04 Gyr−1. We
compare our results to Duncan et al. (2019) (yellow circles) and Ferreira et al. (2020)
(green diamonds). We also compare the merger rate to that found by Rodriguez-Gomez
et al. (2015) for the Illustris simulation. This fit is given as a dashed line.
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Table 4.3: Merger fractions and rates for each redshift bin and each mass bin, along with the number density-selected sample.
109.5"� ≤ "∗ < 1010.5"� 1010.5"� ≤ "∗ Number Density-Selected

I 5< R (Gyr−1) 5< R (Gyr−1) 5< R (Gyr−1)
0.75 0.091 ± 0.006 0.163+0.068

−0.053 0.074 ± 0.011 0.131+0.057
−0.046 0.084 ± 0.004 0.149+0.062

−0.048
1.25 0.102 ± 0.006 0.181+0.075

−0.059 0.108 ± 0.013 0.194+0.083
−0.066 0.069 ± 0.003 0.124+0.051

−0.040
1.75 0.119 ± 0.006 0.213+0.088

−0.069 0.131 ± 0.012 0.233+0.098
−0.078 0.081 ± 0.003 0.145+0.060

−0.047
2.25 0.140 ± 0.007 0.251+0.104

−0.082 0.158 ± 0.018 0.283+0.120
−0.096 0.109 ± 0.003 0.193+0.080

−0.063
2.75 0.217 ± 0.009 0.388+0.160

−0.126 0.263 ± 0.028 0.469+0.199
−0.158 0.171 ± 0.004 0.306+0.126

−0.098
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Γ =
g

56<
(4.15)

where g is the merger timescale. We are able to fit a power law to Γ of the form

Γ(I) = Γ0(1 + I)−< Gyr and find that Γ0 = 14.4 ± 0.7 Gyr and < = 1.96 ± 0.13. We

calculate the number of mergers a given galaxy will undergo between redshifts I1 and

I2, #m, using

#m =

∫ C2

C1

1
Γ(I) 3C =

∫ I2

I1

1
Γ(I)

C�

1 + I
3I

� (I) (4.16)

where C� is the Hubble time, and � (I) = [Ω< (1 + I)3 +Ωk(1 + I)2 +ΩΛ]
1
2 =

� (I)
�0

. We

assume Ω< = 0.3, Ωk = 0, and ΩΛ = 0.7.

The resulting number of mergers undergone between redshifts I ∼ 3 and I ∼ 0 using

the time between mergers of Γ(I) = 14.4 ± 0.7(1 + I)−1.96±0.13 Gyr is shown in Figure

4.13 as a solid red line. We estimate that a galaxy with mass"∗ > 109.5"� will undergo

2.90+0.50
−0.41 major mergers on average between I ∼ 3 and I ∼ 0, with 1.87+0.39

−0.31 mergers

occurring before I ∼ 1. This result lies between some previous results; Bluck et al.

(2009) find that massive ("∗ > 1011"�) galaxies undergo 1.7±0.5 major mergers with

a timescale of g = 0.4 Gyr from I ∼ 3 to I ∼ 0. Conselice (2006) find that galaxies with

"∗ > 1010"� undergo 4.4+1.6−0.9 major mergers at I > 1 but undergo less than a single

merger at I < 1. For comparison, we also plot the evolution of the number of mergers

for a constant merger rate where we set Γ(I) to be that at I = 3 to show how many

mergers would occur without the observed decrease in merger rate. This is shown as a

blue dashed line. The grey shaded areas on both lines indicate the error on the number

of mergers.
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Figure 4.13: The total number of mergers since I ∼ 3, as a function of redshift. The solid
red line shows this quantity for Γ = 14.4±0.7(1+ I)−1.96±0.13 Gyr. We find that galaxies
with "∗ > 109.5"� undergo ∼ 3 mergers on average since I ∼ 3. For comparison, also
shown is the evolution of the number of mergers for a constant merger rate of Γ = 1.05
Gyr, which is equal to the merger rate at I = 3. This is indicated by a blue dashed line.
The grey shaded regions indicate the error range on the number of mergers.

We are then able to determine how much mass is added to a galaxy due to these

mergers. Major mergers as identified by the CAS parameters are defined as galaxy

mergers where the mass ratio between the progenitors is ` = 1/4 or less and so the

amount of mass added to a galaxy during a merger must be similar to the original

galaxy’s mass. We take the ratio between progenitor masses to be an average of 1:1.5, as

in Conselice (2006), and we approximate the amount of stellar mass gained by a galaxy

due to mergers by Δ"merger ∼ 1.65#< × "0, where #< is the number of mergers and

"0 is the mass of the initial galaxy (Conselice, 2006). Therefore, a galaxy of mass

"∗ = 109.5"� at I = 3 will gain a of mass "∗ = 1.3 × 1010"� by I = 0, giving a
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relative mass increase from I = 3 to I = 0 of Δ"merger/" = 3.2. A galaxy of initial

mass "∗ = 1010.5"� will, on average, accumulate "∗ = 1.4× 1011"� by I = 0, giving

a relative mass increase of Δ"merger/" = 4.1. The mass accretion rate, in terms of

the amount of mass accreted from mergers per unit time, is ¤" ∼ 109"� Gyr−1 at

"∗ = 109.5"�, while for "∗ = 1010.5"� the mass accretion rate is a factor of ten times

high, on average, giving ¤" ∼ 1010"� Gyr−1.

These are simply the average mass accretion rates per Gyr. Naturally, this process

is not smooth and mass will be added in discrete jumps during the 2.9 mergers at I < 3.

However, this mass accretion rate due to mergers per galaxy is an average value for all

galaxies that can be applied to a mass selected population.

4.3.5 Comparison to Simulations

We compare our results to simulations within IllustrisTNG. Instead of using TNG300-1

as we do to determine the merger timescale, we use the higher resolution TNG50-1.

This is done to ensure that morphologies are not affected by mass or spatial resolution,

especially in the central regions. For TNG300-1, the radius containing 20% of the light,

'20, is close to the softening length of the simulation for some galaxies, and as a result

could impact the concentration measurement. The softening length is the scale at which

gravity can no longer be considered to be Newtonian so particles might act differently

to a real galaxy below this. From TNG50-1 we randomly select galaxies in the same

mass range as our mass-selected sample, generate the mocks following the description

in §4.2.5, and measure the CAS parameters using Morfometryka. In Figure 4.14, we

show a comparison of the concentration evolution for our results from CANDELS and

the IllustrisTNG simulations. The CANDELS results are corrected for redshift effects,

as described in §4.2.3. The IllustrisTNG simulations images are produced to have at
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least 3 times the resolution of the CANDELS images and have not been matched with

HST realism as the concentration should be universal for all resolutions. The resulting

images are 640 × 640 pixels and the spectra have been shifted to coincide with the

same filters as in Table 4.1. As with Figure 4.7, the CANDELS low mass galaxies

(109.5"� < "∗ < 1010.5"�) are shown as blue triangles and the CANDELS high

mass galaxies (1010.5.5"� < "∗) are shown as red crosses. The low mass IllustrisTNG

simulations are shown as a dashed orange line and the high mass simulations are shown

as a solid green line. We find that the concentration of the simulations show very little

evolution with redshift for both mass bins. This suggests that the galaxies are growing

in size with the inner and outer regions growing at a similar rate whereas the trend in

the CANDELS data suggests the galaxies are growing from the inside out.

We also compare the measured merger fractions within the simulations to the CAN-

DELS data. For this, we randomly select 5% of all available galaxies in TNG50-1 in

this mass range. As this naturally selects more galaxies in the low mass bin than in the

high mass bin, we further select more galaxies for the high mass bin until both bins

have the same number of galaxies. The simulations in this case are calibrated on HST

resolution. This comparison is shown in Figure 4.15. As for Figure 4.12, the CANDELS

data is shown as red crosses (low mass bin) and blue triangles (high mass bin). The

IllustrisTNGmerger fraction evolution determined using the same asymmetry condition

as used for the CANDELS data for the low and high mass bins are shown as a solid

orange line and a dashed green line respectively. We also determine the ‘true’ merger

fraction within the simulation by using the merger labels produced based on the merger

trees. We ensure we only select major mergers by selecting mergers that have a mass

ratio greater than 1/4. We also select only those galaxies that are within 0.65 Gyr of their

merging event, a time between the median and mean of our CAS merger time-scale.

These ‘true’ merger fractions are shown as a purple dotted line and a dot-dashed yellow
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Figure 4.14: Comparison of the evolution of the concentration for our results from
CANDELS (corrected for redshift effects) and the galaxies within the IllustrisTNG
simulations. As with Figure 4.7, the CANDELS low mass (109.5"� < "∗ < 1010.5"�)
galaxies are shown as blue triangles and the CANDELS high mass (1010.5.5"� < "∗)
galaxies are shown as red crosses. The low mass IllustrisTNG simulations are shown
as an dashed orange line and the high mass simulations are shown as a solid green line.
The shaded regions indicate one standard deviation from the mean. The IllustrisTNG
data is based upon high resolution images.

line for the low and high mass bins respectively. The shaded regions show the error

on the merger fractions for the IllustrisTNG simulations. We find that the asymmetry

defined merger fractions are largely consistent with the observations. However the ‘true’

and asymmetry defined mergers are not in agreement in terms of merger fraction at high

redshift. As such, this could explain the high observed merger fraction in the final

redshift bin; the observations are contaminated by false mergers at high-I, something

also seen in the simulations. When selecting galaxies within a shorter timescale than

the one chosen here, the number of galaxies in each redshift bin are too few and thus the
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‘true’ merger fractions decrease and do not agree very well with the asymmetry selected

mergers from IllustrisTNG or the CANDELS data. This in part happens due to the time

resolution between snapshots in IllustrisTNG, which is roughly ΔC ∼ 0.16 Gyr.
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Figure 4.15: Comparison of the evolution of the merger fraction for our results from
CANDELS and the galaxies within the IllustrisTNG simulations. The IllustrisTNG
data is based upon HST matched mocks. As with Figure 4.7, the CANDELS low mass
(109.5"� < "∗ < 1010.5"�) galaxies are shown as blue triangles and the CANDELS
high mass galaxies (1010.5.5"� < "∗) are shown as red crosses. The merger fraction
evolution for the simulations determined using the asymmetry condition is shown as a
solid orange line and a dashed green line for the low and high mass bins respectively.
Also shown are the ‘true’ merger fractions - the merger fraction determined based on the
labels from the merger trees within the simulations. We select galaxies that are within
0.65 Gyr of a merging event, a value between the median and mean of the CAS timescale
distribution. These merger fractions are shown as a purple dotted line and a dot-dashed
yellow line for the low and high mass bins respectively. Our results are consistent with
both the asymmetry defined mergers and the ‘true’ mergers from the simulations.

We explore how many of galaxies within the Illustris simulation have � > 0.35 and

also are considered to be a ‘true’ major merger (with a mass ratio greater than 0.25). In

this case we consider galaxies that are within 0.45 Gyr of a merger event, or 0.9 Gyr in
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total, to be ‘true’ mergers in order to account for the time difference between snapshots

within the simulation. We find that across all redshifts, an average of ∼ 37% of the

‘true’ major mergers lie above � > 0.35. This is slightly lower than the ∼ 50% found

by Conselice (2006).

4.4 Discussion

In this chapter we have discussed and presented a number of observed features of galaxy

evolution, as viewed through the structurally changes in galaxies over the past 11 Gyr.

We carry this out through an analysis of all five CANDELS fields, examining the change

in light concentration and asymmetry for these systems. As opposed to other studies

of galaxy evolution at these epochs we take a largely structurally evolutionary view of

galaxies, rather than one based on stellar populations. In this viewing of galaxies we are

interested in the build up of stars in galaxies and how that affects the distribution of light

within galaxies, rather than examining the type and distribution of stars themselves.

4.4.1 Concentration

We find that galaxies are more concentrated at higher redshifts when probing galaxy

structure in the optical rest-frame. This is an interesting result and is somewhat different

from expectations, so it is important to examine the reasons for this. We test this result

by examining the evolution of the concentration calculated using various measures of

size. First, we correct the radii '20 and '80 (where '20 is the radius containing 20% of

the total light within a galaxy and '80 is the radius containing 80% of the light) using

the same method as described in §4.2.3 and use the mean of these corrected values to

calculate the concentration using Equation 4.2.



4.4. Discussion 151

Examining the individual radii for our sample, we find that the evolution of the

corrected '80 values remain roughly constant with redshift whereas '20, on average,

increases with redshift. Therefore, we see a lower concentration at lower redshifts. We

show the evolution of the concentration calculated using the corrected values of '20

and '80 in Figure 4.16. As in Figure 4.7, the low mass bin is shown as red crosses

and the high mass bin is shown as blue triangles. Also shown are power law fits to the

concentrations, with the dotted line being for the low mass bin and the dashed line being

for the high mass bin. For comparison, we show the evolution of the measured value of

� for all masses as grey circles. This decrease in concentration is consistent with the

corrected concentrations shown in Figure 4.7. However, there is some evidence that the

relationship is shallower.
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Figure 4.16: Evolution of the concentration as calculated from the corrected '20 and
'80 growth radii. The low mass bin is shown as red crosses and the high mass bin
is shown as blue triangles. The grey circles represent the evolution of the measured
concentration across all masses.
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We further explore this by examining the Petrosian radius, 'Petr([). The Petrosian

radius is defined to be the radius at which the surface brightness at a given radius is a

specific fraction ([) of the surface brightness within that radius (e.g., Bershady et al.,

2000; Conselice, 2003; Whitney et al., 2019). [ is given by:

[(A) = � (A)
〈� (A)〉 (4.17)

where � (A) is the surface brightness at radius A and 〈� (A)〉 is the mean surface brightness

within that radius. Using this definition, [ = 0 at large radii. We consider 'Petr([ = 0.2)

(the outer edge of a galaxy) and 'Petr([ = 0.8) (the inner region of a galaxy). Whitney

et al. (2019) show that 'Petr([ = 0.2) grows more rapidly than 'Petr([ = 0.8) for a mass-

selected sample (where the masses lie in the range 109"� < "∗ < 1010.5"�) across

a redshift range of 1 < I < 7 in the GOODS-North and GOODS-South CANDELS

fields. So, one would expect the concentration at lower redshifts to be larger. In the

same fashion as with the growth radii, we calculate the concentration of the galaxies in

Whitney et al. (2019) with mass log10("∗/"�) > 9.5 using the Petrosian radii such

that

�P = 5 × log10

(
'Petr([ = 0.2)
'Petr([ = 0.8)

)
. (4.18)

The resulting concentration evolution is shown in Figure 4.17. We fit a power law to the

entire redshift range from Whitney et al. (2019) (dotted line) and also the redshift range

we consider in this chapter (solid line). We find that �P goes as (1 + I)−0.09±0.06 for the

redshift range of 1 < I < 6 and goes as (1 + I)0.09±0.09 for the smaller redshift range of

1 < I < 3, which is within 1f of being considered a flat relation. The vertical dashed

line indicates the redshift limit of this work. Whilst on average over the redshift range

of 1 < I < 6, the concentration decreases with redshift, when we consider the lowest
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redshift bins, the concentration appears to increase with redshift, which is consistent

with the results we find and show in Figure 4.7. This is due to the fact that the inner radius

appears to grow more rapidly compared to the outer radius within this small redshift

range. We find the same result when considering galaxies with log10("∗/"�) > 10.5.

This difference in evolution at higher and lower redshift ranges could be highlighting

a change in formation mechanisms at I = 2 − 3 whereby the outer regions grow more

rapidly at earlier times and the inner regions grow more rapidly at later times.

1 2 3 4 5 6
Redshift (z)

2.0

2.2

2.4

2.6

2.8

3.0

C
P

CP = 2.83(1 + z) 0.09

CP = 2.39(1 + z)0.09

Figure 4.17: Evolution of the concentration calculated using the Petrosian radii at
[ = 0.2 and [ = 0.8 as per Equation 4.18 for galaxies of mass log10("∗/"�) > 9.5
from Whitney et al. (2019). We fit a power law to the whole redshift range, shown as a
dotted line, and also to the redshift range we consider here (solid line). We find that �P
goes as (1 + I)−0.09±0.06 for the redshift range of 1 < I < 6 and as (1 + I)0.09±0.09 for the
smaller redshift range of 1 < I < 3. The vertical dashed line indicates the redshift limit
of this work. On average, the concentration decreases at higher redshift however when
considering the lowest redshifts, the concentration increases with redshift.

Alternatively, it might be the case that as we go to lower redshifts, we are sampling
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more and more galaxies using a constant mass limit (Mundy et al., 2015). The result of

this is that intrinsically lower halo mass galaxies will be entering our sample and these

may have lower concentrations. In order to test whether the mass limits of our sample are

creating an artificial trend, we instead select galaxies using a constant number density

of 3× 10−5 Mpc−3. This yields galaxies in the mass range 1010.7"� ≤ "∗ < 1011.5"�.

This method avoids problems with having a fixed stellar mass bin that galaxies can enter

at lower redshift, compared with those that are at higher redshifts (e.g., Mundy et al.,

2015; Ownsworth et al., 2016). This has an effect such that by I = 0 only ∼ 5 % of

galaxies with a high mass selection would have been within the same mass selection

at I > 2.5. However, by selecting through a constant co-moving number density we

are able to remove this bias and always examine what are statistically the same number

of massive galaxies at each redshift. Because there are so many ‘new’ galaxies in a

mass-selected sample, it is possible that the relations we derive are biased by these new

systems.

We determine the concentration evolution for this number density-selected sample,

and compare it to the evolution seen for the mass selected-sample. We find that the

evolution for the number density-selected sample is very similar to that of the mass-

selected sample, as shown in Figure 4.18. Green circles indicate the concentration for

the number density-selected sample, red crosses indicate the lower mass bin, and blue

triangles the higher mass bin. Therefore our finding of a reduction in concentration

using the mass selected sample is not due to new galaxies entering the criteria.

As a test for another key result, we examine how the merger fraction evolution would

occur by using a selection based on this number density selection of 3 × 10−5 Mpc−3.

This is shown in Figure 4.19 where we find that the merger fraction is slightly lower

for all but the final lowest redshift bin. The values for the merger fraction and merger

rate for this number density-selected sample are shown in Table 4.3. However, the fitted
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Figure 4.18: A comparison of the evolution of concentration for a number density-
selected sample (green circles) and a mass-selected sample. The number density is kept
constant at 3 × 10−5 Mpc−3. As for Figure 4.7, red crosses indicate the lower mass bin
and blue triangles indicate the higher mass bin. We find no significant difference in the
evolution of the � parameter using these different selection methods.

merger fraction evolution and thus the corresponding merger rate is statistically very

similar and does not give significantly different merger histories for galaxies. Thus, our

result using a constant mass selection is a viable way in which to trace the evolution of

the massive galaxy population, and our results are robust to galaxy selection methods.

Radius measurements of the inner regions can be inaccurate due to factors such as

the size of the PSF. This could create inaccuracies in the concentration measurement. To

ensure the concentration evolution we see is not an artefact of such issues, we also use

'50 and '90 values in place of '20 and '80 in Equation 4.2. We find that the evolution of

�59 exhibits similar behaviour to�28, whereby the concentration increases by a factor of

∼1.5 over the redshift range 0.5 < I < 3. We can therefore conclude that the evolution
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Figure 4.19: A comparison of the evolution of the merger rate for a number density-
selected (= = 3 × 10−5 Mpc−3) sample of galaxies (green circles), low mass galaxies
(red crosses), and higher mass galaxies (blue triangles). The fit to the number density-
selected sample is shown by the solid line and the fit to the mass-selected sample is
shown by the dashed line.

in concentration we see is real and not as a result of problems with the inner radius

measurement.

We interpret a decreasing concentration with lower redshift as an indication that a

small initial galaxy will eventually grow in size as a result of galaxy mergers, as well

as galaxy accretion. This growth is occurring in such a way that the inner regions of

a galaxy grow more rapidly in comparison to the outer regions at I < 3. Examining

the Petrosian radius evolution over a larger redshift range than is done here gives the

opposite result.
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4.4.2 Merger Consistency

Mergers can be identified in multiple ways such as pair statistics (e.g., Bundy et al.,

2009; Man et al., 2016; Mundy et al., 2017; Duncan et al., 2019), CAS (e.g., Conselice

& Arnold, 2009; Bluck et al., 2012), Gini-"20 (e.g., Lotz et al., 2008, 2010), and

Deep Learning (e.g., Ferreira et al., 2020) with each of these methods yielding differing

merger counts, and therefore fractions due to the different criteria. Using a power law

fit, we find that the merger fraction goes as (1 + I)1.87±0.04 when fitting our data and

setting the I ∼ 0 merger fraction to a fixed value. This is shallower than that found by

Conselice & Arnold (2009) who derive merger fractions using the CAS parameters for

a sample of galaxies within the Extended Groth Strip and Cosmic Evolution Survey at

0.2 < I < 1.2; they find a relation of (1 + I)2.3±0.4 using their data and by using a fixed

value of the merger fraction at I ∼ 0, the relation changes to (1+ I)3.8±0.2. Ferreira et al.

(2020) use a convolution neural network trained on simulations from IllustrisTNG and

applied to data from all five CANDELS fields and find an evolution of (1 + I)2.82±0.46,

again slightly steeper than the results we find. Duncan et al. (2019) on the other hand

find a shallower relation for their pair fractions of (1 + I)0.844+0.216
−0.235 for galaxies with

log10("∗/"�) > 10.3. In general, the morphologically defined mergers give a higher

merger fraction than those derived through pairs (Conselice & Arnold, 2009). However,

this is not unexpected, as different methods of finding mergers will give different results

for the fractions.

Consistency is however expected when converting to merger rates and comparing

these values. Along with different methods giving different merger fractions, different

selection criteria within the same sample also give varying results; Man et al. (2016)

examine the pair fraction evolution up to I ∼ 3 using the UltraVISTA/COSMOS  (-

band selected catalog along with 3DHST+CANDELS �-band imaging and explore the

effect of using the flux ratio versus the mass ratio in the selection. When selecting
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via the stellar mass ratio, the merger fraction appears to increase with cosmic time in

contradiction to the results we and others find. A selection via the �-band flux ratio

however, the trend is similar to ours in that the merger fraction decreases.

As with merger fractions, merging timescales vary quite drastically depending on the

selection method. For example, Lotz et al. (2008) use GADGET N-Body hydrodynam-

ical simulations and the radiative transfer code SUNRISE to create a sample of galaxy

mergers. These are used to determine the merging timescales for multiple methods of

identifying mergers. Using the same asymmetry condition we use here, a timescale of

0.94 ± 0.13 Gyr is determined, whilst using a Gini and "20 condition, the timescale is

found to be 0.26 ± 0.10 Gyr. Conselice et al. (2008) who examine the merger rate up to

I ∼ 3 in the Hubble Ultra-Deep Field use a merger time-scale of 0.34 Gyr, determined

using the asymmetry condition. These methods all assume a constant timescale with

redshift, however using a close pair method of identifying mergers, Snyder et al. (2017)

find that the timescale varies with redshift as g ∝ (1 + I)−2. These timescales all differ

from the constant timescale of g = 0.56+0.23
−0.18 Gyr we find using the asymmetry criteria.

Despite these differences in timescales and merger fractions for various methods of

identifying mergers, merger rates are largely consistent with each other, as shown in

Figure 4.12. The merger rates determined using the asymmetry condition to identify

mergers as we have done here are, within the errors, similar to merger rates determined

using other methods such as probabilistic pair-counts (Duncan et al., 2019) and finding

mergers using Deep Learning (Ferreira et al., 2020). This is despite using different

timescales for a merging event, showing that while different methods identify different

numbers of mergers, our CAS method gives a consistent merger history for galaxies.

The merger rates presented here have greater errors associated with them than previous

work due to the consideration of the error in the merger timescale; the IllustrisTNG

simulations used here to determine themerger timescale have an asymmetric distribution
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in the timescale and so we therefore use an asymmetric error. Ferreira et al. (2020) use

a timescale based on their selection and as such, do not have an associated error.

Duncan et al. (2019) calculate the errors on their merger fractions using the bootstrap

technique. The timescale taken from Snyder et al. (2017) does not have an associated

statistical error so when determining the fit (by convolving the merger fraction fits with

the redshift dependent timescale), the merger rates only consider the error in merger

fraction. Therefore, we have found that using three independent methods that we are

able to measure a consistent merger rate at I < 3, and therefore have a firm idea of what

the history of galaxy major mergers are within this redshift range.

4.5 Conclusions

Galaxy structure is one of the most fundamental ways in which galaxies and their

formation and evolution can be understood, yet there have been few systematic studies

of this property at higher redshifts. In this chapter we collate the high resolution HST

imaging of galaxies from all five fields of the CANDELS survey to determine the

time evolution of galaxy structure to derive the processes for galaxy evolution. We

combine these 16,778 galaxy structures, both visually based and quantitatively based,

with stellar mass measurements and photometric redshifts to derive the evolution of

galaxy structure. To aid our investigation of these morphologies we also utilise Illustris

TNG300 simulations to calibrate timescales for morphological features and Illustris

TNG50 for direct morphological comparisons with observations.

Our conclusions, based on a detailed non-parametric analysis of the structures of

galaxies in all five CANDELS fields are as follows:

1. We find that galaxies are distributed in a concentration-asymmetry plane up to
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I ∼ 3 in a similar way as they do at lower redshifts. At these redshifts there is a

continuum of parameters, suggesting unlike the colour-magnitude plane galaxies

on this relation evolve continuously over time, rather than change dramatically.

2. Based on dynamical simulations with the IllustrisTNG simulation, we show that

the evolution of galaxies within the � − � plane over this time period is largely

driven by galaxy formation processes, including the accretion of gas as well as

galaxy mergers.

3. We find that galaxies are both more asymmetric and more concentrated at higher

redshifts. This demonstrates that galaxies are assembled in a way where material

is coming in through galaxy formation processes that are relatively changing the

inner portions of galaxy light quicker than the outer radii at I < 3. The opposite is

found when examining the evolution of the Petrosian radius, however the Petrosian

radius concentrationmeasure indicates a decreasing concentration at low redshifts.

4. Using merger timescales from Illustris TNG300 we determine how the morpho-

logical timescale for mergers evolves with time. We find that for the CAS system

of finding mergers, the mean merger timescale is 0.56+0.23
−0.18 Gyr. We also find,

that unlike in the galaxy pair situation, this merger timescale does not evolve with

time.

5. Using these timescales we are able to determine the merger fraction evolution and

the merger rate evolution up to I ∼ 3. We find a good agreement between our

merger rate calculations in comparison with previous work using pairs of galaxies

and findingmergers based onDeep Learning. This is therefore a consistent merger

history for galaxies as measured in three different ways. We now have a firm and

consistent measure of the galaxy major merger history at I < 3.

Our results are the best measurements of the merger history using HST imaging that
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will likely be possible unless a new large area survey in the near infrared is performed.

When Euclid and JWST launch we will be able to expand these results in many ways.

We will be able to measure the merger history in a similar way up to I ∼ 6, and at lower

redshifts we will be able to probe down to lower masses to find the evolution of a fuller

sampling of the galaxy population. Euclid will allow us to examine the merger history

over 15,000 deg2, allowing detailed merger histories to be measured. The techniques

and methods here can be used with both data sets, and others, to fully explore and

measure this merger history, a principle part of the entire galaxy formation process.



Chapter 5

Conclusions and Future Work

This thesis utilises the deep HST imaging offered by the extensive CANDELS survey to

explore galaxy evolution. In Chapter 2, I explore how the Petrosian radius evolves as a

function of cosmic time for a sample of galaxies across a redshift range of 1 < I < 7, in

the rest-frame optical. I also describe the methods used to remove foreground objects

from images of galaxies, making use of the Lyman break. In Chapter 3, I examine the

evolution of galaxy surface brightness over a redshift range 1 < I < 6 in the rest-frame

UV and how this affects the detectability of galaxies at the highest redshifts. Finally,

in Chapter 4, I present an analysis of non-parametric measures of galaxy structure for a

low redshift sample of galaxies in the rest-frame optical.

In the following chapter I will outline the conclusions drawn from these results on

the subject of galaxy evolution. I will also discuss possible future work that can build

upon the results of this thesis.

162
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5.1 How do the sizes of galaxies evolve at 1 < I < 7?

In Chapter 2, I present an analysis of galaxy size evolution from I = 7 in the GOODS-

North and GOODS-South fields of the CANDELS survey, using the Petrosian radius

as a measure of size. Firstly, I describe a new method of removing foreground objects

from images of galaxies that makes use of the Lyman break at 912 Å, reducing the risk

of contamination from extraneous objects when measuring properties of the galaxies

within the sample. The size evolution is determined in the rest-frame optical (_ ∼

4000 Å) where the availability of HST bands allows. I test to determine whether this

difference in wavelength probed at higher redshifts affects the measured size. I use both

a mass-selected sample where galaxies have a stellar mass in the range 109"� < "∗ <

1010.5"�, and a number density-selected sample where a constant number density of

1 × 10−4 Mpc−3 is used. The size is shown to increase from I = 7 to I = 1 for both

samples. As the Petrosian radius is used as a measure of size, it is possible to probe not

only whether the size grows, but where within the galaxy the size is changing. I find that

on average, the outer radii increase the most rapidly, suggesting an inside-out formation

process is causing the observed growth at I > 3.

I also explore how this inside-out formation occurs by examining the difference in

size growth between a sample of mergers and non-mergers identified using the CAS

parameters. The mergers are, on average, larger than non-mergers at all redshifts and

the outer radii increase in size more rapidly than the inner radii for the mergers. This

further supports the inside-out formation process which could occur by the accretion of

satellite galaxies, mergers, and accretion of gas from the intergalactic medium.
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5.2 How does galaxy surface brightness evolve since I =

6?

In Chapter 3, I investigate the evolution of galaxy surface brightness in the rest-frameUV

(_ ∼ 2000 Å) in the redshift range 1 < I < 6 and explore its relation with star formation.

I also explore how surface brightness affects how well we are able to detect galaxies at

high redshifts. Previous work has only probed low redshift galaxies, but with images

from CANDELS it is possible to measure the surface brightness of galaxies out to I = 6.

I select two samples; one with galaxies with stellar mass 1010 < "∗/"� < 1011 and

one with a constant number density of 1 × 10−4 Mpc−3 across all redshift bins.

I find that galaxies at the highest redshifts are intrinsically brighter than those at the

lowest redshifts, with an evolution of the form (1 + I)−U where U = 0.18 ± 0.01 for

the mass-selected sample and U = 0.19 ± 0.01 for the number density-selected sample.

A number of factors that could be contributing to such an evolution are considered.

For example, in Chapter 2, I show that size evolves such that galaxies get larger with

cosmic time. I test to determine whether this observed size evolution is causing this

surface brightness evolution by setting the size of all galaxies to the mean size of

galaxies at I = 6 and recalculating the surface brightness. I find that the evolution is

not significantly altered by this, suggesting size evolution is not the primary cause of

the surface brightness evolution. I also examine the effect of dust but find that it only

contributes to a small amount of evolution for both samples.

The star formation rate density is shown to decrease with time but as with dust and

size, the change does not entirely explain the surface brightness evolution. I conclude

that the remainder of the evolution is due to an observational bias and therefore massive,

high redshift galaxies are missing from observations.
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Galaxy stellar mass is a known cause of differences in galaxy evolution and so I

explore its relationship with intrinsic surface brightness. I find that the intrinsic surface

brightness does not significantly depend on the stellar mass at all redshifts, suggesting

that the two parameters do not correlatewith each other. It also suggests that the selection

in the UV does not give mass completeness at any mass. This is further explored by

artificially redshifting a sample of galaxies from I = 2 to I = 6 and measuring their

surface brightness. I find that the surface brightness of the redshifted galaxies is much

lower than that of the real galaxies at the same redshift. Using a signal-to-noise cut, I

find the fraction of detectable galaxies is much lower in the redshifted sample than the

real sample, highlighting the fact that a significant number of galaxies are missing from

high redshift observations.

Finally, I find that for themass-selected sample at low redshift, the star formation rate

and specific star formation rate depends strongly on the surface brightness. However, at

high redshifts this relationship weakens. For the number density-selected sample, this

relationship remains roughly constant with redshift.

5.3 How does galaxy structure change at 0.5 < I < 3?

Chapter 4 focuses on a non-parametricmethod of quantifying galaxy structural evolution.

It also explores the role of galaxy mergers in galaxy evolution. I present the analysis

of the morphological and structural evolution of a mass-selected sample of galaxies

from I ∼ 0 to I ∼ 3 in all five CANDELS fields in the rest-frame optical (_ ∼ 4000

Å). In order to determine timescales for merging events, I make use of IllustrisTNG

simulations of galaxy mergers.

I find that the distribution of galaxies on a concentration-asymmetry plane up to I ∼ 3

is comparable to that at lower redshifts. There is a continuum of parameters, implying
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that the galaxies evolve continuously with regards to this relation. For the sample of

galaxies under consideration, I find that both the concentration and asymmetry decrease

with decreasing redshift. This finding suggests that the assembly of galaxies occur in

such a way that the inner regions are grow faster than the outer regions at these redshifts.

By using simulations of galaxy merging events within the Illustris TNG300 simu-

lations, it is possible to determine the timescale of such events. For the CAS system

of identifying mergers, I find that the mean merger timescale is 0.56+0.23
−0.18 Gyr. This

timescale does not vary with redshift, unlike the timescale for mergers identified using

pair statistics. This timescale can be used in conjunction with the calculated merger frac-

tion to determine the merger rate. This merger rate is in good agreement with merger

rates determined using different methods such as pair statistics and Deep Learning,

giving a consistent merger history for three different methods of identifying mergers.

5.4 Future Work

This thesis takes advantage of HST to probe galaxy evolution at high redshifts in the

context of size, surface brightness, and structure. However, despite the high quality of

CANDELS and HST, newer, and more advanced technology such as the James Webb

Space Telescope and Euclid is required to build upon the work presented in this thesis.

The James Webb Space Telescope is a state-of-the-art infrared observatory that

will make it possible to look further than ever before and will answer some of the

unanswered questions about galaxy formation and evolution with both photometric and

spectroscopic data of extremely high quality. The Near Infrared Camera (NIRCam)

and the Mid-Infrared Instrument (MIRI) will provide photometric observations in the

wavelength range 0.5-28 `<. The Near Infrared Spectrograph (NIRSpec) and the

Near Infrared Imager and Slitless Spectrograph (NIRISS) will provide spectroscopic
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observations of unprecedented quality in the wavelength range 0.6-5 `<. Observations

made with these instruments will enable the detection of the redshifted light from the

most distant galaxies and enable the determination of how they formed, giving a better

understanding of how the galaxies seen today were established. Planned surveys such as

PRIMER: Public Release IMaging for Extragalactic Research will provide deep imaging

using the NIRCam and MIRI instruments across 10 bands. It will enable the detection

of distant galaxies out to I ∼ 12, of which a predicted ∼70% will be new detections.

This will allow the determination of the evolution of various parameters across a wide

range of redshifts, in consistent rest-frames.

Euclid is a space observatory that aims to explore the last 10 billion years of the

Universe by examining the properties of dark energy, dark matter, and gravity. It

will also allow further insight into the initial conditions of the Universe, giving a

better understanding of the underlying causes of structure formation. Euclid will have

two instruments on board that will allow observation in both the optical and infrared;

the visible imager (VIS), observing in the wavelength range 0.55-0.9 `< in a single

broadband filter, and the near infrared spectrometer and photometer (NISP), observing

in the wavelength range 0.9-2 `< in three broadband filters. These instruments are key

to measure the redshifts and shapes of distant galaxies.

Whilst HST is able to detect galaxies out to I ∼ 10, it isn’t without its limitations;

the detections of the highest redshift galaxies within the CANDELS survey are only

available in the reddest filter, �160. NIRCam will give the opportunity to confirm these

uncertain detections and push to even higher redshifts due to the longer wavelengths

probed. The longer wavelengths reached by JWST will enable detections of galaxies in

the optical rest-frame at higher wavelengths than currently available. Whilst I show that

a galaxy’s size does not depend on the observed wavelength to first order in Chapter 2,

by measuring the size in a consistent rest-frame wavelength, the measurements will be
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more robust and it will be possible to confirm the size evolution observed.

I show that a significant number of galaxies are missing from the highest redshift

observations inChapter 3. The largemirror and sensitivity to lower brightness galaxies of

JWST will allow the detection of these distant galaxies. This will provide an opportunity

to determine whether the evolution in surface brightness found is real and not due to

missing the lowest surface brightness galaxies at high redshifts. By observing in longer

wavelengths, such a study of surface brightness can be extended further back in time to

the highest redshifts.

With HST, it is only possible to probe the optical rest-frame up to I ∼ 3. Morpholo-

gies are significantly different at different wavelengths so it is crucial to observe in a

consistent wavelength in order to extend the study of quantitative structure to higher

redshifts to avoid any biases. At lower redshifts, JWST will be able to look at lower

mass galaxies which will help to gain a fuller and more comprehensive understanding

of structure and, by extension, galaxy merger history. Euclid aims to cover an area of

15,000 deg2 which will providemuch larger samples of galaxies than currently available,

giving better and more detailed estimates of merger histories.

These new surveys and observatories will produce an extremely large amount of data

and expanding sample sizes to billions of galaxies will require newways of analysing the

data due to constraints such as computational resources and time required to process data.

Machine learning techniques such as convolutional neural networks are significantly

more efficient than existing algorithms. Supervised machine learning is suitable for this

new era of ‘big data’ as it would take humans a significant amount of time to classify

every image by eye, but with a trained network, it is possible to classify galaxies in

a short time. Once a network is trained, it can be applied to other datasets, further

expanding sample sizes. Human classification methods have a risk of being biased and

unsupervised machine learning methods can remove such biases and therefore improve
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classifications. As such the analysis of both qualitative and quantitative measures of

galaxy morphology will benefit from these new methods.

We are on the brink of some incredible discoveries with these new, state-of-the-art

observatories, and in the near future it will be possible to further extend our understand-

ing of the formation and evolution of galaxies and the Universe as a whole.
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