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Abstract

Observations have shown that galaxies have undergone intense transformations over

the past 11 Gyr, increasing both their size and stellar mass in the process. Uncov-

ering and understanding the mechanisms behind such changes remains one of the

aims of modern astronomy. This Thesis presents an investigation into two mecha-

nisms — star-formation and galaxy mergers — which may be responsible for these

observed changes. This is achieved through the analyses of several publicly a avail-

able semi-analytic models of galaxy formation and evolution, combined with a large

sample of approximately 350,000 galaxies at 0.005 < z < 3.5.

Firstly, a comprehensive study is detailed comparing two methods which aim

to connect galaxies across cosmic time, to ascertain the best method of tracing the

true evolution of a galaxy population’s most fundamental properties across large

redshift ranges. This is done using a suite of semi-analytic models and selecting

galaxies at either a constant stellar mass, or a constant cumulative number density

ranked by stellar mass. It is found that the latter selection is better at tracing the

true evolution in stellar mass and star-formation rate of a galaxy population, both

forwards and backwards in time, compared to the former method. The method

allows these properties to be recovered within a factor of 2–3 across a redshift

range of 0 < z < 3, with the systematic offset proportional to the redshift range

probed. This contrasts with a constant stellar mass selection — used throughout

the literature — which often overestimates these physical properties by up to a

factor of ∼ 20, depending on the mass range probed.

Secondly, this Thesis introduces a method allowing for the measurement of the

close-pair fraction for galaxies selected by stellar mass from a flux-limited survey.

Previous measurements of the merger fraction suffered from small volumes or un-

certain statistical corrections for projected close-pairs of galaxies. The method

presented herein, adapted from that presented in López-Sanjuan et al. (2015), uses

the full redshift probability distribution to measure the pair fraction of galaxies at

> 1010 M�, and at a constant cumulative number density of 10−4 Mpc−3, represent-

ing the best constraints on the pair fraction at z < 3.5 to date. Major and minor

5



merger pair fractions approximately a factor of ∼ 2 smaller than previous works are

found and subsequently converted to merger rates. The major merger rate is found

to be similar for galaxies at > 1011 M� and > 1010 M�, while the minor merger

rate is larger for the most massive galaxies by a factor of ∼ 2.

Finally, the relative role of galaxy mergers and star-formation in the build up of

stellar mass is explored. Using star-formation rate estimates, a statistical estimation

of the star-formation rate density and the merger accretion rate density of stellar

mass-selected samples are compared and contrasted. From this analysis, it is found

that star-formation remained the dominant source of stellar mass growth in massive

galaxies until z ∼ 0.5, with major merger becoming comparable in more recent

times and minor mergers a factor of ∼ 10 smaller even today. Furthermore, simple

virial arguments are used to show that major and minor mergers are likely not the

dominant mechanism in the size evolution of massive galaxies at z < 3.5, increasing

their sizes by a factor of ∼ 1.6 at most.

In summary, the results presented in this Thesis explore the stellar mass, star-

formation and size evolution of massive galaxies over the past 11 Gyr, and shed

new light on the mechanisms responsible. By taking advantage of the latest wide-

area, deep surveys, the largest sample of galaxies is used to constrain the merger

histories of massive galaxies and infer their role in the evolution of massive galaxies

in a consistent manner.
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Chapter 1

Introduction

Astronomy is arguably the most beautiful of the sciences, in both a visual and

theoretical sense. Spectacular images of the cosmos produced by the veteran Hubble

Space Telescope (HST) are some of the most obvious and ingrained mascots for the

field, with future observatories promising a revolution in both science and outreach.

Modern astronomy, which has existed in its recognisable form for just a century, has

uncovered remarkable truths about the Universe and the physical laws that define

it.

Over millennia it has come to be known that our place in the Universe is quite

unremarkable. Where once our home planet was naively placed at the centre of ev-

erything, the scientific method applied to observations of the heavens uncovered the

heliocentric nature of our existence. Subsequent observations with larger telescopes

and better techniques have revealed the Solar System to be one of many that exist

within the Milky Way, with our home galaxy but one oasis in a vast cosmic desert

sparkling with similar but no less magnificent collections of gas, dust and stars.

1.1 The galaxy zoo

Observations made by Edwin Hubble are arguably the foundation of modern extra-

galactic astronomy. His realisation (Hubble, 1926) that so-called spiral nebulae were

in fact separate, independent galaxies found beyond the bounds of the Milky Way

immeasurably expanded the limits of the known Universe. Hubble subsequently

constructed a classification scheme for galaxies, placing them within distinct classes

based on their physical appearance (i.e. morphology). This scheme, displayed in

Figure 1.1 and often called the ‘Hubble Tuning Fork Diagram’, remains in use to

this day. However, its construction implied an evolutionary sequence along which

galaxies travelled during the course of their lives. Labels such as ‘early-type’, ap-
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Figure 1.1: The Hubble Tuning Fork Diagram, using a selection of galaxies ob-
served with the Hubble Space Telescope, describing the zoo of galaxies observed by
Edwin Hubble. (Credit: NASA/ESA.)

plied to the ellipticals, and ‘late-type’, applied to the spiral galaxies, gave this

impression. Such an evolutionary journey is now known to be almost certainly

incorrect, however the exact evolutionary path taken by galaxies still remains a

largely unanswered question in modern astronomy.

Furthermore, striking correlations between various galaxy properties (e.g., colour,

size, luminosity) and galaxy morphology — among other characteristics — have

been revealed (e.g., Faber & Jackson, 1976; Tully & Fisher, 1977) which permit

deductions on galaxy evolution to be made. For example, early-type galaxies are

found to almost exclusively possess relatively ‘red’ colours compared to late-type

galaxies. Indeed, a bimodality in the colour distribution of galaxies is well docu-

mented and has been studied extensively for nearly two decades (e.g., Kauffmann

et al., 2003; Taylor et al., 2015).

Understanding just how this bimodality came to be, and identifying the physi-

cal mechanisms that control the evolutionary journeys of different galaxy types is

just one particular aim of modern astronomy. Probing the stellar populations and
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kinematics of different types of galaxies allows constraints to be placed on their

formation histories, and thus brings the field a step closer to understanding their

evolution.

1.2 The many pathways to galaxy growth

The Universe can be best described via a model with four components: normal

baryonic matter, dark matter, dark energy and radiation. In this ΛCDM paradigm,

galaxies — a collection of gas, dust and stars — sit at the centre of a dark mat-

ter halo’s gravitational potential well. In this hierarchical picture, galaxies accrue

baryonic matter through the repeated mergers of small systems which form larger

ones over time. This is indeed the sole source of dark matter halo growth in the

Universe. On the other hand, the stellar mass of a galaxy — the baryonic mass

in the form of stars — can grow through a number of different pathways and is a

relatively easy quantity to measure observationally.

As the light from any galaxy we observe is the integrated light of its amassed stel-

lar populations, a galaxy’s colour is useful for placing constraints on its evolutionary

history. More massive, younger stars are short-lived but extremely luminous, and

only a relatively small amount of these stars are required to cause a galaxy to pos-

sess ‘blue’ colours (Ellis, Abraham & Dickinson, 2001). Blue colours are therefore a

strong indicator of ongoing star-formation. The bulk of the stellar mass, however,

is typically contained in older, redder, and less massive stars which are many times

more numerous. Thus, it is near-IR wavelengths that better trace the integrated

stellar mass of a galaxy due to the fact that evolved stars exhibit little change in

their colour with age.

Measuring the stellar mass of a galaxy is in reality more complicated than a

simple conversion of near-IR luminosity. The most widely used technique is to use

the colours of a galaxy (if photometric measurements are available), or indeed the

spectral energy distribution (SED; if spectroscopic measurements have been made),

for the process of template fitting. Typically, a large set of template SEDs of a given

unit stellar mass are generated by stellar population synthesis models (e.g., Bruzual

& Charlot, 2003; Maraston, 2005) that encompass a range of stellar population

parameters (e.g., star-formation history, age, dust attenuation, and IMF) are fit

to the available photometry for a galaxy. An estimate of the stellar mass is then

simply given by the normalisation needed to match the galaxy photometry. While

some parameters that can be estimated this way are degenerate (e.g., age, dust

attenuation, and metallicity), the stellar mass and indeed the star-formation rate
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are generally well constrained given good photometric coverage of spectral features,

such as the Balmer and 4000Å breaks, which are correlated with age (Conroy, 2013).

While the rest-frame near-IR photometry is theoretically a better tracer of the

integrated stellar mass of a galaxy, some evidence suggests that including rest-

frame near-IR photometry in SED-fitting techniques does not improve estimates of

a galaxy’s stellar mass. Taylor et al. (2011) find that agreement of stellar popu-

lation parameters is found between model sets when using just the UV to optical

photometry of a galaxy. They suggest that stellar population synthesis models are

not well constrained in the near-IR wavelength regime at this time. However, the

stellar mass estimates for galaxies with ‘normal’ SEDs are most likely accurate to

within a factor of < 2 (Conroy, 2013).

With their caveats understood, SED fitting techniques can also provide valuable

estimates of a galaxy’s star-formation rate (SFR) — the amount of stellar mass

generated from a galaxy’s cold gas reservoir per unit time. In order to achieve this an

assumption is typically made on the form of a galaxy’s star-formation history (SFH).

The most commonly used parametrisation is that of an exponentially declining (or

increasing) SFH, defined as

Ψ(t) = Ψ0 × exp

(
− t
τ

)
, (1.1)

where Ψ is the SFR, Ψ0 is the initial star-formation rate of the galaxy, and τ is

the exponential scale time over which the SFR declines (or increases). For the

purposes of SED modelling, the observed SFR is that when t is set to the age of

the model SED. Other common parametrisations include a constant SFH (τ →
∞), and multiple bursts at different ages. There are even recent suggestions that

galaxies may follow a log-normal SFH (Abramson et al., 2015), although this is not

a particularly common assumption. While resulting SFR values are sensitive to the

priors places on the stellar population parameters, and indeed the SFH, comparisons

between SED-based and emission line SFRs result in excellent agreement, at least

at low-redshift (e.g., Salim et al., 2007).

Much progress has been made in the development of methods to infer the SFR of

a galaxy. The Ultraviolet (UV) and Infrared (IR) wavelength regimes possess useful

indicators of star-formation that can be analysed. The UV traces light from young,

massive stars that dominate the luminosity output of a stellar population, while the

IR traces (mostly) UV light absorbed by dust that is re-radiated at mid-IR to far-IR

wavelengths. As the vast majority of UV emission is attributed to the process of

star-formation, a galaxy’s IR luminosity can be said to be directly proportional to
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Figure 1.2: Compilation of the FUV+IR cosmic (volume-averaged) star-formation
rate density at z < 8. The peak of cosmic star-formation occured at z ∼ 2, when
the Universe was approximately ∼ 3 Gyr old. (Figure from Madau & Dickinson
2014.)

the absorbed star-formation light (neglecting complexities from AGN, for example).

While in this sense dust within a galaxy is a useful tool, it also complicates matters

by attenuating the observed UV emission.

Figure 1.2 illustrates a representative sample of cosmologically averaged star-

formation rate density measurements from the literature compiled by Madau &

Dickinson (2014). This quantity, ρΨ (given as Ψ in the figure), encodes the the

typical rate of star-formation per unit time and volume in the Universe. A wealth

of observations in the UV (e.g., Robotham & Driver, 2011; Bouwens et al., 2012)

and IR (e.g., Magnelli et al., 2013) paint a consistent picture of the cosmic SFH. At

3 < z < 8 ρ∗ steadily increases ∝ (1 + z)−2.9, peaking when the Universe was ∼3

Gyr old at z ≈ 2. This peak is then followed at lower redshift by a steady decline

to present day, with ρ∗ ∝ (1 + z)2.7. While the exact redshift of peak ρ∗ depends

on the assumptions used (e.g., Behroozi et al., 2013), the general evolution in the

star-formation rate density is remarkably well constrained over the last ∼13 Gyr.

Many of the most fundamental astronomical observables involve counting objects

in the night sky. The evolution in the number of objects over time can place useful

constraints on the evolution of galaxies. The galaxy stellar mass function (GSMF)

is the embodiment of this method, and quantifies the number density of galaxies
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as a function of their stellar mass. Much effort has been expended to explore how

the number density of galaxies has changed over large swathes of time. Indeed,

only within the last decade has assembling large samples of galaxies in the high

redshift Universe been possible, due in part to the Hubble Space Telescope and

deep, square degree-sized near-IR surveys of the cosmos. The ability to estimate

stellar masses and photometric redshifts was vital to permitting this revolution in

observational astronomy. Investigating the GSMF of different galaxy populations

allows the physical processes which govern stellar mass growth as well as the types

of galaxies affected by these physical processes to be understood.

Most notably it is found that the massive end (> 1011 M�) of the GSMF is

dominated almost exclusively by red and dead galaxies, while lowwer masses are

dominated by blue, star-forming systems. Studies have shown that the number

density of massive galaxies has increased with time, such that the most massive

galaxies have at most doubled their stellar mass since z ∼ 4, and that lower stellar

mass (∼ 1010.5 M�) galaxies have increased their stellar mass by approximately

an order of magnitude (Bell et al., 2003; Marchesini et al., 2009; Mortlock et al.,

2011; Muzzin et al., 2013a; Duncan et al., 2014). The observed constantness in

the number density of the most massive galaxies is evidence towards the idea of

‘downsizing’, where the most massive galaxies form their stellar mass before lower

mass systems (e.g., Cowie et al., 1996).

Dissecting galaxies into ‘quiescent’ and ‘star-forming’ through some selection in

rest-frame UV J colour-colour space (e.g., Labbé et al. 2005; Williams et al. 2009),

for example, or Sérsic index, has revealed disparate evolutionary pathways for galax-

ies in these populations (e.g., Muzzin et al., 2013a; Mortlock et al., 2015). Increasing

number density growth towards lower stellar masses indicate that quiescent galaxies

undergo stellar mass growth that is mass dependent, and that low-mass systems are

quenching relatively rapidly. One suggestion for this mass dependence in the qui-

escent population is different methods of quenching the star-formation in galaxies,

for example mass quenching (where hot gas in massive halos halts star-formation)

and environmental quenching (Peng et al., 2010). In contrast, the GSMF for star-

forming systems is observed to evolve very little over time, which paints a particular

picture of galaxy evolution where the number densities of star-forming galaxies are

approximately conserved at all masses, even as galaxies evolve, build up their mass

and move along the star-formation main sequence.
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1.3 Cosmic collisions

A third process implicated in the transformation of galaxies (i.e., from blue, star-

forming systems to red, passive ones; or from less massive to more massive) is

the process of merging — the coalescence of two or more galaxies. Many studies

have shown that merging can result in wide ranging changes to a host galaxy.

These include, but are not limited to, morphological transformation (e.g., Toomre &

Toomre, 1972; Kauffmann, White & Guiderdoni, 1993), cessation of star-formation,

and also rejuvenation of star-formation (e.g., Karman et al., 2015). These different

outcomes depend on many variables including orbital parameters, stellar mass (or

flux) ratio, and the available gas reservoirs — usually parametrised as the gas

fraction fgas (Lotz et al., 2010). Indeed, the ability of astronomers to observe

mergers also depends on these properties and the method used to probe them.

Many studies have attempted to measure mergers observationally, quantified in

their most basic form as the fraction of galaxies in a particular sample undergoing

a merger event.

Arguably the most simple method of achieving this measurement has been to

count galaxies in close proximity — typically less than 20–50 kpc — which possess

a high probability of merging in the future. Generally a search is made for projected

close-pairs of galaxies and a statistical correction made for the expected number

of anomalous line-of-sight projections. Other studies have searched for the distinct

morphological signatures of ongoing mergers using galaxy structural parameters.

Over time, a general consensus has emerged that over the last 9 Gyr (z < 1.5) the

merger rate for massive galaxies has increased. Figure 1.3, taken from Conselice

(2014), displays collated observational (markers) and theoretical (lines) measure-

ments of the merger fraction, fm(z), at z < 3 for galaxies with > 1010 M� (left

panel) and > 1011 M� (right panel). Agreement within the errors is found for low-

redshift (z < 1) measurements of the merger fraction using different selections and

methodologies.

It is clear, however, that an emerging discrepancy between studies exists at

earlier times (z > 1.5). Some studies suggest the fraction of merging galaxies

increases or remains steady (e.g., Bluck et al., 2009; Man et al., 2012; López-Sanjuan

et al., 2015), while others suggest a decline (e.g., Williams, Quadri & Franx, 2011;

Newman et al., 2012). Recently, this discrepancy has been explained in part due to

the nuances of making merger ratio selections using stellar mass or flux. Selecting

mergers by H-band flux ratio selects gas-rich systems at high redshift (z > 1.5)

that a selection in stellar mass may otherwise miss, providing larger measured
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Figure 1.3: A compilation of the merger fraction, fm(z), evolution for galaxies with
stellar masses > 1010 M� (left panel) and > 1011 M� (right panel). Observational
measurements Conselice et al. (2003, solid circles), Conselice (2009, solid boxes),
Mortlock et al. (2013, open boxes), Man et al. (2012, crosses), López-Sanjuan et al.
(2009, open boxes with crosses), Bluck et al. (2009, 2012, solid circles) are given by
the markers while theoretical predictions are given by the lines. The line comprised
of black solid circles is the best fit relation for a merger fraction parametrisation as
∼ (1 + z)m while the blue dotted lines and the red dashed line show the predicted
merger history within warm dark matter (WDM) simulations. The solid black line
shows predictions from cold dark matter (CDM) simulations. (Credit: Conselice
2014)
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pair fractions in the process. It is argued that a selection using flux is therefore

more representative the total baryonic mass involved in mergers (Man, Zirm &

Toft, 2014). While many separate studies have painted a picture of galaxy merger

histories, the literature is dogged by cosmic variance issues, selection differences

and a plethora of methodologies that mean a significant and self-consistent study

over the vast majority of cosmic time has not yet been performed.

Regardless, the observational and theoretical study of mergers can enlighten as-

tronomers about the evolution of galaxies. For example, it is observed that massive

galaxies have increased their physical size by a factor of 2–4 (e.g., Ilbert et al.,

2010; Mortlock et al., 2015; Ownsworth et al., 2016), and their stellar masses by a

factor of 3–5 (e.g., Daddi et al., 2005; Buitrago et al., 2008) since z ∼ 2. Mergers

are an obvious source of ex situ stellar mass growth and their contribution and

simple virial theorem arguments suggest they have the ability to increase the sizes

of galaxies (e.g., Bezanson et al., 2009). Various works have attempted to quan-

tify the contribution from mergers towards this observed evolution. However, the

large spread in merger fraction measurements ultimately results in estimates of the

merger rate and therefore some authors come to the conclusion that mergers could

be the dominant driver of the observed size evolution (e.g., Bluck et al., 2012), while

others do not (e.g., Man, Zirm & Toft, 2014). The current state of affairs, therefore,

is that little consensus exists on the merger fraction or merger rate at high redshift.

Surprisingly, arguably more consensus exists regarding the side of the Universe we

cannot directly observe which directly influences the merger history of galaxies.

1.4 Dark side of the Universe

Evidence for something other than the ‘normal’ matter that can be observed with

conventional telescopes first begun accumulating with observations of galaxy clus-

ters detailed in 1933. Zwicky observed the Coma Cluster (Zwicky, 1933). Although

the cluster was assumed to be in a state of virial equilibrium, Zwicky discovered

that the mass obtained using the mass-to-light ratio was at odds to the mass re-

quired to satisfy the conditions of virial equilibrium. This extra ‘missing’ mass was

dubbed by Zwicky as dunkle materie — dark matter — which is the term used to

this day.

More recently, observations of distant (0.2 < z < 1.0) Type 1a supernovae

(Perlmutter et al., 1998; Riess et al., 1998) unambiguously favoured the accelerat-

ing expansion of the Universe, driven by a positive non-zero contribution from a

‘cosmological constant’, sometimes labelled the vacuum energy density. This cos-
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Figure 1.4: The anisotropies of the Cosmic Microwave Background (CMB) as
observed by Planck. It depicts the tiny temperature fluctuations that correspond to
regions of under- and over-density, representing the seeds of all large-scale structure
seen in the Universe today. (Credit: ESA and the Planck Collaboration.)

mological constant term has subsequently been dubbed dark energy. It has been

the driving force behind the field of cosmology to probe these most mysterious of

substances, and to this end there have been many observations performed in the

intervening decades which have shone a light on the dark side of the Universe.

1.5 The oldest light

The revolutionary prediction, subsequent observation and analysis of the oldest

light in the Universe, the Cosmic Microwave Background (CMB; Figure 1.4), is

arguably the crowning achievement of cosmology to date. Infamously discovered

serendipitously by Arno Penzias and Robert Wilson in 1964 (Penzias & Wilson,

1965), the CMB was produced at the point of de-coupling between matter and

radiation as the early Universe expanded and cooled. It is these photons that have

travelled across the vastness of space and time to enter our telescopes and detectors.

Since these initial measurements of the the CMB, a stream of instruments have

been deployed on the ground and in space to measure and characterise the CMB

with increased precision. These missions discovered minuscule anisotropies in the

temperature of the CMB on small scales which, due to more recent observatories

such as Planck, are strongly interpreted as evidence in support for the favoured

model of a Λ-Cold Dark Matter (ΛCMD) cosmology. Indeed, the relative contribu-

tion from the Universe’s various components have been uncovered thanks to detailed
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analysis of this first light. It is now known that the Universe is comprised of exactly

31.56±0.91% matter of which a paltry ∼ 5% is the regular matter we are able to

directly observe, and the rest is comprised of Zwicky’s dark matter. The remaining

68.44±0.91% of the Universe is comprised of another mysterious substance; dark

energy (Planck Collaboration et al., 2015). Even now, dark matter and dark energy

remain enigmatic components with many more questions than answers surrounding

them.

The CMB not only allows precise constraints to be placed on cosmological pa-

rameters, but it also depicts (both visually and statistically) the primordial fluctua-

tions that existed when the Universe was extremely young. While normal baryonic

matter coupled to the electromagnetic radiation field, erasing any inhomogeneities

in the process, dark matter was unable to do so. As such, dark matter formed tiny

over-densities which, due to gravity, collapsed into larger halos with time. Only after

recombination — decoupling baryonic matter from the radiation — were baryons

permitted to be compelled by gravity and fall into the gravitational potentials of

dark matter halos.

These over-densities are thought to have grown in a hierarchical fashion over

the next few hundred million years, whereby larger halos were produced through

the merging together of smaller halos. The conditions of the baryonic matter at the

centre of the most massive halos were eventually such that neutral molecular hy-

drogen gas was able to radiate energy away and cool. Doing so allowed the baryonic

matter to collapse further and reach the required conditions favourable for nuclear

fusion to occur. This is the moment the first stars were formed. The exact de-

tails surrounding their formation is unclear, therefore multiple efforts have recently

been made to both simulate and observe these stars and their closest descendants

(Bromm, 2013; Crighton, O’Meara & Murphy, 2016; Safranek-Shrader et al., 2016).

With the ignition of nuclear fusion, the Universe was, in part, unshackled from the

darkness.

Merging, whether between galaxies or dark matter halos, is the cornerstone on

which the Universe and the idea of hierarchical assembly is built. It is therefore not

surprising that every effort has been made to simulate these events and inform our

understanding of the cosmos.

1.6 Simulating the Universe

Numerous observations, for example of the ‘Bullet Cluster’ (Markevitch et al., 2004;

Clowe, Gonzalez & Markevitch, 2004), have suggested dark matter to be a colli-
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sionless, neutral particle which interacts only through the force of gravity. As dark

matter is known to outweigh normal baryonic matter by a factor of ∼5, astronomers

have reasonably disregarded normal baryonic matter and the electromagnetic in-

teractions that govern them. Vast, cosmological simulations of dark matter have

therefore been a popular method with which to probe large scale structure in the

Universe (e.g., Peebles, 1970; Frenk et al., 1988; Springel et al., 2005).

Such simulations have grown in both size and complexity over the intervening

decades, taking advantage of the increase in computing power that has followed.

The simulations made predictions on the large scale structure of the Universe that

was ultimately corroborated by painstakingly precise observations of galaxy posi-

tions (e.g., Colless et al., 2001). While dark matter is useful for understanding the

larger structures in the Universe, by itself it can provide little information on the

galaxies that are presumed to sit at the centres of dark matter halos. Special algo-

rithms, grouped under the umbrella of ’halo finders’, have been developed to search

for and define dark matter halos within the simulations. Such algorithms allow for

halos to be traced through time and therefore reveal their formation history in the

form of merger trees.

Often complex models have therefore been developed to populate the result-

ing simulated dark matter halos with galaxies. These models – most commonly

referred to as semi-analytic models of galaxy formation and evolution – employ var-

ious prescriptions for physical processes such as star-formation and AGN feedback

that are derived from observations and theoretical studies. The overarching aim

of this endeavour has been to match observations, typically through tuning model

parameters until agreement is reached, and make predictions of galaxy formation

and evolution at higher redshifts. The most common form these models take is that

of the semi-analytic model, first detailed in White & Frenk (1991). Theoretically

and observationally motivated prescriptions for physical processes such as gas cool-

ing, star-formation, supernova feedback and galaxy merging are used to define the

physical properties of galaxies residing in the simulated dark matter halos.

A suite of models has been constantly updated in the two decades plus since

White & Frenk (1991), with the most common models found in two ‘flavours’: Mu-

nich (e.g., Kauffmann, White & Guiderdoni, 1993; Croton et al., 2006; Henriques

et al., 2015), and Durham (e.g., Cole et al., 1994; Bower et al., 2006; Lagos, Lacey &

Baugh, 2013). The most obvious differences between these ‘flavours’ are the recipes

for physical processes, the dark matter halo finders used to identify halos within N-

body simulations, and the way in which model parameters are tuned. In this time,

models have become increasingly complex and now successfully predict many com-
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mon scaling relations (e.g., stellar mass-size relation) and parameter distributions

(e.g., luminosity function) at increasingly high redshift regimes. Recently, cosmo-

logical simulations that follow the co-evolution of both dark and baryonic matter

— rather than ‘painting’ baryonic matter properties onto dark halos — have been

performed, e.g. EAGLE (Schaye et al., 2015). These hydrodynamical simulations

are arguably a truer representation of the Universe whereby gravitational interac-

tions in and between the dark and baryonic matter do occur. Figure 1.5 displays

the redshift evolution of the dark matter density, gas density, gas temperature and

gas metallicity of a volume centred on a large cluster of galaxies within the Illustris

hydrodynamical simulation (Vogelsberger et al., 2014a). Simulations that include

gas physics are the natural next step in the field’s attempt to understand galaxy

evolution. Much as it was found semi-analytic models required feedback from su-

pernovae and AGN to match the galaxy luminosity and stellar mass functions,

there is no doubt that future hydrodynamical simulations will also help inform our

observations of the cosmos.

Whether a dark matter-only or hydrodynamical simulation, the core principle is

that of gravity and the hierarchical assembly of structure over time. Thus the most

basic comparisons that can be made between model and observation is the build up

of mass over time.

1.7 Remaining questions

Although much progress has been made, many questions surrounding the formation

and evolution of galaxies remain unanswered. What physical processes cause the

observed galaxy colour bimodality (e.g., Strateva et al., 2001; Baldry et al., 2004)?

What mechanism(s) cause galaxies to stop forming stars (e.g., Bundy et al., 2006)?

Among these questions are arguable some of the most fundamental questions that

can be asked about the evolution of galaxies: just how many mergers have galaxies

undergone (e.g., Conselice et al., 2003)? What is the integrated impact of merg-

ers on a galaxy (e.g., Mihos & Hernquist, 1996; Conselice, Yang & Bluck, 2009)?

Additionally, a question that was never asked until recently: what is the best way

to observationally connect populations of galaxies over large periods of time (e.g.,

Leja, van Dokkum & Franx, 2013)? These are the questions this thesis focuses on

and attempts to shed light on.
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Figure 1.5: Redshift evolution in the Illustris simulation of a whole box slice from
z = 4 to z = 0, showing four projections (from left to right): dark matter density,
gas density, gas temperature, and gas metallicity. (Credit: Illustris Collaboration).
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1.8 Outline of thesis structure

The primary aim of this thesis is to improve our understanding of the growth of

galaxies over the last 12 billion years. This is achieved by exploring the best method

to use in order to trace galaxy populations (both backwards and forwards) in time,

and applying this method to measure the merger histories of massive galaxies in a

robust and statistical manner. This pathway to galaxy growth is then compared to

star-formation and a consistent and self-consistent picture of galaxy growth painted

for the first time.

Chapter 2 uses a suite of semi-analytical models of galaxy formation and evolution

applied to the Millennnium Run cosmological N-body simulation to test and com-

pare two methods which aim to connect galaxy populations across time. Selecting

galaxies above a constant stellar mass, and selecting galaxies at a constant cumu-

lative number density are tested on their ability to recover the true evolution in

stellar mass, star-formation rate and star-formation rate density at z < 3. The use

of velocity dispersion in place of stellar mass as the ranked quantity is also explored.

Chapter 3 details the current methods used to determine the merger histories of

galaxies at high redshift, and discusses the pros and cons inherent to each method.

A new approach to measuring photometric close-pair statistics, named Pyrus, which

circumvents the issues afflicting past studies of the merger fraction of stellar mass

selected samples of galaxies out to high redshift is described.

Chapter 4 and Chapter 5 applies Pyrus to a sample of ∼ 350, 000 galaxies col-

lated from the GAMA, UKIDSS UDS, VIDEO and UltraVISTA/COSMOS survey

regions. These fields provide an area of 144 deg2 at 0.005 < z < 0.2 and 3.25 deg2

at 0.2 < z < 3.5 in order to measure the major and minor merger fractions of

galaxies with > 1010 M� drawn from flux-limited samples consistently over such a

large redshift range for the first time.

Chapter 6 explores the build-up of stellar mass in massive galaxies at z < 3 by

measuring the relative roles of star-formation and (major and minor) mergers using

the results of the previous chapter and a new method to statistically measure the

star-formation rate density of stellar mass selected samples of galaxies.

The final chapter discusses the conclusions drawn from the work presented in the
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aforementioned chapters, and considers the future work that can build upon these

results.



Chapter 2

Tracing Massive Galaxies in

Cosmological Simulations

In this chapter, a suite of semi-analytic models applied to the Millennium Run

(Springel et al., 2005; Lemson & Consortium, 2006) cosmological N-body simu-

lation are used to test and compare two observational techniques which aim to

connect populations of massive galaxies across time. Selections of galaxies made

above a constant stellar mass, and at a constant cumulative number density are

made. Several metrics that quantify the accuracy to which these selections recover

genuine galaxy descendants and progenitors, as well as the true stellar mass and

star-formation rate of galaxy populations are analysed at z < 3 representing the

vast majority of cosmic time. Finally, the use of velocity dispersion in place of

stellar mass to select galaxies is investigated in a similar manner. This chapter

concludes by making suggestions on the appropriate method to use when perform-

ing an observational analysis that requires connections to be made between galaxy

populations over a large redshift range.

2.1 Introduction

In the now commonly accepted paradigm, galaxies form in the gravitational wells

of collapsed cold dark matter halos, which themselves are seeded by primordial

quantum fluctuations in the Universe’s first moments. In this hierarchical picture

of galaxy formation and evolution, galaxies build up stellar mass through both in-

situ star-formation and galaxy mergers, where more massive galaxies merge with

smaller systems which result in more massive descendants. Over time, these pro-

cesses produce the array of galaxies and the environments within which they are

observed. In order to understand how galaxies form and evolve, the evolution in

31



CHAPTER 2. TRACING MASSIVE GALAXIES 32

their properties (e.g. stellar mass, size) must be observed. As the most massive, and

thus the brightest, galaxies are the easiest systems to observe out to high redshift,

it is these galaxies and their properties that observations attempt to study. This

has typically been achieved by selecting galaxies in two ways.

Historically, selecting galaxies across a redshift range of interest using a constant

stellar mass cut has been used to study the evolution of the most massive galaxies

(e.g., Conselice et al., 2003; Mortlock et al., 2013). Use of this selection method

intrinsically assumes galaxies have more or less been a passively evolving population

from high redshift. However, processes such as major galaxy mergers and bursts of

star-formation interfere with these assumptions and contaminate the selection by

changing the rank order of galaxies. Thus, the wider the redshift range this method

is applied to, the less accurately it may trace the galaxies of the original selection.

Selecting galaxies at a constant cumulative comoving number density, when

ranked by some physical property such as stellar mass or luminosity, has proven a

popular alternative in the recent literature when observing both field and cluster

galaxy evolution (e.g., Lin et al., 2013). Using this technique, the averaged star-

formation history of a constant number density selected sample of galaxies over the

redshift range 3 < z < 8 has been shown to be able to account for the stellar mass

growth of these galaxies (Papovich et al., 2010). The average stellar mass of the most

massive galaxies (those with logM? > 11.0 at z = 0, and log n [Mpc−3] = −4.0)

has been found to increase by a factor of ∼ 4 over the redshift range 0.3 < z < 3.

However, the integrated star-formation history appears unable to account for the

growth in stellar mass at z < 1.5. Therefore, the influence of both major and

minor galaxy mergers is required to account for this discrepancy at low redshift

(Ownsworth et al., 2014).

Furthermore, studies have observed the evolution in Hα equivalent width, struc-

tural properties and colours of galaxy populations selected at various number den-

sities (e.g., Fumagalli et al., 2012; Marchesini et al., 2014). Stellar mass measured

inside a radius of r = 5kpc on stacked images of massive galaxies (selected at

log n [Mpc−3] = −3.7 corresponding to galaxies with log M∗ [M�] > 11.4 and

log M∗ [M�] > 11.1 at z = 0.1 and z = 2.0 respectively) is found to be approx-

imately constant over the redshift range 0.6 < z < 2.0. On the other hand, the

stellar mass content beyond this radius is found to increase by a factor of ∼ 4 (van

Dokkum et al., 2010). Conselice et al. (2013) compare the derived gas fractions of

massive galaxies (M∗ > 1011 M�) with their star-formation histories in the redshift

range 1.5 < z < 3, selecting galaxies at a merger-adjusted constant number density.

They conclude that gas accretion is the dominant source of observed stellar mass
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production for these galaxies over this redshift range.

Investigation into the efficacy of either selection method has not been fully ex-

plored. Numerical calculations presented in van Dokkum et al. (2010) suggest the

influence of galaxy mergers has little influence on stellar mass growth when mea-

sured using a constant number density selected sample. Papovich et al. (2010) used

dark matter halo merger trees from the Millennium Simulation1 (MS; Springel et al.,

2005; Lemson & Consortium, 2006) to show that the recovery fraction of descen-

dant halos at redshifts 3 < z < 8 is ∼ 50%. Behroozi et al. (2013) found a small

change in the cumulative number density of the most massive (M∗ > 1011.5M�)

z = 0 progenitor galaxies of +0.22 dex per unit ∆z. Furthermore, they find that

this change and thus the mass histories of descendants and progenitors are differ-

ent. More directly, Leja, van Dokkum & Franx (2013) used the Guo et al. (2011,

G11) semi-analytical model (SAM) applied to the MS in order to test the validity of

the underlying assumptions of constant number density selection. They find that,

within this particular SAM, the median stellar mass of descendant galaxies can be

recovered over the redshift range 0 < z < 3 to within ∼ 40% of the true value.

Corrections for stellar mass growth rate scatter, galaxy mergers and quenching are

found to reduce this discrepancy to within ∼ 12% - well within typical observa-

tional error attributed to the calculation of stellar masses. These results, however,

are model and cosmology dependent and are sensitive to the dark matter merger

trees and the recipes used to determine galaxy properties. How the stellar mass is

calculated is a prime example. Different methods of calculating this may introduce

different levels of scatter into the rank order of galaxies across redshifts. Sensibly

investigating the efficacy of these techniques requires a mixture of SAMs, merger

trees and cosmology to gauge the amount of variance in the results.

While stellar mass is used in the studies mentioned previously, it may not be the

most appropriate property with which to rank and select galaxies in order to trace

their properties. Increasing evidence has suggested that the central velocity disper-

sion of a galaxy is a good predictor of galaxy properties, including star-formation

rate (SFR) and colour, across large redshift ranges. Furthermore, it is thought to

be a more stable quantity with redshift compared to, for example, stellar mass (e.g.,

Bezanson, vanDokkum & Franx, 2012; Wake, vanDokkum & Franx, 2012), partly

due to the weak dependence of velocity dispersion on both stellar mass and galaxy

size, with σ ∝ (M?/Re)
1
2 . Leja, van Dokkum & Franx (2013) briefly investigated

the change in velocity dispersion for descendants of z = 3 galaxies selected at a

constant cumulative number density. They found a small change (< 0.15 dex in

1http://www.mpa-garching.mpg.de/galform/virgo/millennium/

http://www.mpa-garching.mpg.de/galform/virgo/millennium/
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log σ) in the average inferred velocity dispersion from 0 < z < 3 in the G11 SAM.

Similarly, simulations of massive galaxies (logM? > 10.8) presented in Oser et al.

(2012) find an increase in velocity dispersion of ∆σ = 0.2 dex over the redshift range

from z = 2 to z = 0, consistent with observational estimates (e.g., Javier Cenarro &

Trujillo, 2009; Martinez-Manso et al., 2011). These observations warrant a detailed

study into the use of inferred velocity dispersion in place of stellar mass.

To generate an accurate framework for how galaxies form and evolve, one must

observe the evolution of their properties over time. With these observations, models

can be crafted to explain them. If, however, the evolution is not traced correctly,

these frameworks can deviate from the truth. Although the aforementioned litera-

ture works provide some arguments to support the use of their selection methods,

no study has attempted to quantify the recovery efficiency of these methods. To this

end, this Chapter presents a detailed study on the ability of these selection methods

to trace individual galaxies, as well as their stellar mass and star-formation proper-

ties over cosmic time. This is achieved through the use of galaxy evolution models

to investigate the ability of galaxy selections which are a) above a constant stellar

mass limit; b) at a constant cumulative comoving number density in stellar mass; c)

above a constant stellar velocity dispersion limit; and d) at a constant cumulative

comoving number density in stellar velocity dispersion. How well these methods

trace the true evolution of progenitor and descendant populations initially selected

at redshifts z = 0 and z = 3 respectively is tested.

2.2 Data Description

This Chapter explores the efficacy of two different methods in recovering the direct

(i.e. most massive) progenitors and descendants of the most massive galaxies from

initial selections at redshifts of z = 0 and z = 3, respectively. The first selection

method is at a constant limit (in either stellar mass or velocity dispersion), above

which galaxies are selected. The second selection is at a constant cumulative co-

moving number density. This is achieved by integrating the galaxy stellar mass

function (GSMF), or the galaxy velocity dispersion function (GVDF) if velocity

dispersion is used, to obtain the integrated number density as a function of stellar

mass (or velocity dispersion). From this the stellar mass limit above which all the

galaxies are below a certain number density can be obtained. The sample exam-

ined at that redshift thus contains all galaxies with a stellar mass greater than this

value. Additionally, it is prudent to quantify how well each selection method re-

covers both the average and sum total stellar mass in the descendant or progenitor
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populations, as well as the average SFR. The combination of cosmological dark mat-

ter simulations and semi-analytical recipes, as well as cosmological hydrodynamical

simulations, continue to provide the only environments in which to conduct such

an investigation.

2.2.1 Simulated Data

To this end, the output of the Millennium Simulation and the catalogues of four

SAMs applied to it and its variants are used. The Millennium Simulation combined

with the web-based database (Lemson & Consortium, 2006) of SAMs applied to

it offer an unparalleled dataset with which to perform this study. The original

simulation consists of 21603 dark matter particles of mass 8.6× 108 h−1 M� within

a comoving box of size 500 h−1 Mpc on a side. The MS uses a ΛCDM cosmological

model with a matter density Ωm = 0.25, baryonic matter density Ωb = 0.045,

Hubble constant h = 0.73 in units of 100kms−1Mpc−1, dark energy density ΩΛ =

0.75, scalar spectrum power-law index ns = 1 and root-mean-square (r.m.s.) linear

mass fluctuation within a sphere of radius 8h−1 Mpc σ8 = 0.9. The Guo et al. (2013,

G13) SAM utilises a subsequent simulation which follows 21603 particles of mass

9.3 × 108 h−1 M� using an updated WMAP7 (Komatsu et al., 2011) cosmology

with Ωm = 0.272, Ωb = 0.0455, h = 0.704, ΩΛ = 0.728, ns = 0.967 and σ8 =

0.81. The main difference between these two simulations is the value of the linear

power spectrum amplitude on scales of 8 h−1 Mpc, σ8. This parameter essentially

quantifies the clustering expected on such a scale and therefore a larger value of σ8

would roughly translate to larger measured merger rates (Conselice et al., 2014).

Bower et al. (2006, B06) presents an updated variant of the Durham SAM

of galaxy formation (Cole et al., 2002) in which the treatment of active galactic

nuclei (AGN) and stellar feedback on halo quenching is improved. They find that

these updated treatments reduce the number densities of higher mass galaxies and

remove cooling flows from rich clusters. De Lucia & Blaizot (2006, D06) applied

their model to the output of the MS with updated treatments for stellar populations,

dust attenuation and cooling flow suppression via AGN feedback. They find that

supernovae and AGN feedback processes play a vital role in the early quenching of

star-formation in the progenitors of local brightest cluster galaxies (BCGs). G11

describe an updated model of galaxy formation and evolution with new recipes

for supernovae feedback and galaxy bulge sizes among others. They find that the

simulated abundance of massive galaxies, with logM? [M�] > 11.0, are consistent

with observations out to z ∼ 1.0. However, they over predict galaxies of lower

stellar mass beyond z ∼ 0.6 and under predict massive galaxies at z > 1.0 by at
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least an order of magnitude (see Fig. 23 in G11). Finally, G13 describe the results

of implementing their SAM in a WMAP7 cosmology. They find a requirement for

weaker feedback and star-formation efficiency than a WMAP1 cosmology in order

to reproduce the observed local GSMF. Merger trees used by B06 are described in

Harker et al. (2006) while those employed by the remaining SAMs are presented in

Springel et al. (2005). It is these models based upon these merger trees extracted

from the Millennium Simulation from which the observational selection methods

are studied.

Physically motivated models of galaxy formation (see, for example, Bower et al.,

2006; Vogelsberger et al., 2014a) applied to cosmological dark matter simulations,

such as the MS, provide an unparalleled tool to probe the evolution of dark matter

halos and the galaxies that reside within them. Simulations and observations at

low redshift (z < 2) are found to be consistent in many respects (e.g. luminosity

functions), however SAMs have varying degrees of success in matching observational

quantities beyond this. Comparison of different SAMs and other models show sim-

ulated galaxy stellar mass functions are generally consistent with most observations

out to z ∼ 2 if feedback mechanisms from AGN and supernovae are included (e.g.,

Croton et al., 2006; Lu et al., 2014). This agreement extends to comparison between

simulated and observed major mergers for the most massive galaxies inside the MS,

but not for lower mass systems (Bertone & Conselice, 2009).

2.2.2 Selection Method Metrics

It is prudent to measure how accurately each selection method samples the pro-

genitors or descendants of the galaxy population being studied. In this work, de-

scendants of an initial z = 3 selection are identified by following the ‘descendantId’

property in the SAM output catalogues. At each step, duplicate descendants (due

to mergers between two or more galaxies) are removed such that the number of true

descendants decreases with time. On the other hand, progenitors of an initial z = 0

selection are defined as the most massive galaxy in the previous redshift snapshot

that came to be the galaxy in the current snapshot. Descendants and progenitors

of any mass ratio (down to the resolution of the simulation) are traced with this

method. These definitions allow traversing of different branches along merger trees

depending on the direction we take. In summary, this work measures the ability of

each selection method to recover galaxy properties using various metrics.

Firstly, the recovery fraction quantifies how many of the available progenitors

or descendants are recovered at different redshifts in the sample obtained using a
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given selection method such that

frec = Ns / Ntot, (2.1)

where Ns is the number of descendants/progenitors included in the observational

selection, and Ntot is the total number of descendants/progenitors available to be

selected.

Although helpful, it may not strictly be necessary to sample the descendants or

progenitors of interest to reproduce the true evolution of galaxy properties - sam-

pling different galaxies from the true progenitors or descendants might be sufficient

if the galaxies replacing those lost have similar properties. Therefore a low recovery

fraction may not necessarily correspond to an inability to recover the true evolution

in, for example, average stellar mass or SFR. Because of this, the fraction of the

observed sample that is not a galaxy of interest is considered. This quantity, the

contamination fraction, is defined as

fcontam = (Nsel −Ns) / Nsel (2.2)

where Nsel is the number of galaxies within the observed selection and Ns is the num-

ber of true (i.e. most massive) descendants/progenitors included in the selection.

This Chapter also compares the true mean stellar mass, m̃?
true =

∑
m∗true/Ntrue,

of the progenitors or descendants to that observed using each selection method,

m̃?
obs =

∑
m∗obs/Nobs, defined as

κm∗ = (m̃?
obs − m̃?

true)/m̃
?
true = ∆m̃?/m̃?

true. (2.3)

In a similar fashion, the ability to trace the evolution of the stellar mass density, or

sum of the stellar mass, is important to understand the build up of stellar mass in

galaxies over time. We compare the observational selection techniques’ abilities to

return the true mean stellar mass density, quantified as

κρ∗ = ∆(Σ m?)/Σ m?
true (2.4)

where (Σ m?) is the sum of stellar masses. It follows from these definitions that

the recovery metric for average stellar mass, κm∗ , can be written in terms of the

recovery metric for stellar mass density, κρ∗ , as

κm∗ =

(
Ntrue

Nobs

κρ∗

)
+
Ntrue

Nobs

− 1. (2.5)
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Finally, this is extended to the average SFR of the galaxies in a similar fashion such

that the discrepancy between the true and observed is defined as

∆Ψ̃? / Ψ̃?
true (2.6)

where Ψ̃? is the mean SFR. The choice to study these galaxy properties in particular

is made because they are the most fundamental, and the most used in the literature

thus far. Additionally, it is investigated whether each selection method is best

applied to tracing progenitor or descendant galaxy populations, i.e. whether the

selection methods are best applied forwards or backwards in time.

2.2.3 Velocity Dispersion Selection

As central velocity dispersion has been shown to exhibit a shallow evolution over

time, it is prudent to investigate this physical property as a tracer. From scalar

virial theory the stellar velocity dispersion of a system can be estimated by

σ2 =
GM?

5R 1
2

(2.7)

where G is Newton’s gravitational constant, M? is the total stellar mass and R is

the half-mass radius (see, e.g., Cappellari et al., 2006). Using the reported total and

bulge stellar masses and sizes, the same method as described in Leja, van Dokkum

& Franx (2013) is used to estimate the half-mass radius of each simulated galaxy

as

R 1
2

=
MbRb +MdRd

Mb +Md

. (2.8)

As before, M is stellar mass, R is the half-mass radius and subscripts b and d cor-

respond to the bulge and disk components, respectively. The SAMs considered in

this work do report bulge and disk component masses as well as half-mass radius of

the bulge. However they do not report the half-mass radii of the disk but instead

provide a disk scale radius which is equal to three times the scale length of the disk.

This scale length, Rscale, is corrected to convert it to a half-mass (effective) radius

such that Rd = 1.678Rscale. This relation is ideally obtained numerically, however

approximations are available for a range of Sérsic (1963) indices. Graham & Driver

(2005) derive, calculate and provide various Sérsic-related quantities including ef-
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fective radius as a function of disk scale length and Sérsic index (Equation 16). The

above conversion corresponds to n = 1 exponential profile.

The aforementioned metrics are calculated using both stellar mass and veloc-

ity dispersion at four constant number density selections and four constant limits.

Number density values are chosen to cover a wide range, allowing comparison with

previous work, and to be representative of what number densities are currently

applicable to observational studies. Constant limits in both stellar mass and veloc-

ity dispersion are chosen to enable comparison with the number density selections.

Constant stellar mass limits are defined as the mass limit of a number density selec-

tion at either z = 0 or z = 3, depending on whether progenitors or descendants are

being investigated. In short, the limits are chosen such that the initial selections,

whether at z = 0 or z = 3, are the same. Section §2.3 reports on the results of

using stellar mass as the ranking property, while Section §2.4 details the results of

using inferred velocity dispersion.

2.3 Stellar mass selections

The investigation now focuses on the ability of two different galaxy selection meth-

ods, using two different galaxy properties, to recover the mean stellar mass, stellar

mass density, mean velocity dispersion and average SFR of progenitor and descen-

dant populations.

2.3.1 Descendants

Figure 2.1 presents the results of selecting descendants at four constant stellar mass

limits, described in Table 2.1. This is defined as the stellar mass limit for a number

density selection beginning at z = 3 and examining evolution at lower redshift.

As one might expect, all constant stellar mass selections recovered all available

descendant galaxies at every redshift (top panel), as galaxies typically experience

a net gain in stellar mass over these redshift ranges. However, the fraction of the

selected sample that are not descendants of interest, fcontam, increases to ∼ 50%

by z = 2. By z = 0, samples selected above each stellar mass limit are almost

completely contaminated (> 80%). This shows that using a constant mass cut at

z = 3 selects essentially none of the same galaxies (descendants) at lower redshift.

Contrary to what this metric might suggest, the difference between the observed

and true mean stellar mass is underestimated by only ∼ 50% by z = 0, decreasing

linearly at lower redshift. This seems to be largely independent of the stellar mass
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Figure 2.1: Recovery fraction of individual descendants, their average stel-
lar mass, stellar mass density and average SFR (rows) for four constant stel-
lar mass limit selections (columns) covering the stellar mass range at z = 3 of
log M∗ > 10.7, 10.6, 10.4, 10.2. Initial stellar mass selection limits for each SAM
are given in the third column of Table 2.1. SAMs used are Bower et al. (2006, B06),
De Lucia & Blaizot (2006, D06), Guo et al. (2011, G11) and Guo et al. (2013, G13),
represented by solid green, dashed orange, dashed-dotted magenta and dotted blue
lines respectively.
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Figure 2.2: Recovery fraction of individual descendants, their average stellar mass,
stellar mass density and average SFR (rows) for four constant number density selec-
tions (columns) covering the number density range −4.3 < log n < −3.0. These ap-
proximately correspond to stellar masses at z = 3 of log M∗ > 10.7, 10.6, 10.4, 10.2.
Initial stellar mass selection limits for each SAM are given in the third column
of Table 2.1. SAMs used are Bower et al. (2006, B06), De Lucia & Blaizot (2006,
D06), Guo et al. (2011, G11) and Guo et al. (2013, G13), represented by solid green,
dashed orange, dashed-dotted magenta and dotted blue lines respectively.
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limit in all but the B06 SAM which fares relatively better at higher limits. Recovery

of the median stellar mass is indistinguishable from the mean stellar mass for the

two smallest number densities. At the two largest choices however, the median

stellar mass is further underestimated towards lower redshift such that at z = 0,

this property is underestimated by∼ 60%. The stellar mass density is overestimated

by a factor of ∼ 4 (∼ 20) at the lowest (highest) mass limit in all SAMs by z = 0.

As the B06 SAM does not report SFRs in its catalogues, only the remaining three

SAMs are considered in recovery of the mean SFR. At the lowest stellar mass limit,

this is recovered to within ∼ 10% down to z = 1. At lower redshifts, however, the

SFR begins to be increasingly underestimated and by z = 0 it is underestimated

by ∼ 50%.

Results displayed in Figure 2.2 reveal that using a constant number density

selection the recovery fraction, frec, decreases exponentially with decreasing redshift

such that by z = 0 between 30% and 60% of the available descendants are selected.

The contamination fraction is found to vary between half and three quarters of

the sample at the highest and lowest number densities respectively. Mean stellar

mass is overestimated by a factor that increases with both number density and

redshift, overestimating the true value by a factor of 1.3 and 1.6 by z = 0. While

not plotted, the median stellar mass is qualitatively similar above z ∼ 0.5. Below

this, the median stellar mass is further overestimated by up to 30% more at z = 0.

Similarly, the stellar mass density is eventually overestimated by a factor of 1.5

(1.8) at the largest (smallest) number densities. Finally, over the entire redshift

range the SFR is recovered to within ∼ 50% in all SAMs and at all number density

choices.

It is worth noting that the top row of Figure 2.2, and indeed other figures,

illustrate that the recovery fraction actually improves towards the lowest redshifts

(z < 1) in the vast majority of SAMs. This is caused by galaxies initially lost

from the selection gaining the required stellar mass to be included. Viewing the

merger trees for these particular galaxies, it is found that this extra stellar mass is

mostly the result of halo mergers within the simulation. This suggests that mergers

become an important source of mass growth at low redshift and demonstrates the

non-constantness of the stellar mass rank ordering of galaxies.

Compared to a constant stellar mass selection, a constant number density se-

lection recovers far fewer of the true descendants at lower redshift. However, at all

number density choices, the lower redshift selections have considerably less contam-

ination.
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Table 2.1: Constant stellar mass limits for progenitors and descendants, defined as
the stellar mass limit for a number density selection at z = 0 and z = 3 respectively.

SAM n [Mpc−3 h3]
Descendants (z = 3) Progenitors (z = 0)

Mlim [logM�/h] Mlim [logM�/h]

B06 1× 10−3 10.32 10.87

5× 10−4 10.51 11.01

1× 10−4 10.76 11.22

5× 10−5 10.82 11.30

D06 1× 10−3 10.31 10.92

5× 10−4 10.46 11.04

1× 10−4 10.68 11.29

5× 10−5 10.74 11.39

G11 1× 10−3 10.21 10.84

5× 10−4 10.33 10.97

1× 10−4 10.52 11.24

5× 10−5 10.59 11.35

G13 1× 10−3 10.00 10.77

5× 10−4 10.15 10.89

1× 10−4 10.40 11.12

5× 10−5 10.48 11.21
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2.3.2 Progenitors

Now an initial selection at z = 0 is taken and the most massive progenitors traced

back in time towards higher redshifts. As Figure 2.3 shows, the recovery of individ-

ual progenitors using a constant stellar mass limit (detailed in Table 2.1) deterio-

rates exponentially such that at z = 1, only 30% are recovered in the selection at the

smallest stellar mass limit and less than 5% at the largest stellar mass limit (small-

est number density). The sample’s contamination fraction increases immediately

and, at all stellar mass limits, the sample is > 95% contamination by z = 3.

The discrepancy between the true and observed mean stellar mass of the progen-

itors increases approximately exponentially with redshift, overestimating the mean

mass by a factor of three at z = 3, independent of stellar mass limit and weakly

dependent on the choice of SAM. Recovery of the median stellar mass is again indis-

tinguishable from the mean recovery at the two largest stellar mass limits. At the

two highest, the median mass is overestimated by factors of 3 − 7 times. Further-

more, observed stellar mass density is increasingly underestimated with redshift in

all SAMs. Finally, the mean SFR is recovered to within a factor of ∼ 4 by z = 3.

Selecting progenitors at a constant number density fares relatively better, as

shown in Figure 2.4. Out to z = 3, no less than ∼ 50% (∼ 30%) of progenitors are

recovered at the largest (smallest) selections. The mean stellar mass is recovered

to within a factor of ∼ 1.5 at z = 3 in all SAMs and choices of n, and the observed

stellar mass density follows a very similar trend. Median stellar mass recovery

is indistinguishable from the mean recovery except at the largest number density

where the overestimation is larger at z ∼ 2 by approximately 50%. Lastly, the mean

SFR is recovered to within ±20% at all number density selections except for D06,

which overestimates the SFR at a peak of ∼ 50% at z = 1.

Comparing these results with the descendant population (§2.3.1), it is found

that that a constant cumulative comoving number density selection recovers all

descendent population properties within a factor of two of the true value. Similarly,

all the progenitor properties are recovered to within a factor of 1.5 of the true value.

Furthermore, a constant number density selection appears to trace the ensemble

progenitor properties of z = 0 massive galaxies better than the descendants of

those at z = 3.

2.3.3 Fitting forms

For convenience, metrics in the previous figures are fit with parametric functions

(described below) for a constant number density selected sample of galaxies. These
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Figure 2.3: Recovery of individual progenitors, their average stellar mass, stellar
mass density and average SFR (rows) for four constant stellar mass limit selections
(columns) covering the number density range −4.3 < log n < −3.0. The B06, D06,
G11 and G13 models represented by solid green, dashed orange, dashed-dotted
magenta and dotted blue lines respectively. Progenitor stellar mass limits for each
SAM are given in the third column of Table 2.1.
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Figure 2.4: Recovery of individual progenitors, their average stellar mass, stellar
mass density and average SFR (rows) for four constant number density selections
(columns) covering the number density range −4.3 < log n < −3.0. The B06, D06,
G11 and G13 models represented by solid green, dashed orange, dashed-dotted
magenta and dotted blue lines respectively.
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fits are strictly valid over the redshift range 0 < z < 3. For each metric (e.g., frec),

the mean value of all SAMs at each redshift is taken. Next, at each redshift, a

Gaussian of width equal to the spread between SAMs centred on the mean value

is sampled. The function is then fit to these sampled points in order to take into

account the differences between SAMs. These steps are repeated 104 times to obtain

the average parameters and their associated errors for each metric at each number

density. The detailed results of fitting for all number densities are reported in Table

2.2.
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Table 2.2: Fitting parameters, described in §2.3.3, for descendants and progenitors selected at a constant cumulative number density
across the redshift range 0 < z < 3. Note: for the contamination fraction descendants use Equation 2.9 and progenitors use Equation
2.11 for fitting.

Metric
Descendants Progenitors

a b c a b c

n = 1× 10−3 [Mpc−3 h3]

frec 0.000± 0.000 0.480± 0.030 0.175± 0.018 0.000± 0.000 1.212± 0.055 −0.260± 0.027

fcontam 0.511± 0.019 −0.010± 0.001 1.000± 0.000 −0.708± 0.070 −0.235± 0.056 0.563± 0.064

κm∗ 0.191± 0.066 −0.044± 0.019 - −0.131± 0.030 0.125± 0.017 -

κρ∗ 0.592± 0.050 −0.156± 0.015 - −0.132± 0.031 0.126± 0.018 -

n = 5× 10−4 [Mpc−3 h3]

frec 0.000± 0.000 0.372± 0.044 0.240± 0.032 0.000± 0.000 1.234± 0.057 −0.302± 0.029

fcontam 0.568± 0.032 −0.011± 0.001 1.000± 0.000 −0.670± 0.035 −0.242± 0.017 0.580± 0.009

κm∗ 0.294± 0.070 −0.071± 0.020 - −0.134± 0.058 0.134± 0.036 -

κρ∗ 0.596± 0.061 −0.156± 0.018 - −0.134± 0.058 0.134± 0.036 -

n = 1× 10−4 [Mpc−3 h3]

frec 0.000± 0.000 0.180± 0.047 0.430± 0.071 0.000± 0.000 1.516± 0.155 −0.519± 0.079

fcontam 0.725± 0.050 −0.014± 0.001 1.000± 0.000 −0.623± 0.036 −0.216± 0.019 0.582± 0.005

κm∗ 0.691± 0.099 −0.151± 0.029 - −0.107± 0.072 0.144± 0.045 -

κρ∗ 0.742± 0.062 −0.194± 0.018 - −0.107± 0.073 0.145± 0.046 -

n = 5× 10−5 [Mpc−3 h3]

frec 0.000± 0.000 0.128± 0.044 0.522± 0.096 0.000± 0.000 1.723± 0.321 −0.626± 0.144

fcontam 0.787± 0.054 −0.014± 0.001 1.000± 0.000 −0.621± 0.058 −0.204± 0.026 0.582± 0.009

κm∗ 0.747± 0.136 −0.198± 0.041 - −0.083± 0.062 0.139± 0.036 -

κρ∗ 0.868± 0.093 −0.228± 0.028 - −0.085± 0.064 0.141± 0.037 -
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The descendant galaxy recovery and contamination fraction is fit with a function

of form

f = a+ b× exp (c× (1 + z)) , (2.9)

where a, b and c are free parameters. It is observed that forcing a to zero for the

recovery fraction, and c to unity for the contamination fraction, gives better fits and

is more ‘physical‘ than allowing it be be a free parameter. The recovery of average

stellar mass (κm?) and stellar mass density (κρ?) are then parametrised as

κ = a+ b× (1 + z). (2.10)

To fit the progenitor galaxy contamination fraction, the parametrisation is modified

such that

f ′ = a+ b× (1 + z) + (1 + z)c. (2.11)

Fitted parameters and associated errors are available in Table 2.2 for constant

cumulative number density selected samples.

2.4 Inferred velocity dispersion selections

In an era of ever larger and deeper spectroscopic surveys, the extra information

these observations afford of internal properties could possibly be employed as a

better tracer of progenitor or descendant galaxy properties. One product of such a

survey is the measurement of the central stellar velocity dispersion of a galaxy.

As the SAM catalogues do not report the velocity dispersions of galaxies, this

quantity is inferred using Equations 2.7 and 2.8. The inferred velocity dispersion,

as defined here, is a relatively direct observable at the redshifts probed because

the stellar mass and half-mass radius are observable. This Chapter reports on the

results of using this property in place of stellar mass as the ranking property. As a

reminder, this would be achieved observationally by integrating the galaxy velocity

dispersion function (σ∗ analogue of the GSMF) to obtain the cumulative number

density of galaxies as a function of their velocity dispersion. The velocity dispersion

limit, above which all galaxies are at a number density n, can simply be read off.
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2.4.1 Descendants

As displayed in Figure 2.5, selecting galaxies above a constant inferred velocity

dispersion limit, given in Table 2.3, results in slowly losing descendants with de-

creasing redshift in the B06 SAM. However, in the G11 and G13 SAMs, the recovery

fraction increases below z < 2. At z = 0, 90% and 60% of descendant galaxies are

selected above the lowest and highest inferred velocity dispersion limits respectively.

As with selection above a constant stellar mass limit, the contamination fraction

increases exponentially towards lower redshift. At the lowest (highest) velocity dis-

persion limits there is significant contamination in the observed sample at the level

of 70% (90%). Recovery of the descendant mean stellar mass is increasingly un-

derestimated. The true value is maximally underestimated at z = 0 at all inferred

velocity dispersion limits by 30%. Conversely, the stellar mass density is increas-

ingly overestimated with time by up to a factor of ∼ 5 times the true value. Finally,

a constant inferred velocity dispersion selection recovers the descendants’ average

SFR to within 10% at all limit choices and redshifts.

Figure 2.6 displays the result of a selection at a constant cumulative number

density in inferred velocity dispersion. Inferred velocity dispersion is, as defined in

this paper, a function of and proportional to stellar mass for each galaxy type (early

and late) and so it is not surprising that the results are similar to those obtained in

§2.3. Comparing with the stellar mass selections described in §2.3.1, these results

suggest inferred velocity dispersion is just as competent a tracer as stellar mass,

and even more accurate in some cases. However, any improvements are small over

the use of stellar mass at the mass and redshift regimes probed in this work.

2.4.2 Progenitors

Figures 2.7 and 2.8 display the results of attempting to trace the progenitors of

z = 0 galaxies via selection above a constant inferred velocity dispersion and at a

constant cumulative number density, ordered by inferred velocity dispersion, respec-

tively. Selection above a constant limit loses progenitor galaxies from the sample

with increasing redshift. By z = 3, only 10% of true progenitors are sampled at

all velocity dispersion limits and SAMs. The average stellar mass is increasingly

overestimated with redshift, by 50 − 100% at z = 3. The stellar mass density is

increasingly underestimated. In the B06 SAM, it is even more underestimated at

higher inferred velocity dispersion limits than at smaller limits. However, in the

G11 and G13 SAMs, it is underestimated by 70% at all limits by z = 3. Similarly,

the SFR is recovered to within 50% in the two SAMs considered.
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Figure 2.5: Recovery of individual descendants, their average stellar mass, stellar
mass density and average SFR (rows) at four constant inferred velocity dispersion
selections (columns) covering the range −4.3 < log n < −3.0. The B06, G11 and
G13 models are represented by solid green, dashed-dotted magenta and dotted blue
lines respectively. Inferred velocity dispersion limits given in Table 2.3.
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Figure 2.6: Recovery of individual descendants, their average stellar mass, stellar
mass density and average SFR (rows) for four constant number density selections
(columns) covering the range −4.3 < log n < −3.0. The B06, G11 and G13
models are represented by solid green, dashed-dotted magenta and dotted blue
lines respectively.



CHAPTER 2. TRACING MASSIVE GALAXIES 53

Table 2.3: Inferred velocity dispersion limits for progenitors and descendants,
defined as the minimum inferred velocity dispersion for a number density selection
at z = 0 and z = 3 respectively. Inferred velocity dispersions are calculated using
Equation 2.7 with the galaxy component stellar masses and sizes reported by each
SAM.

SAM n [Mpc−3 h3]
Descendants Progenitors

σlim [km s−1] σlim [km s−1]

B06 1× 10−3 133.1 198.2

5× 10−4 181.7 263.5

1× 10−4 309.3 424.5

5× 10−5 365.4 502.4

G11 1× 10−3 83.7 131.8

5× 10−4 100.2 156.9

1× 10−4 142.1 208.9

5× 10−5 161.6 231.0

G13 1× 10−3 69.3 109.6

5× 10−4 84.7 131.8

1× 10−4 124.7 181.1

5× 10−5 143.8 202.6

Selection at a constant cumulative number density, ordered by inferred velocity

dispersion, results in recovery fractions similar to the number density selection using

stellar mass. It is found to decrease exponentially from z = 0, 50% (30%) at the

largest (smallest) number densities. Both the average stellar mass and the stellar

mass density are recovered to within 40% of the true value across all redshifts, SAMs

and number densities investigated in this Chapter. Finally, the SFR is recovered to

within 20% at all times.

2.5 Discussion

Firstly, let the use of a constant stellar mass selected sample be contrasted against

a constant number density (in stellar mass) selected sample. As one may have

expected, the former recovers all descendants of an initial high redshift sample.

This is due to the definition of a descendant used in this work, and that the stellar

mass of systems can only increase with time inside these simulations. Even though

the recovery fraction is high, the contamination fraction increases to > 80% within

∼ 2 Gyr as galaxies, initially unsampled, increase their stellar mass and move into
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Figure 2.7: Recovery of individual progenitors, their average stellar mass, stellar
mass density and average SFR (rows) at four constant inferred velocity dispersion
selections (columns) covering the range −4.3 < log n < −3.0. The B06, G11 and
G13 models are represented by solid green, dashed-dotted magenta and dotted blue
lines respectively. Inferred velocity dispersion limits given in Table 2.3.
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Figure 2.8: Recovery of individual progenitors, their average stellar mass, stellar
mass density and average SFR (rows) for four constant number density selections
(columns) covering the range −4.3 < log n < −3.0. The B06, G11 and G13
models are represented by solid green, dashed-dotted magenta and dotted blue
lines respectively.
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the selection.

Comparing the recovery and contamination fractions obtained through constant

number density selections of descendants and progenitors, one can infer how these

populations have evolved. Taking the smallest number density choice of n = 5×10−5

Mpc−3 h3, at z = 0 30% of the available descendants and nearly three quarters of

our selection is contamination. Similarly, at z = 3 just 30% of the progenitors

are recovered, and 70% of the sample is contamination. These results suggest that

a large fraction of the progenitors of the most massive local galaxies are not the

most massive at higher redshifts. Conversely, a large fraction of the most massive

galaxies at high redshift are not among the most massive at lower redshifts. The

one-to-one mapping in stellar mass rank order that this selection method assumes

does not occur within these simulations. Furthermore, lower mass systems from

below the selection at high redshift increase their stellar mass at a higher rate than

those more massive systems and become most of the most massive galaxies in the

local Universe.

It is worth noting that all of the SAMs used in this work fail to match observed

galaxy stellar mass functions beyond some redshift (typically z ∼ 1.5) meaning that

they also fail to reproduce the observed evolution of certain galaxy populations. A

known problem with the original MS is the cosmology used. Use of a larger σ8

than currently observed (Komatsu et al., 2011; Planck Collaboration et al., 2015)

will increase the merger rate and therefore the scatter in the rank order of galaxy

stellar mass. Furthermore, this cosmology produces a larger population of quenched

galaxies earlier than observed. This requires the SAMs to build up the low mass

end of the GSMF at early times in order to match the observed local stellar mass

function. See Leja, van Dokkum & Franx (2013) and Guo et al. (2011) for an in-

depth discussion into this and other issues. Therefore one would expect less scatter

in the real Universe, and therefore better recovery of galaxy properties compared to

the results obtained here. Cosmological hydrodynamical simulations, e.g. Furlong

et al. (2015) and Genel et al. (2014), show closer agreement with observed galaxy

stellar mass functions out to high redshift and may offer a better environment in

which to conduct these tests.

2.5.1 Where are the progenitors of z = 0 massive galaxies

at high redshift?

A simple question is where exactly in the ranking (in either stellar velocity disper-

sion or stellar mass) are the progenitors of the most massive galaxies at z = 0 at
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earlier times. Taking the two extremes of the number density choices in this work

(log n = −4.3,−3.0), Figure 2.9 presents the stellar mass distributions of the most

massive progenitors of z = 0 galaxies (top row). At each redshift the stellar mass

distributions are fit with a Gaussian function and show in the middle panels that

fit residuals (difference between the fitted Gaussian function and the distribution

of stellar masses) are minimal at < 5%. This is done to quantify the changes in

these distributions as a function of redshift. Shown in the bottom row of the Figure

are the properties of these distributions as a function of redshift. The mean and

widths (distribution standard deviation) are shown in the bottom left and bottom

right panels respectively.

At higher redshift the mass distributions move systematically towards smaller

mass galaxies and the stellar mass distributions widen. At the highest redshift, the

distributions are found to have standard deviations of σ = 0.32 [logM� h−1] and

σ = 0.21 [logM� h−1] for the largest and smallest number density selections. In

both cases, the distributions increase in width by a factor of ∼ 3 since z = 0.

Furthermore, the selections made by a constant number density (the mass limits

of which are indicated by the vertical dashed lines in the top panels of Figure 2.9)

show that beyond z > 1, the majority of the progenitors are below this limit (i.e. the

the peak of the actual progenitor stellar mass distribution is found at a lower stellar

mass than the selection’s stellar mass limit). Therefore, within the Millennium

Simulation at the very least, the progenitors of the most massive local galaxies are

not only the most massive galaxies at higher redshifts - they span a wide range of

masses at higher redshifts. For example, the most massive progenitors span more

than an order of magnitude (> 1 dex) in stellar mass for the largest initial number

density selection (top right panel) and ∼ 0.5 dex for the smallest number density at

z = 3. As shown in this work however, this does not appear to significantly impact

the ability of a number density selected sample to recover the average stellar mass,

star-formation rate or stellar mass density.

2.5.2 How do mergers affect the selections?

The number of progenitors or descendant galaxies can change over time due to

mergers between objects within the initial sample. Selecting galaxies at a constant

number density ignores these changes, and potentially contributes to the over- or

underestimation of ensemble properties.

To determine the extent of this, the number of mergers between the descendants

of an initial selection at z = 3 are calculated within the B06 and G13 SAMs, as

these are based on different dark matter merger trees from the MS. In B06, 1.3%
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Figure 2.9: Progenitor mass distributions in the Guo et al. (2013) SAM for z = 0
galaxy selections at constant number densities log n = −4.3 Mpc−3 h3 (top left) and
log n = −3.0 Mpc−3 h3 (top right). These number densities correspond to galaxies
with a z = 0 stellar mass of log M? > 11.21 [M� h

−1] and log M? > 10.77 [M� h
−1],

respectively. Stellar mass distributions at z = 0, 1, 2, 3 are given in black, red,
orange and green solid lines. Dashed vertical lines represent the stellar mass cuts
inferred from a number density cut at each redshift. Residuals from Gaussian fits to
these distributions are displayed in the middle panels. Parameters from Gaussian
fits to the progenitor masses are shown in the bottom row, with the mean stellar
mass and standard deviation at bottom left and bottom right respectively with
the largest (blue squares) and smallest (red circles) number densities plotted as a
function of redshift.
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and 15.5% of galaxies in the initial selection are lost due to mergers from z = 3

to z = 0 at the smallest and largest number density selections. In the G13 SAM

however, these measurements are higher at 10.9% and 29.6%, respectively. For the

most massive galaxies, this translates to approximately 3 − 5 mergers per massive

galaxy (see Table 2.1 for mass limits) over the redshift range 0 < z < 3. It must be

noted that these numbers represent all (total) mergers, and are not major mergers

as they may include some mergers with mass ratios greater than 1 : 4, the most

widely used definition. These measurements are slightly higher compared with pair

fraction and morphological observations of major mergers in comparably massive

galaxies (see, e.g., Bluck et al., 2009; Conselice, Yang & Bluck, 2009; Man et al.,

2012).

An intriguing feature of Figure 2.2 is the recovery metrics for the average stellar

mass and stellar mass density. A naive expectation would be for these metrics to

be equal as the selection is made at a constant cumulative number density and

therefore Ntrue = Nobs. However, the internal mergers mentioned above mean that

Ntrue ≤ Nobs and thus κm∗ ≤ κρ∗ . Using Equation 2.5, the effect of internal mergers

on these recovery metrics can be predicted. As ≈ 1% (≈ 16%) of galaxies within the

initial selection are lost within the smallest (largest) number density selection from

z = 3 to z = 0, it would be expected at z = 0 that κm∗ = 0.99κρ∗ − 0.01 ≈ 0.83

(κm∗ = 0.84κρ∗ − 0.16 ≈ 0.22). Similar results are expected for the G13 SAM.

It can be seen from the plot that these are the values that are found and so the

difference between these two metrics for a constant number density selection can

be entirely attributed to internal mergers reducing the number of galaxies within

the initial selection. Additionally, it can be seen in Figure 2.4 that κm∗ = κρ∗ for

galaxy progenitors selected at a constant number density. As every galaxy has a

progenitor, it means that the number of galaxies within the initial z = 0 selection

does not change.

At increasingly larger number densities, mergers within the descendant popula-

tion may become increasingly important. As such, selection at a constant number

density may not be applicable over such a redshift range. It may be appropriate

to correct the number density between redshift bins to account for mergers that

have occurred within the sample. However, the reduction of the number density in

response to descendant galaxy mergers does not result in the desired effect. Quali-

tatively, reducing the number density at each redshift results in higher stellar mass

limits. The average stellar mass of the observed sample would therefore increase.

As the average stellar mass and stellar mass density are already overestimated, this

discrepancy would only increase. On the other hand, the ‘un-merging’ of galaxies
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going backwards in time would increase the number density used to trace progen-

itor galaxies. This would lower the stellar mass limit used to select the samples

and thus decrease the measured average stellar mass of the observed samples. As

this quantity is also overestimated, this discrepancy would be reduced. However, as

the number density would increase, contamination would also increase. It is thus a

matter of trade-off.

2.5.3 Can we infer velocity dispersion in a semi-analytical

model?

This work investigates inferred velocity dispersion in place of stellar mass as a

ranking property due to evidence of a shallower and more stable evolution with

redshift. It is prudent to ask whether this quantity can be accurately obtained from

the SAMs used in this work. Use of Equation 2.7 implicitly assumes a spherically

symmetric system and would correspond to a system with a Sérsic index of n ≈ 5.5

(Cappellari et al., 2006). However, the factor in the denominator doesn’t account

for multiple components (i.e. a combination of a bulge and disk) and is influenced

not only by Sérsic index but also galaxy black hole mass. Thus the value calculated

using this equation is a simplistic estimate at best and not strictly applicable to

every type of galaxy. Furthermore, disk-dominated systems are not spherical and

isotropic and thus this equation is not strictly applicable to these types of systems.

Using the bulge-to-total stellar mass ratio (B/T) as a proxy for disk and bulge

dominated morphologies, it is found that the most massive galaxies at z = 0 (z = 3)

in the B06 SAM are typically bulge dominated with only 30% (40%) having B/T <

0.5. While this suggests Equation 2.7 is applicable at these redshifts, this SAM does

not reproduce observations of larger disk-dominated fractions at high redshift (Bluck

et al., 2014; Bruce et al., 2014). The G13 SAM reproduces observations more closely

with 50% (95%) of systems having B/T < 0.5 at z = 0 (z = 3). Because of this, the

velocity dispersions inferred within this SAM at the highest redshifts probed can be

considered discrepant with observations only at the highest redshifts. While these

caveats must be taken into consideration, the values of velocity dispersion inferred

are physical and generally in agreement with observations of spheroidal/passive

systems (Bernardi et al., 2010; Oser et al., 2012), with σ∗ ∼60–500 km/s depending

on the SAM.

It is also essential to consider whether the physical sizes of the simulated galaxy

components can be used to infer the velocity dispersion. In G11 and G13, the

resulting mass-size relations are shallower than the observations (see, e.g., Lani
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et al., 2013; van der Wel et al., 2014) with both masses and sizes larger (smaller)

at low (high) redshift (Guo et al., 2011). For the purposes of this work however,

the only criteria is that the evolution in M/R is correctly reproduced, and it is

possible that, at least within G11 and G13, this may not be the case. From this it

is concluded that inferred velocity dispersion could provide a useful property with

which to trace the evolving properties of the most massive galaxies. However, more

detailed future simulations that accurately reproduce the evolution in both stellar

mass and galaxy component sizes, or that report a value for velocity dispersion

directly, are needed to confirm these findings.

2.5.4 Comparison with previous works

The results presented in this Chapter are consistent with the work of Leja, van

Dokkum & Franx (2013) who investigate cumulative number density selection of

descendant galaxies over 0 < z < 3 in the range 0.5 < n [10−4 Mpc−3] < 8.0 using

the G11 SAM. Uncorrected for mergers and growth scatter, they show that for the

two smallest number densities, the median stellar mass evolution is overestimated

by between 0.05− 0.15 dex (12− 41%) by z = 0. Using the mean stellar mass, this

work finds an overestimate at n = 5×10−5Mpc−3 of 40% in the G11 and G13 SAMs.

Most recently, Henriques et al. (2015, H15) contrasted the mean stellar mass of pro-

genitors derived from a constant number density selection with the values obtained

from their SAM using a Planck (Ade et al., 2014) cosmology. They found that

mean stellar mass evolution is overestimated by a factor of 3−5 for the progenitors

of galaxies with a z = 0 stellar mass between 10.25 < log M∗ [M� h−2] < 11.25.

This is a larger increase than we find for similar mass galaxies. It is suggested that

this discrepancy is due to the ability of H16 to correctly reproduce the abundance

of massive galaxies out to higher redshift. With less massive and passive galaxies,

H06 must produce a larger evolution in stellar mass from high redshift to match

the local stellar mass function.

2.6 Summary

This Chapter has presented comparisons of the use of two popular galaxy selec-

tion methods which aim to trace galaxy populations across large swathes of time.

Furthermore, it has contrasted the use of galaxy stellar mass and inferred velocity

dispersion in semi-analytical models based on the output of the Millennium Simu-

lation over the redshift range 0 < z < 3. Galaxies selected above a constant limit of
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stellar mass in this redshift range are probed, and the main results for this selection

are:

• Descendants can be fully recovered over the entire redshift range regardless

of mass limit choice. However, progenitors of z = 0 galaxies are lost from the

selection with at least 80% below the stellar mass limit at z = 1.

• Average descendant ensemble stellar mass is increasingly underestimated with

increasing redshift by an amount that varies between SAMs but is, on average,

around 50% at z = 0. Similarly, the average stellar mass of progenitors

is increasingly overestimated. At z = 0, average progenitor stellar mass is

overestimated by a factor of ∼ 5.

Additionally, selecting galaxies at a constant cumulative number density in stel-

lar mass, it is concluded that:

• Recovery of individual descendant galaxies falls exponentially with a time

scale dependent on choice of number density. Just 30% of the most massive

galaxies (selected at log n = −4.3 Mpc−3 h3 at z = 3) are at the same

cumulative number density at the lowest redshift. For the largest number

density selection, this increases to 60%. Recovery of progenitors is similar,

but with 50− 30% recovered at the highest redshifts, depending on choice of

number density.

• The average stellar mass of descendants is overestimated by 15% (70%) at

the highest (smallest number densities) by z = 0, increasing linearly from

z = 3. Furthermore, independent of number density, progenitors’ average

stellar mass is overestimated by ∼ 50% at the highest redshift.

Finally, it was investigated whether inferred velocity dispersion could be used

as a property with which to trace galaxies over the same redshift range. It is found

that a constant number density in velocity dispersion recovers average stellar mass,

stellar mass density and average SFR to within ±50% for both descendants and

progenitors. Furthermore, selecting galaxies at a constant velocity dispersion limit

recovers the aforementioned properties to within ±80% of the true values. However,

these results are based on inferring velocity dispersion of galaxies which may not be

strictly applicable to some SAMs and redshift ranges. The results of this study give

weight to the use of velocity dispersion as a ranking indicator, however further study

is required to confirm this. This new insight could most likely come from simulations

where this property is simulated or calculated directly, e.g. from identified stellar
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mass particles in a galaxy, rather than the indirect method used in this work. Such

resolution requirements may not be currently achievable.

In conclusion, selecting galaxies at a constant cumulative number density is

found to trace the true evolution of average stellar mass and the average SFR of

the progenitors and descendants of galaxies in initial selections at z = 0 and z = 3.

However, it does not trace the exact same galaxies but rather galaxies with very

similar properties. Furthermore, it is found that selecting galaxies above a constant

stellar mass with redshift returns the actual evolution within a larger factor of

between two and thirty.



Chapter 3

Measuring the Merging Histories

of Massive Galaxies

This chapter presents a new method, called Pyrus1, with which to measure the close-

pair fraction of galaxies. The method, built upon the photometric pair fraction

method of López-Sanjuan et al. (2015), is able to measure the pair fraction for

stellar mass selected merger definitions of galaxy samples constructed from flux-

limited photometric surveys. Various statistical weights and corrections are defined

and its versatility explored in the following Chapter.

3.1 A short history of measuring merger histories

The rate at which galaxies merge is one of the fundamental measures of galaxy evo-

lution. While evidence for the ΛCDM paradigm of hierarchical structure assembly

is overwhelming (e.g., Komatsu et al., 2011; Planck Collaboration et al., 2015), the

role of galaxy mergers or indeed the rate at which they occur remain unsettled and

controversial topics at best.

It has long been known that mergers between galaxies — and gravitational

interactions in general — imprint signatures on the physical appearance (i.e. mor-

phology) of galaxies. Numerical simulations (e.g., Toomre & Toomre, 1972; Mihos

& Hernquist, 1996; Cox et al., 2006) of merging events have demonstrated convinc-

ingly that galaxies possessing irregular morphologies are extremely likely the result

of mergers. It is therefore no surprise that identifying galaxies with peculiar mor-

phologies has become a fruitful route for the study of mergers. The most commonly

used structural measurements used to identify mergers are non-parametric. As such

they do not make underlying assumptions about the structure of galaxies, but quan-

1Pyrus is the genus of tree upon which pears grow.

64
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tify their obvious structural features. Such measurements grew in popularity with

the first images of distant galaxies obtained by the Hubble Space Telescope. One

particular measure of galaxy structure is the use of concentration (C), asymmetry

(A), and clumpiness (S) (e.g., Conselice et al., 2003). Asymmetry is most simply

defined as

A = min

(∑ |I0 − I180|∑ |I0|

)
−min

(∑ |B0 −B180|∑ |I0|

)
, (3.1)

and can be considered the fraction of a galaxy’s light contained in non-symmetric

components. Here I0 represents the original image of the galaxy, I180 is the original

image rotated about its centre by 180 degrees, and B is patch of blank sky nearby

the galaxy of interest.

Similar in many ways to the Sérsic index (Sérsic, 1963), concentration (C) quan-

tifies the amount of light near to the centre of a galaxy compared to its outer re-

gions. This parameter has been used both qualitatively and quantitatively within

the literature for several decades (e.g., Abraham et al., 1994; Bershady, Jangren &

Conselice, 2000). In general terms, it is usually defined as

C ∝ log

(
rout

rin

)
(3.2)

where rout and rin are the radii which contain 80% and 20% of a galaxy’s total light,

respectively (Conselice, 2003).

Finally, the clumpiness quantifies the smoothness of a galaxy’s light distribution.

It is typically defined in terms of the difference found by subtracting a smoothed

image of a galaxy from it’s original image, and is usually defined in the following

form:

S ∝
(∑

(I − Iσ)∑
I

)
−
(∑

(B −Bσ)∑
I

)
, (3.3)

where I is the original galaxy image, Iσ is the smoothed image (where the smoothing

kernel is generally a Gaussian and is a function of the size of a galaxy), and B

represents a patch of nearby blank sky.

Another common set of parameters are the Gini coefficient, G, and M20 (e.g.,

Abraham, van denBergh & Nair, 2003; Lotz, Primack & Madau, 2004), which are

used in the same way as asymmetry, concentration and clumpiness. Larger values of

G indicate an unequal distribution of light in a galaxy, while M20 is the second-order

moment of the largest 20% of fluxes in a galaxy. Though these and other methods

(e.g., Freeman et al., 2013; Pawlik et al., 2016) compete, they are all successful in
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detecting galaxies at some stage of a merger. However, the need for costly high

resolution and high signal-to-noise observations necessarily limits the use of these

methods to relatively small sample sizes, especially in the high redshift Universe.

It is at these distances that the rest-frame regime in which galaxies are observed

becomes ever bluer, and this fact must be accounted for via the use of morphological

k-corrections to ensure comparisons are being made consistently across cosmic time.

Another approach is to perform a search for galaxies with small projected sep-

arations on the sky in order to probe the properties and rates of merging galaxies

across cosmic time (e.g., Zepf & Koo, 1989; Carlberg, Pritchet & Infante, 1994;

Patton et al., 2000; Ellison et al., 2008). The basis of this technique is the simple

measurement of the fraction of pairs of galaxies undergoing a merger in a sample.

This pair fraction, fpair, is assumed — and it is hard to convince oneself otherwise

— to be directly proportional to the rate at which galaxies merge. Before the work

of Patton et al. (1997), various biases caused wildly varying estimates of the merger

rate to be found. The worst offender was the bias introduced when comparing low-

and high-redshift samples drawn from flux-limited surveys. Such bias would ensure

that fewer companions would be found at fixed luminosity for high-redshift galaxies

compared to those at low redshift. The result of this would be merger fractions er-

roneously measured to be lower at high redshift. Other issues, such as line-of-sight

projections and small samples sizes, prohibited a consensus from being reached. As

such, true comparisons were not being made and evolution incorrectly inferred.

Through the use of computer simulations, it has now been shown that galaxies

within some small separation (rp < 100 kpc) will more than likely coalesce, typically

less than 1 Gyr later (e.g., Mihos, 1995; Kitzbichler & White, 2008). Additionally,

N-body simulations of individual merger events with varying physical parameters

(e.g., stellar mass ratio, inclination, galaxy type) have offered the first estimates

of the timescale, 〈Tobs〉, over which galaxy mergers are visible to certain parameter

choices (e.g., Lotz et al., 2011). This quantity in particular is of the utmost impor-

tance when the conversion from pair fraction to merger rate is performed. As might

be expected, the timescale over which a close-pair is observable is correlated with

physical separation conditions, and the stellar mass ratio which defines a close-pair

of galaxies. For major mergers, defined as a stellar mass ratio of µ > 0.25, and a

physical separation of rp < 30 kpc, the timescale is within 0.3–0.6 Gyr (Lotz et al.,

2010, 2011).
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3.2 Counting close-pairs with Pyrus

The ultimate aim of any close-pairs statistics study is to measure the fraction of

galaxies undergoing a merger within a defined sample. Spectroscopic studies per-

formed in the local Universe often define a close-pair as two galaxies within some

projected separation and within some relative velocity offset, typically taken to be

∆v ≤ 500 km s−1 (e.g., Bluck et al., 2012; Tasca et al., 2014). Such a definition can

then be used to achieve the goal of measuring the pair fraction, fpair, defined as

fpair = Npairs/Ntot, (3.4)

where Npairs is the number of galaxy close-pairs and Ntot is the total number of

galaxies in the parent sample. The former is the number of close-pairs rather than

the number of galaxies in close-pairs — a measure used in other literature studies

— which would be a factor of two larger.

The method presented here builds upon that presented in López-Sanjuan et al.

(2015) to enable measurements of the merger fraction for large flux-limited photo-

metric samples of galaxies across wide redshift ranges. This is achieved using pho-

tometric redshift (zphot) probability distribution functions (PDFs) — a necessity in

modern wide area, deep surveys — which naturally accounts for the uncertainty in

redshift during the close-pair selection procedure.

3.2.1 Initial close-pair selection

An initial list of projected close-pairs is constructed from the science catalogues in

each region described in Section §4.2. This is achieved by selecting pairs of galaxies

which exhibit a projected separation less than the maximum angular separation of

the redshift range probed. As an example, at a redshift of z = 0.2 a separation of 30

kpc (20 kpc) corresponds to a maximum separation of 9′′ (6′′) on the sky. Duplicates

are removed whereby the galaxy with the larger stellar mass at its respective best-fit

photometric redshift is classed as the primary galaxy, and the lower mass system

classed as the secondary galaxy within the close-pair.

3.2.2 The pair probability function

A redshift probability function, Z(z), is calculated for each close-pair system iden-

tified in Section §3.2.1. This quantity encodes the number of close-pairs contributed

based solely on the line-of-sight information encoded within each galaxy’s redshift
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PDFs. This quantity is defined as

Z(z) =
2× P1(z)× P2(z)

P1(z) + P2(z)
=
P1(z)× P2(z)

N(z)
(3.5)

where P1(z) and P2(z) are the PDFs for the primary and secondary galaxies, re-

spectively. From Equation 3.5 it can be seen that the redshift probability function

is normalised such that each pairing can maximally contribute a single pair when

integrated over the full redshift range. This can be written as

Npair,j =

∫ ∞

0

Zj(z)dz (3.6)

and can range between 0 and 1. As each galaxy in the primary sample is allowed

to have multiple companions, each projected close-pair is considered separately and

included in the total pair count.

3.2.3 Close-pair constraints

Redshift dependent masks are required to enforce the remaining close-pair selection

criteria. These are zero where conditions are not met and unity otherwise. The

nomenclature of López-Sanjuan et al. (2015) is continued in this work. Therefore

the angular separation mask, Mθ(z), is defined as

Mθ(z) =





1, if θmin(z) ≤ θj ≤ θmax(z),

0, otherwise.
(3.7)

Here the minimum and maximum angular separations are a function of redshift and

defined as θmin = rmin
p /dA(z) and θmax = rmax

p /dA(z), respectively, where dA(z) is the

angular diameter distance. In contrast to López-Sanjuan et al. (2015), the close-

pairs within this work are selected based on stellar mass rather than luminosity.

Therefore the pair selection mask, Mpair, is defined as

Mpair =





1, if Mlim,1
∗ (z) ≤ M∗,1(z) ≤ M∗,max

and Mlim,2
∗ (z) ≤ M∗,2(z)

0, otherwise.

(3.8)

where M∗,1(z) and M∗,2(z) are the stellar masses as a function of redshift for the pri-

mary and secondary galaxies, respectively. The limiting stellar masses in Equation
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3.8 are given by

Mlim,1
∗ (z) = max(Mmin

∗ ,Mcomp
∗ (z)) (3.9)

and

Mlim,2
∗ (z) = max(µM∗,1(z),Mcomp

∗ (z)). (3.10)

Here Mcomp
∗ (z) represents the redshift-dependent stellar mass completeness limit of

each survey region, Mmin
∗ defines the minimum stellar mass of the primary sample

selection, and µ represents the choice of stellar mass ratio which is typically µ = 1/4

for major mergers and µ = 1/10 for minor mergers. The redshift-dependent stel-

lar mass completeness limits are discussed in Section §4.2. Application of the pair

selection mask in Equation 3.8 ensures that (1) the primary galaxy is within the

correct stellar mass range, (2) the stellar mass ratio of the primary and secondary

galaxies corresponds to either major or minor mergers, and (3) primary and sec-

ondary galaxies are both above the stellar mass completeness limit of the survey

region they are contained within. With these masks for each projected close-pair,

the pair probability function, PPF(z), is simply given by

PPF(z) = Z(z)×Mθ(z)×Mpair(z). (3.11)

The integral of the PPF provides the unweighted number of close-pairs (as defined

by the chosen selection criteria) that two galaxies contribute to the measured pair

fraction.

3.2.4 Selection effect corrections

The flux-limited nature of the photometric surveys used in this study combined

with the stellar mass selection of close-pairs requires several selection effects to be

appropriately accounted for.

Firstly, a primary galaxy may possess a stellar mass close to the stellar mass

completeness limit of the survey region at some redshift. Such a scenario may reduce

the stellar mass range in which secondary companions can be found and result in

fewer companions found than may exist in reality. In order to address this potential

bias, a statistical correction is made involving the galaxy stellar mass function,

φ(M∗, z), at the redshift range of interest. Simply, each secondary companion of a
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primary galaxy is assigned a weighting defined as

ωcomp
2 (z) =

[ ∫M∗,1(z)

Mlim
∗ (z)

φ(M∗, z) dM∗
∫M1

∗(z)

µM∗,1(z)
φ(M∗, z) dM∗

]−1

. (3.12)

This correction is essentially the inverse of the ratio of galaxy number densities

above and below the stellar mass completeness limit. Applying this correction pro-

vides close-pair fractions corresponding to a volume-limited study. These secondary

weights are the stellar mass analogue of the luminosity weights presented in Patton

et al. (2000).

A second weighting is applied to the primary galaxies in order to correct for

those objects that will have fewer observed companions because of their proximity

to the completeness limit of the survey region. The primary galaxy completeness

weight is defined as

ωcomp
1 (z) =

∫Mmax
∗ (z)

Mlim
∗ (z)

φ(M∗, z) dM∗
∫Mmax

∗ (z)

Mmin
∗ (z)

φ(M∗, z) dM∗
(3.13)

where Mmin
∗ and Mmax

∗ are the minimum and maximum stellar masses of the primary

sample for which the merger fraction is being calculated.

Galaxies close to the survey edges or near areas with corrupt photometry (e.g.

bright stars, cross-talk) may possess a reduced spatial area in which to find com-

panions. As the spatial search area is a function of a fixed physical search radius,

the correction is necessarily a function of redshift. This is achieved by producing

a mask image which is 1 where good photometry exists and 0 elsewhere. For each

galaxy within the primary sample ‘photometry’ is performed on this mask image

over the spatial search area. An area weight is assigned, defined as

ωarea(z) =
1

farea(z)
, (3.14)

where farea(z) is the fraction of the mask image with good photometry within the

search annulus. As the search area is a function of redshift, so too are the area

weights.

The final weighting applied is based on the photometric redshift quality, encoded

by the Odds sampling rate. The Odds parameter, O, is defined by Benitez (2000)
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and Molino et al. (2014) as

Oj =

∫ +K(1+zp)

−K(1+zp)

Pj(z) (3.15)

for each galaxy j, where zp is the galaxy’s best-fit photometric redshift and Pj(z)

is the redshift PDF of the galaxy. The value of K is chosen to represent the typical

photometric redshift accuracy of the data in question. In Molino et al. (2014)

K = 0.0125 due to the use of 20 medium-band (∼ 300Å in width) filters, however

the surveys used in this work typically make use of broad-band filters. For the

measurements in Chapter 4 and Chapter 5 a larger value of K = 0.05 is chosen as

a result of comparing photometric and spectroscopic redshifts in the used surveys.

Therefore the Odds sampling rate (OSR) is defined as the fraction of galaxies

with an Odds parameter above this election normalised by the total number of

galaxies as a function of apparent magnitude, m. This is written as

OSR(m) =

∑
N(O ≥ 0.3)∑
N(O ≥ 0)

, (3.16)

which can be used to compute the weight for a particular galaxy, j, with magnitude

mj as

ωOSR
j =

1

OSR(mj)
. (3.17)

Combining these weights, the primary and secondary galaxy weights can be con-

solidated and defined. Each secondary galaxy around a primary galaxy is assigned

a weight given by

ω2(z) = ωarea
1 (z)× ωcomp

1 (z)× ωcomp
2 (z)× ωOSR

1 × ωOSR
2 (3.18)

and each primary galaxy is weighted by

ω1(z) = ωcomp
1 (z)× ωOSR

1 . (3.19)

3.2.5 The close-pair fraction

Classically, the close-pair fraction is defined as the number of galaxy close-pairs

divided by the total number of galaxies in the primary sample. This can be written

as fpair = Npair/Ntot. In the prescription presented here, the number of close-pairs

associated with galaxy i in the primary sample, over the redshift range zmin < z <
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zmax, is given by

N i
pair =

∑

j

∫ zmax

zmin

ωj2(z)× PPFi,j(z) dz (3.20)

where j indexes the potential secondary galaxies around the primary galaxy and

PPFi,j(z) the pairs’ pair probability function. Accordingly, the contribution from

the primary galaxy over the same redshift range is given by

N i
1 =

∑

i

∫ zmax

zmin

ωi1(z)× Pi(z)× S i1(z) dz (3.21)

where ωi1(z) is its weighting, S i1(z) is the primary galaxy selection function and

Pi(z) its normalised redshift probability density function. If a primary galaxy with

a stellar mass within the correct range and its redshift PDF entirely contained

within the redshift range of interest, N i
1 = ωi1 and is always equal to or greater than

unity.

The close-pair fraction can then be estimated by summing Equations 3.20 and

3.21 over all primary galaxies. In the redshift range zmin < z < zmax the close-pair

fraction is then simply given by

fpair =

∑
iN

i
pair∑

iN
i
1

. (3.22)



Chapter 4

The major merger histories of

massive galaxies

This Chapter describes the efforts made to measure the major merger histories of

massive galaxies (> 1010 M�) at 0.005 < z < 3.5, achieved using a large sample

of ∼350,000 galaxies and the method described in Chapter 3. Pair fractions are

measured over an area of 144 sq. deg. at z < 0.2, and over 3.25 sq. deg. at

0.2 < z < 3.5, for samples of galaxies selected at a constant stellar mass as well

as galaxies selected at a constant cumulative number density. The latter selection

is used in order to better probe the the direct progenitors of low-redshift massive

galaxies. This analysis utilises modern wide-area, deep near-IR observations of

the cosmos, combined, in part, with a complimentary analysis performed in the

CANDELS regions. This Chapter, therefore, presents the best constraints on the

merger history of massive galaxies at z < 3.5 yet.

4.1 Introduction

The hierarchical growth of matter in the Universe naturally emerges from cold

dark matter (CDM) dominated paradigms whereby systems observed today are

produced through the repeated merging of smaller systems across cosmic time.

While such models make clear predictions on the evolution of dark matter halos

(e.g., Jenkins et al., 1997; Maller et al., 2006), the consequences for galaxy formation

and evolution are not trivial to infer. Observing galaxies in the process of merging

therefore represents a probe of these models and of galaxy formation and evolution,

and allows constraints to be placed on evolutionary models of massive galaxies as

well as cosmology and the nature of dark matter (e.g., Bertone & Conselice, 2009;

Conselice et al., 2014).

73
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Both major and minor galaxy mergers have been observationally and theoreti-

cally implicated in various aspects of galaxy formation and evolution. Mergers were

first employed to explain the observed morphological transformations of galaxies

over time. For example, galaxy mergers are most likely an important process in the

evolution of massive elliptical galaxies (Toomre & Toomre, 1972; Barnes & Hern-

quist, 1996; Bell et al., 2006). Furthermore, massive quiescent galaxies selected at

fixed stellar mass are observed to be a factor of 3–6 times smaller at z ∼ 2 than in

the local Universe (Daddi et al., 2005; Trujillo et al., 2007; Buitrago et al., 2008),

while massive galaxies have increased their stellar mass by a factor of 2–3 over

the same time period (Ilbert et al., 2010, 2013; van der Wel et al., 2014; Mort-

lock et al., 2015; Ownsworth et al., 2016). Major mergers have been invoked as a

possible mechanism responsible for this drastic evolution, and their role has been in-

creasingly constrained over time (e.g., Conselice et al., 2003; Conselice, 2006; Bluck

et al., 2012; López-Sanjuan et al., 2011, 2012, 2013; Man et al., 2012; Man, Zirm

& Toft, 2014), albeit with merger histories often derived from relatively small sam-

ples, especially at high redshift. While some works suggest major mergers do play

a significant role in the evolution of massive galaxies, other studies exclude major

mergers as the main driver and instead suggest that minor mergers are responsible,

at least at high redshift (e.g., McLure et al., 2013). Thus, our understanding of

merging is currently incomplete and controversial at best.

One of the most direct measurements one can perform in order to infer how

galaxies form and evolve through mergers is to measure the fraction of galaxies

undergoing such an event. This provides a path to derive the integrated effect of

mergers for specific populations of galaxies. This has previously been achieved at

many redshift regimes using two main methodologies. Where high resolution, high

signal-to-noise (S/N) imaging exists, selecting mergers through some combination of

morphological indicators is popular (e.g., concentration, asymmetry and clumpiness

(CAS): Conselice et al. 2003; Jogee et al. 2009; López-Sanjuan et al. 2009; Conselice

et al. 2014; or Gini and M20: Lotz, Primack & Madau 2004; Lotz et al. 2008). These

selections are confirmed to almost always probe ongoing merging events (Conselice

et al., 2003; Conselice, Rajgor & Myers, 2008). Such analysis has even been used to

select galaxies at specific stages after coalescence has occurred (Pawlik et al., 2016).

However, the requirement for high resolution and high S/N necessarily means that

expensive space-based observations are the only route to performing morphological

analysis at z > 1. The small volumes and thus number densities of galaxies supplied

by such campaigns represent a significant source of uncertainty in the robust study

of merger histories. The second approach is to select galaxies with small projected
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separations — close-pairs — on the sky (e.g., Carlberg, Pritchet & Infante, 1994;

Patton et al., 1997, 2000; Kartaltepe et al., 2007).

While much progress has been made in the literature, various complications exist

when attempting to compare measures of merger fractions from different studies.

Indeed many studies also find an increasing merger fraction with redshift (Le Fevre

et al., 2000; Bluck et al., 2009), while others find a relatively flat slope or a plateau

at high redshift (Williams, Quadri & Franx, 2011; Newman et al., 2012). At low

redshift (z < 0.2) studies generally agree on a merger fraction of the order of less

than a few percent (e.g., De Propris et al., 2007). On the other hand, agreement

is generally not reached at high redshift (z > 1), where merger fractions up to one

third (e.g., Le Fevre et al., 2000; Bluck et al., 2009) have been measured. It has been

comprehensively shown that measurements made using stellar mass or luminosity

selected samples result in stark differences between the normalisation and measured

slopes of the merger fraction (Man, Zirm & Toft, 2014). These differences go some

but not all the way to reconciling the results from different studies. What is clear is

that a consistent picture of galaxy mergers has not been painted over the majority

of the history of the Universe.

Deep near-IR imagery combined with complimentary multi-wavelength observa-

tions is required to accurately probe the stellar populations at high redshift z > 1.

Such data allow for photometric redshifts reaching precisions of ∼ 0.01(1 + z) (e.g.,

Ilbert et al., 2009; Hartley et al., 2013; Mortlock et al., 2013; Muzzin et al., 2013a),

and stellar population parameters including stellar mass to be estimated out to

the furthest redshifts (e.g., Duncan et al., 2014). Modern wide-area, deep surveys

represent the only way to observe the merger histories of massive galaxies with

any statistical significance across cosmic time. To this end, this work, in com-

bination with Duncan et al. (in prep), who study objects at z > 2 within the

CANDELS fields, presents a new method to measure stellar mass selected merger

fractions across a large redshift range, exploiting the statistical power of large multi-

wavelength datasets. For the first time, the major and minor merger fractions at

0.005 < z < 5 can be measured consistently using a combination of ground- and

space-based observations, providing the first consistent picture of galaxy mergers

to within the first Gyr of cosmic time. This Chapter presents merger fractions

and derived merger rates of massive galaxies (log(M∗/M�) > 10) at z < 3.5 us-

ing a combination of three square-degree-sized, deep near-IR surveys (totalling 3.5

square degrees), the publicly available Galaxy And Mass Assembly (GAMA) second

data release (DR2) (totalling 144 square degrees), and multiple CANDELS regions

(totalling 0.26 square degrees) at z < 3.5.
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This Chapter is organised as follows: Section §4.2 describes the various data used

in this work; Section §4.4 explores the measured major merger fractions ; Section

§4.5 details the derivation and comparison of merger rates and discusses the results

throughout; Section §4.6 discusses results and the tests applied to them; and Section

§4.7 summarises the results and implications of this work. Throughout, magnitudes

are quoted in the AB system (Oke & Gunn, 1983) unless otherwise stated, stellar

masses are calculated using a Chabrier (2003) initial mass function (IMF) and a

ΛCDM cosmology with Ωm,0 = 0.3, H0 = 70 km s−1 Mpc−1 and ΩΛ = 1 − Ωm is

assumed.

4.2 Data

This Chapter employs the deepest and widest surveys of the low and high redshift

Universe available today: a combination of Galaxy And Mass Assembly (GAMA),

the UKIDSS Ultra Deep Survey (UDS), VIDEO and UltraVISTA provides 144

square degrees at z < 0.2 and 3.25 square degrees at 0.2 < z < 3.5. The depth

and wavelength coverage of the surveys used in this work allows for the study of

the distant Universe with fewer biases against red and dusty galaxies, which could

otherwise be completely missed in ultraviolet (UV) and optically selected surveys.

While details on how photometric redshift and stellar masses are estimated are

given in Section §4.3.1 and Section §4.3.2, the following section discusses the survey

fields used in this work.

4.2.1 UKIDSS Ultra Deep Survey (UDS)

This work employs the eighth data release (DR8) of the UKIDSS UDS (Almaini et

al. in prep). The UDS is the deepest of the UKIRT (United Kingdom Infra-Red

Telescope) Infra-Red Deep Sky Survey (UKIDSS; Lawrence et al., 2007) projects,

covering 0.77 square degrees. Deep photometry is obtained in J , H and K to lim-

iting 5σ AB magnitudes of 24.9, 24.2 and 24.6 in 2” apertures. It is currently the

deepest near-IR survey ever undertaken over such an area. Complementary multi-

wavelength observations exist in the form of u-band data obtained from CFHT

Megacam; B, V , R, i and z-band data from the Subaru-XMM Deep Survey (Fu-

rusawa et al., 2008); Y -band data from the ESO VISTA Survey Telescope; and IR

photometry from the Spitzer Legacy Program (SpUDS, PI: Dunlop). Typical un-

certainties on K-band photometry are found to be fλ/δfλ ≈ 500 (≈ 5) at K = 19

(24). These observations over the wavelength range 0.3µm < λ < 4.6µm are vital
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for the computation of accurate photometric redshifts, stellar masses and rest-frame

magnitudes out to the highest redshifts probed in this work. A galaxy catalogue

selected in the K-band containing approximately 90,000 galaxies out to z ∼ 3.5,

reaching a 99% completeness depth of K = 24.3 with an effective area of 0.63 square

degrees, is used. This field provides a combination of spectroscopic redshifts from

archival sources as well as the UDSz (Curtis-Lake et al., 2012; Bradshaw et al.,

2013), which provide 2292 high quality spectroscopic redshifts at 0 < z < 4.5 (90%

at z < 2) in the UDS region.

4.2.2 UltraVISTA

The publicly available Ks-band selected UltraVISTA catalogue produced by Muzzin

et al. (2013b) is used in this work. The UltraVISTA survey observes the COSMOS

field (Scoville et al., 2007) with the ESO Visible and Infrared Survey Telescope

for Astronomy (VISTA) survey telescope, covering an effective area of 1.62 square

degrees. The catalogue provides PSF-matched 2.1′′ aperture photometry across 30

bands covering the wavelength range 0.15µm < λ < 24µm down to a limiting 90%

completeness magnitude of Ks = 23.4. Only sources above this detection limit with

reliable photometry are used in this work. Typical uncertainties on the Ks-band

photometry are fλ/δfλ ≈ 200 (≈ 10) at Ks = 19 (23). MIPS photometry is not used

at any stage going forward as it is uncertain how well models reproduce this regime

of a galaxy spectrum. Furthermore, independent photometric redshifts and stellar

masses are calculated, as described in §4.3.1 and §4.3.2. The catalogue includes

GALEX (Martin et al., 2005), CFHT/Subaru (Capak et al., 2007), S-COSMOS

(Sanders et al., 2007) and UltraVISTA (McCracken et al., 2012) photometry as

well as the zCOSMOS Bright (Lilly et al., 2007) spectroscopic dataset, providing

5467 high quality spectroscopic redshifts at z < 2.5. The vast majority (99%) of

these spectroscopic redshifts are at z < 1 and 50% are at z < 0.5.

4.2.3 VIDEO

The VISTA Deep Extragalactic Observations (VIDEO) survey (Jarvis et al., 2012)

is a ∼12 square degree survey in the near-infrared Z, Y , J , H and Ks bands, specif-

ically designed to enable the evolution of galaxies and large structures to be traced

as a function of both epoch and environment from the present day out to z = 4,

and active galactic nuclei (AGNs) and the most massive galaxies up to and into

the epoch of reionization. This work uses VISTA observations matched to those

of the Canada-France-Hawaii Telescope Legacy Survey Deep-1 field (CFHTLS-D1),
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providing multi-wavelength (0.3µm < λ < 2.1µm) coverage over a total of 1 square

degree down to a 90% completeness magnitude of Ks = 22.5. Comprehensive sim-

ulations are performed to calculate the completeness level as a function of total

K-band magnitude which are described in Appendix A. Typical Ks-band uncer-

tainties are fλ/δfλ ≈ 200 (≈ 15) at Ks = 19 (22).

For the purpose of this work, a Ks-selected catalogue (released in June 2015)

is used containing 54,373 sources after star/galaxy separation using a uJK colour

selection, magnitude cuts, star masking, and selecting only sources with a detection

signal-to-noise > 2. Bright stars and areas visibly contaminated with starlight

are manually masked out using the VIDEO Ks-band image. Objects within these

masked regions are flagged and discarded from the sample. A spectroscopic sample

of galaxies is constructed from the latest VIMOS VLT Deep Survey (VVDS; Fevre

et al., 2004) and the VIMOS Public Extragalactic Redshift Survey (VIPERS; Garilli

et al., 2014) data releases. Only the most secure redshifts (quality flags 3 and 4) are

matched within one arcsecond of the Ks-band sources, providing 4,382 high-quality

spectroscopic redshifts over the range 0 < z < 4.5. However, the vast majority

(90%) of this sample is below z < 1.5.

4.2.4 GAMA

In order to obtain a measurement of the merger fraction at redshifts which are

restricted by volume in other fields, the second data release (DR2) of the Galaxy

And Mass Assembly (GAMA) campaign (Driver et al., 2009; Liske et al., 2015) is

used. This release provides multi-wavelength photometry in 9 filters over three fields

totalling 144 square degrees. Complimenting this data, 98% of the detections are

provided with secure spectroscopic redshifts. GAMA therefore represents a large

and unique dataset with which to probe galaxy evolution at low redshift.

This work utilises combined data from all three GAMA fields (G09, G12 and

G15), herein collectively referred to as the GAMA region, included in the DR2 re-

lease. When calculating stellar masses in this region, the recommended photometric

zero-point offsets1 and stellar mass scaling factors (Taylor et al., 2011) provided with

the release documentation are applied. What differentiates this dataset from the

others used in this work is the unprecedented spectroscopic coverage. Combining

the three aforementioned GAMA regions yields 55,199 objects with good quality

spectroscopic redshift (quality flag nQ > 2 which provides spectroscopic redshifts at

> 90% confidence Driver et al. 2011) and zspec > 0.005, which minimises contami-

1http://www.gama-survey.org/dr2/schema/table.php?id=168

http://www.gama-survey.org/dr2/schema/table.php?id=168
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nation from stars (visual inspection of a u−J vs J−K plot reveals this cut removes

the stellar locus), representing 97 per cent of the total number of objects down to

a limiting Petrosian r-band magnitude of mr = 19. This allows the analysis to be

performed in two ways: photometrically and spectroscopically, which is discussed

in Section §4.4.3. Typical uncertainties on r-band photometry are fλ/δfλ ≈ 700

(≈ 200) at r = 17 (19).

4.2.5 Simulated Data

Models of galaxy formation and evolution have advanced dramatically over the

last few decades. Semi-analytic models (SAMs) aim to reproduce and predict the

statistical properties of galaxy populations, historically at low redshift. This work

explores the latest development in the Munich ‘family’ of models (e.g., Croton et al.,

2006; De Lucia & Blaizot, 2006; Guo et al., 2011), as described in Henriques et al.

(2015), herein H15, to provide predictions of the pair fraction. This model is ap-

plied to the output of The Millennium Simulation (Springel et al., 2005), scaled to

a Planck cosmology (Planck Collaboration (XVI), 2014). All 24 mock lightcones

from the German Astrophysical Virtual Observatory (GAVO; Lemson & Consor-

tium, 2006) are downloaded, which are reduced in size from a circular aperture of

two degrees diameter to a square field-of-view with an area of one square degree.

Doing so permits one to quantify the expected variance between surveys similar in

size to those used in this study. Furthermore, the results of the merger fractions

obtained using the H15 model are explored and compared in Section §4.6.1. Finally,

predictions of the merger rate within the Illustris simulation (Vogelsberger et al.,

2014a,b; Rodriguez-Gomez et al., 2015) are compared to observational measure-

ments in Section §4.5.

4.3 Data Products

In this section the photometric redshifts and stellar masses derived from the data

sets described in Section §4.2 are explained.

4.3.1 Photometric redshifts

Photometric redshift probability distributions are calculated for all sources using

the EAZY photometric redshift code (Brammer, vanDokkum & Coppi, 2008). EAZY

determines the zphot for a galaxy by fitting a spectral energy distribution (SED)

produced by a linear combination of templates to a set of photometric measure-
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ments. It has been shown that the default set of six templates, derived from the

PEGASE models (Fioc & Rocca-Volmerange, 1999), in combination with an addi-

tional red template from the Maraston (2005) models, and a 1 Gyr-old single-burst

Bruzual & Charlot (2003) template are required to provide robust SED fits to the

zoo of observed galaxies in modern surveys (e.g., Onodera et al., 2012; Muzzin et al.,

2013b).

As such, this set of templates is used to calculate photometric redshifts and

photometric redshift probability distributions (PDFs). The PDF is constructed

for each galaxy from its χ2(z) distribution following P (z) ∝ exp(−χ2(z)/2), after

convolution with a photometric prior. The following paragraphs discuss the use of

a photometric prior in these calculations and the ability of the resulting PDFs to

accurately reproduce photometric redshift confidence intervals.

In calculating galaxy PDFs and best-fit photometric redshifts, many studies

make use of a luminosity or colour dependent redshift prior. The use of such pri-

ors have been shown to improve best-fit solutions when compared to spectroscopic

redshift measurements (e.g., Benitez, 2000; Brammer, vanDokkum & Coppi, 2008).

However the use of such priors may introduce bias into the measurement of close

pairs. As an example, let us consider two galaxies at the same redshift with iden-

tical properties except for stellar mass (luminosity). A luminosity based prior will

influence the probability distribution of each galaxy and, in the example, the higher

mass system will have its PDF biased towards lower redshifts, and vice-versa for

the second galaxy. Furthermore, priors are necessarily based on simulations. At

higher redshifts (z > 2) these may deviate from the true distribution of galaxies,

however at lower redshift they are much more constrained and in agreement with

observations.

To this end, a luminosity prior, P(z|m), is constructed which denotes the prob-

ability of a galaxy with apparent K-band magnitude m being found at redshift z,

by extracting galaxy number counts from the H15 semi-analytic model using 24

independent light cones. This model has been shown to accurately reproduce the

observed number densities of galaxies out to z ∼ 3, and thus is perfect to construct

a prior from. This is achieved in the same manner as Brammer, vanDokkum &

Coppi (2008) and Benitez (2000), parametrising each magnitude bin i as

P (z|mK,i) ∝ zγi × exp(−(z/zi)
γi), (4.1)

where γi and zi are fit to the redshift distribution in each magnitude bin. This

is done to ensure that the prior is smooth over the redshift range of interest. We
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Figure 4.1: Relative prior probabilities, P(z|mK), as a function of apparent Ks-
band magnitude extracted from semi-analytic light cones (Henriques et al., 2015).
Plotted probability densities in steps of ∆mK = 1 over the magnitude range 18 <
mK < 26, normalised such that

∫
P(z|mK) dz = 1, with P(z|mK) given by Equation

4.1.

calculate these distributions over the redshift range 0 < z < 7 and apparent mag-

nitude range 17 < mK < 27. Calculated fitting parameters are displayed in Figure

4.1 which shows the calculated prior probabilities as a function of apparent magni-

tude. Although it is found that pair fractions obtained using photometric redshifts

calculated with and without a prior are indistinguishable within the calculated un-

certainties, the prior is used in this work as it improves the best-fit zphot estimates

and reduces the number of catastrophic outliers (see Section §4.3.1.2).

4.3.1.1 Photometric redshift confidence intervals

Redshift probability distributions output by photometric redshift codes are often

unable to accurately represent photometric redshift confidence intervals (e.g., Hilde-

brandt, Wolf & Beńıtez, 2008; Dahlen et al., 2013). The causes include, but are

not limited to, inaccurate photometry errors or the choice of template set. Al-

though average agreement between best-fit zphot and zspec can be excellent, 1σ and

2σ confidence intervals can be significantly over- or under-estimated.

Analysing the photometric redshift probability distributions output by EAZY, dis-

cussed in Section §4.3.1, it is observed that the confidence intervals are indeed incor-

rect. Using high quality spectroscopically obtained redshifts for a subset of galaxies

in each field, it is found that 72%, 71%, 81% and 50% of zspec are found within the
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1σ photometric PDF interval for the UDS, VIDEO, COSMOS and GAMA regions,

respectively. In order to address this, PDFs that overestimate the confidence inter-

vals are sharpened. This is done as in Dahlen et al. (2013), however the method is

briefly outlined here.

To sharpen, the PDFs are replaced with P (zi) = P (zi)
1/α
0 until the value of

alpha gives the correct fraction of 68.3%. To smooth, the PDFs are convolved with

a kernel of [0.25, 0.5, 0.25] until the correct fraction of 68.3% is recovered. The same

process is then applied to the entire sample. In doing so, values of α = 0.850, 0.840,

0.510 are obtained for the UDS, VIDEO and COSMOS fields, respectively. However,

the PDFs within the GAMA region are not smoothed (as opposed to sharpened) as

such a process inevitably leads to a high probability at the lowest redshifts which

artificially boosts the measured merger fraction in the lowest redshift bin used.

This is likely an artefact of using a linear redshift grid, however it is not expected

to significantly affect the results of this work, as using unsharpened redshift PDFs

in other fields results in no significant changes to measured pair fractions.

4.3.1.2 Best-fit solutions

While the main interest of this work lies in the PDFs associated with each galaxy,

it is useful to compare best-fit photometric redshift solutions with spectroscopically

obtained values. Various measures exist to quantify the agreement between pho-

tometric and spectroscopic redshifts. This work presents the normalised median

absolute deviation (NMAD), mean |∆z|/(1 + zspec), where ∆z = (zspec − zphot),

and outlier fraction, defined in two ways. These measures of photometric redshift

quality are provided in Table 4.1, and a visual comparison between spectroscopic

and photometric redshifts within all regions is shown in Figure 4.2. All fields except

for GAMA possess averages biases of zspec − zphot ≈ 0. As is apparent in Figure

4.2, there exists a relatively large apparent bias in our photometric redshifts within

the GAMA region whereby our photometric redshifts tend to be larger than the

spectroscopic redshift by ∆z = 0.02 on average. This is the largest bias found in

the datasets used. If the brightest 10% (25%) of objects in the GAMA region are

analysed, this bias is reduced by a factor of ∼ 3 (∼ 2), suggesting that fainter

(r > 18) objects are more affected by this bias. Such an effect would not be seen

in the other regions as their spectroscopic samples are typically biased towards the

brightest objects in the field. However, as no suggestion of stellar mass dependence

(see Section §4.4) of the pair fraction is observed, this issue is not expected to affect

the results presented herein.

Use of a photometric prior typically reduces the difference between photometric
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Table 4.1: Best-fit photometric redshift (with and without prior) comparison with
high quality spectroscopic sample outlined in Section §4.2. For each field we list
the number of secure spectroscopic redshifts available (Ns), the normalised median
absolute deviation (σ

NMAD
), mean |∆z|/(1 + zs), average bias ∆z = zspec − zphot,

and fraction of catastrophic outliers (η1 and η2) defined in two ways.

Field Ns σ
NMAD

|∆z|
(1+zs)

∆z η1
a η2

b

WITH MAGNITUDE PRIOR

UDS 2648 0.053 0.045 0.01 5.3% 5.0%

VIDEO 4382 0.044 0.038 0.01 2.9% 3.3%

COSMOS 5467 0.013 0.010 0.00 0.5% 2.5%

GAMA 55199 0.049 0.044 -0.02 2.4% 2.5%

WITHOUT MAGNITUDE PRIOR

UDS 2648 0.051 0.045 0.01 5.3% 5.3%

VIDEO 4382 0.048 0.042 0.02 3.4% 3.5%

COSMOS 5467 0.013 0.011 0.00 0.5% 3.2%

GAMA 55199 0.060 0.052 -0.03 3.4% 1.7%

aCatastrophic outliers determined as |∆z|/(1 + zspec) > 0.15.
bCatastrophic outliers determined as |∆z|/(1 + zspec) > 3× σ

NMAD
.

and spectroscopic redshifts, whilst also reducing the fraction of catastrophic fail-

ures. Furthermore, the COSMOS region provides the most accurate photometric

redshifts when compared to a subset of spectroscopic redshifts. However, spec-

troscopic redshift samples that are co-spatial with deep, wide near-IR surveys like

UltraVISTA/COSMOS are often heavily biased towards the nearest and brightest

systems. With a 97% completeness fraction the spectroscopic sample in the GAMA

region is undoubtedly unbiased and is arguably a better indicator of photometric

redshift efficacy. Here the prior reduces the NMAD and the mean offset by 18%

and 15%, respectively.

Applying the corrections described in Section §4.3.1.1, results in PDFs which

accurately represent the probability of every galaxy at every redshift over the range

0 < z < 6. The integral of the PDF over some redshift range measures the proba-

bility of the galaxy being found within said redshift range.

4.3.2 Stellar mass estimates

Stellar masses are calculated using smpy, a custom spectral energy distribution

(SED) fitting code, first introduced in Duncan et al. (2014) and available online2.

2https://www.github.com/dunkenj/smpy/
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Figure 4.2: Comparison between best-fit photometrically derived redshifts, zphot,
and spectroscopically measured redshifts, zspec, in the a) UDS, b) VIDEO, c) COS-
MOS, and d) GAMA regions. Numbers within parenthesis denote the number of
science-quality spectroscopic redshifts within each field. Due to the extremely large
number of sources within the GAMA region, a randomly selected sample of 5% is
displayed for this field only. The normalised median absolute deviation, average
offset and outlier fraction of our photometric redshifts are listed in Table 4.1 for
each region.
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Figure 4.3: Redshift versus stellar mass distributions in the in the a) UDS, b)
VIDEO, c) COSMOS, and d) GAMA regions. Redshifts presented in the GAMA
region are spectroscopic (zspec) while those displayed in other regions are photo-
metric (zphot). 90% stellar mass completeness limits, M90

∗ (z), within each region,
determined using magnitude limits of r = 19 and K = 24.3, 22.5, 23.4, respectively,
are given by the dashed black lines.
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The Bruzual & Charlot (2003, BC03) stellar population synthesis models are used

in conjunction with a Chabrier (2003) IMF. Model ages are allowed to vary between

0.01–13.7 Gyr. Star-formation histories are described by a simple τ -model and are

allowed to be exponentially increasing or decreasing, or constant with values of |τ |
allowed between 0.01–13.7 Gyr, plus an option for a constant star-formation history.

The effects of dust are parametrised as in Calzetti et al. (2000), with an extinction

(AV ) allowed to vary between 0 – 4 magnitudes. Stellar metallicity is allowed in

the range 0.005 < Z/Z� < 2.5. Rather than estimating the best-fit mass for a fixed

input photometric or spectroscopic redshift, the stellar mass is instead estimated at

all redshifts in the photometric redshift fitting range simultaneously. Specifically,

the likelihood-weighted mean is assumed, defined as

M∗(z) =

∑
twt(z) M∗,t(z)∑

twt(z)
(4.2)

where the sum is performed over all galaxy template types, t, with ages less than

the age of the Universe at the redshift z and M∗,t is the best-fit stellar mass for

each galaxy template. The likelihood, wt(z), is determined by

wt(z) = exp
(
−χ2

t (z)/2
)

(4.3)

where χ2
t (z) is given by

χ2
t (z) =

∑

j

(Fj,t(z)− F obs
j )2

σ2
j

. (4.4)

Here the sum is over j available filters for each particular galaxy, its observed

photometric fluxes, F obs
j , and photometric flux error, σj. All available photometry

are fit to a library of 34,803 synthetic SEDs simultaneously to achieve this. Stellar

mass as a function of redshift within each region is shown in Figure 4.3.

The method described in Chapter 3 is applied to the data described previously.

Figure 4.4 displays a collection of identified close-pairs at 0.3 < z < 3.0 in the

COSMOS field. Finally, an example of the stellar mass and redshift information

used in this work for a typical close-pair of galaxies in the COSMOS region is shown

in Figure 4.5. In the next Section, the results of measuring the galaxy close-pair

fraction are presented and discussed. Section §4.4 presents the raw measured pair

fractions for various sample selections, Section §4.5 presents derived merger rates,

Section §4.6 discusses the results, and Section §4.7 summarises the main results and

implications.
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Figure 4.4: Three-colour image using the UltraVISTA DR1 J , H, and Ks-band
images of close-pairs at 0.3 < z < 3.0 that contribute Npair > 0.7 after weightings
are applied. Each postage stamp is centred on the primary (most massive) galaxy
and the outer white circles represent a physical search radius of 30 kpc around
each centred primary galaxy. Colour scaling is done automatically to highlight the
often faint galaxies of interest. A range of morphologies, colours and galaxy sizes
are apparent. Pairs with the same primary galaxy (but different secondary galaxy)
result in the same postage stamp being shown multiple times within the above
image.
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Figure 4.5: Top: Computed redshift probability distributions, P (z), for an iden-
tified close-pair system with a primary galaxy (solid red line) at best-fit redshift
zpeak = 0.44 and secondary galaxy (dashed dotted blue line) at best-fit redshift
zpeak = 0.43. A greyscale Ks-band image of the pair, of side length 20”, is shown
inset. The integrated cumulative probability function (Equation 3.5) of the system
is given by the dashed black line. Bottom: The stellar mass as a function of redshift,
via SED-fitting, for the primary and secondary galaxies. At their best-fit zpeak, the
primary and secondary galaxies possess stellar masses of log(M∗/M�) = 11.2 and
10.7, respectively. The major merger mass ratio (1:4) is given by the dark shaded
region while the minor merger mass ratio (1:10) is given by the light shaded region.
The hatched regions represent redshift ranges where the close-pair system is not
considered as the primary galaxy does not meet the criteria of log(M∗/M�) > 11.
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4.4 The major merger fraction at z < 3.5

This section presents the measured pair fractions obtained for various primary sam-

ples. The primary samples are chosen in order to enable comparison of their derived

merger rates with previous works touched upon in Section §4.1. As previously men-

tioned, the close-pair analysis is performed in the GAMA region in two ways: pho-

tometrically and spectroscopically. For the latter, conditions are enforced whereby

the projected close-pairs must be within ∆v < 500 km/s (∆z = 0.0017) of each

other. A combination of mass (in)completeness and the potential to miss a large

population of massive galaxies at faint magnitudes (Caputi et al., 2015) limit our

study to z < 3.5 in the deepest near-IR survey region. Section §4.4.1 describes pair

fractions obtained for constant stellar mass selected samples, while Section §4.4.2

reports pair fractions for samples of galaxies selected at a constant cumulative co-

moving number density.

Firstly our choice of parameters are justified. The minimum physical separation

of a close-pair is defined as 5 kpc in order to minimise the influence of objects whose

photometry has become blended and to ensure the host galaxy is not counted as

its own companion. This physical separation translates into angular separations

between 0.7–1.5 arcseconds at the redshift ranges probed in this study. The pixel

scales in the UDS (0.27”/pix), VIDEO (0.19”/pix) and COSMOS (0.15”/pix) im-

ages, from which the catalogues were produced, represent minimum centroid sepa-

rations of 3, 3 and 5 pixels, respectively.

4.4.1 Constant stellar mass selected samples

The volume afforded by square degree-sized surveys allows the most massive galax-

ies (M∗ > 1011M�) to be probed across cosmic time. Major merger fractions are

obtained for two stellar mass selections at two physical separations purely for com-

parison with previous literature works. These fractions are tabulated for reference in

Table 4.2 and Section §4.5 presents derived major merger rates for these selections.

4.4.1.1 Massive galaxies (M∗ > 1011M�)

The pair fraction for a sample of galaxies defined by the limit M∗ > 1011M�

are measured at maximum physical separations of 20 kpc and 30 kpc to enable

comparison with previous works. Obtained fractions and estimated errors at both

separations are given in Table 4.2, however only results at a separation of < 30 kpc

are discussed in the text due to the larger sample sizes obtained using this larger

separation. Results of fpair at this separation in the GAMA, UDS, VIDEO and
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Table 4.2: Major merger (µ > 1/4) pair fractions, fpair, and associated errors
calculated using Pyrus for constant stellar mass selected samples. Fractions are
listed by each survey region, separated by stellar mass and physical search radius
parameters. Errors include contributions from cosmic variance, bootstrap error
analysis and Poisson errors.

z GAMA UDS VIDEO COSMOS

M∗ > 1010M� (5− 20kpc)

0.0 – 0.1 0.020±0.005 - - -

0.1 – 0.2 0.014±0.002 - - -

0.2 – 0.5 - 0.016±0.006 0.017±0.005 0.015±0.004

0.5 – 1.0 - 0.042±0.007 <= 0.031 0.021±0.003

1.0 – 1.5 - 0.057±0.008 - <= 0.031

1.5 – 2.0 - <= 0.099 - -

M∗ > 1010M� (5− 30kpc)

0.0 – 0.1 0.034±0.008 - - -

0.1 – 0.2 0.025±0.003 - - -

0.2 – 0.5 - 0.041±0.012 0.038±0.009 0.028±0.006

0.5 – 1.0 - 0.076±0.012 <= 0.075 0.052±0.006

1.0 – 1.5 - 0.101±0.014 - <= 0.077

1.5 – 2.0 - <= 0.178 - -

M∗ > 1011M� (5− 20kpc)

0.0 – 0.1 0.034±0.024 - - -

0.1 – 0.2 0.017±0.005 - - -

0.2 – 0.5 - 0.017±0.030 0.004±0.005 0.023±0.011

0.5 – 1.0 - 0.035±0.016 0.034±0.012 0.016±0.004

1.0 – 1.5 - 0.053±0.019 0.027±0.010 0.018±0.005

1.5 – 2.0 - 0.097±0.056 - 0.023±0.007

2.0 – 2.5 - 0.061±0.028 - 0.027±0.010

2.5 – 3.0 - 0.051±0.029 - <= 0.051

3.0 – 3.5 - 0.033±0.026 - -

M∗ > 1011M� (5− 30kpc)

0.0 – 0.1 0.046±0.031 - - -

0.1 – 0.2 0.025±0.007 - - -

0.2 – 0.5 - 0.067±0.051 0.014±0.009 0.038±0.016

0.5 – 1.0 - 0.061±0.023 0.060±0.017 0.040±0.009

1.0 – 1.5 - 0.084±0.025 0.076±0.031 0.041±0.009

1.5 – 2.0 - 0.084±0.029 - 0.048±0.012

2.0 – 2.5 - 0.086±0.037 - 0.047±0.015

2.5 – 3.0 - 0.075±0.039 - <= 0.085

3.0 – 3.5 - 0.042±0.031 - -
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Figure 4.6: The measured major merger (µ > 1/4) pair fraction, fpair, for galaxies
with log(M∗/M�) > 11 at physical separations of 5–30 kpc as a function of red-
shift in the GAMA (gold and black crosses), UDS (red circles), COSMOS (green
triangles) and VIDEO (blue squares) fields. The black crosses with horizontal error
bars are points measured using the GAMA spectroscopic sample, including Poisson
errors and cosmic variance estimates. Results from a complimentary study within
the CANDELS fields (Duncan et al., in prep) are presented as solid black circles.
Upper limits on the pair fraction are given by points with solid filled arrows. The
best-fit to all the data, as provided in Table 4.3, is shown as a solid grey line. The
grey shaded area represents the 1σ variation in the pair fraction as measured using
24 light cones based on the H15 semi-analytic model. The dashed black line is a
power law fit of the form ∼ (1 + z)3, as in Bluck et al. (2012).



CHAPTER 4. MAJOR MERGER HISTORIES 92

COSMOS regions are shown in Figure 4.6 as gold and black crosses, red circles,

blue squares and green triangles, respectively. Results from a complimentary study

within the CANDELS fields (Duncan et al., in prep) are shown as filled black circles.

Where the primary sample is complete (in stellar mass) but the companion search

area is > 50% complete, one sigma upper limits on fpair are denoted by symbols

with a filled arrow of the same colour. Errors include contributions from cosmic

variance estimates (Moster et al., 2011), Poisson statistics and a bootstrap error

analysis. These contributions are summed in quadrature.

Towards higher redshift the UDS, VIDEO and COSMOS fields provide an insight

into the evolution of the pair fraction to within the first 2 Gyr of cosmic time.

Pair fractions measured in the lowest redshift bin (0.2 < z < 0.5) exhibit a large

scatter between fields and possess large uncertainties. This is attributed to the

relatively small volumes in this redshift bin which translates into a small sample

of massive galaxies. However, all three fields report values of fpair that agree to

within the errors. At z > 0.5 a consensus exists that fpair evolves very little at

z < 3.5. The measurements within the VIDEO region are found to be consistent

with those obtained in the UDS region, however stellar mass completeness limits

our comparison to z < 1.5 in this region.

As in previous works, the pair fraction results are fit via a least-squares fitting

routine with a simple power law of the form fpair = f0(1 + z)m (e.g., Patton et al.,

2002; Conselice et al., 2003; Bridge et al., 2007), which describes the pair fraction at

z = 0 and the slope of the pair fraction with redshift. Generally a weakly increasing

pair fraction with redshift is found. A similar evolution is found by López-Sanjuan

et al. (2009, see their Fig. 5) at 0.2 < z < 1, López-Sanjuan et al. (2015, see their

Fig. 11) at 0 < z < 1, and Conselice et al. (2003, see their Fig. 14) at 1.4 < z < 3.4,

albeit with slightly varying selections and methodologies.

Performing the fitting procedure to the data from all observationally determined

pair fractions shown in Figure 4.6 reveals an evolution in the pair fraction of

fpair(z) = 0.025+0.005
−0.004 × (1 + z)0.62±0.22

for close-pairs selected at 5–30 kpc. This is plotted as a solid black line. Fit-

ting parameters for close-pairs selected at 5–20 kpc, at lower stellar masses, and

using different combinations of data are presented in Table 4.3. Our data are com-

plimented by pair fraction measurements within the CANDELS fields at z > 1.5

presented in Duncan et al. (in prep). The relative scarcity of high mass galaxies

combined with the small volumes probed by the CANDELS fields result in upper
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limits (solid black circles with a downward pointing solid black arrow) of the pair

fraction at z > 2.5 although they are consistent with measurements in the UDS and

COSMOS regions of this work. If just the GAMA, UDS, VIDEO and COSMOS

data are considered, a very similar evolution in the pair fraction is found of

fpair(z) = 0.025+0.005
−0.004 × (1 + z)0.73+0.21

−0.22 ,

which is found to be in excellent agreement with the fit obtained when considering

the CANDELS data at high redshift.

The fitting procedure consists of the following steps. Firstly, each measurement

of the merger fraction is modelled as a Gaussian distribution and a value is selected

at random from the distribution. Doing this at every measurement redshift gives a

’realisation’ of the merger fraction. This ’realisation’ is fitted with the power law

using a least squares fitting routine. This process is repeated many times to produce

a distribution of each fitting parameter. It is from these distributions that the 16,

50, and 84-th percentiles are selected giving the lower limit, average and upper

limit of each fitting parameter. This procedure allows for Poisson uncertainties,

cosmic variance estimates (Moster et al., 2011), and uncertainties from the merger

fraction bootstrap analysis to be included in the fitting procedure. In the following

Sections, this leads to often large uncertainties on the fitting parameters however

it is suggested these uncertainties are more realistic compared to previous studies

on the subject.

As mentioned previously, it is difficult to compare merger fractions measured

between different studies. However, for completeness, the results of this work are

compared with previous studies of the major merger pair fraction. This work’s value

of m = 0.62± 0.22 is in agreement with that found by Conselice et al. (2003) for a

primary sample of MB > −20 over a similar redshift range. On the other hand, the

major merger fraction slope of m = 2.9±0.4 found for galaxies with log(M∗/M�) >

11 in Bluck et al. (2009) is seemingly at odds with the measurement presented in

this work. However, their fit is anchored by the z = 0 point of De Propris et al.

(2007) which was measured using different selection criteria to the z > 0.5 data.

Re-fitting to just the high redshift data presented in Fig. 1 of Bluck et al. (2009)

results in a significantly shallower slope of m = 0.48± 0.41, in agreement with our

result. Xu et al. (2012) used close-pair analysis to determine the pair fraction of

galaxies with 11 < log(M∗/M�) < 11.4, finding fpair = 0.011± 0.002 at z = 0 and

fpair = 0.061± 0.015 at z ∼ 0.9. These results are in good agreement with the pair

fractions obtained in this work. Ferreras et al. (2013) performed a similar analysis
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Table 4.3: Major merger (µ > 1/4) fraction fitting parameters for combinations
of survey regions, for a parametrisation of the form fpair(z) = f0(1 + z)m. Fitting is
performed on fpair measurements up to the redshifts reported in Table 4.2. Errors
are determined using a bootstrap analysis and the resulting parameter distributions
of 10,000 realisations. The number of merging events, Nmerg, a galaxy undergoes
at 0 < z < 3.5, given by the integral in Equation 4.7, is provided in the far right
column.

Survey Region f0 m N z<3.5
merg N z<2

merg N z<1
merg

M∗ > 1010M� (5− 20kpc)

UDS 0.011+0.004
−0.003 2.04+0.39

−0.36 1.08+0.94
−0.52 0.65+0.46

−0.26 0.33+0.21
−0.13

COSMOS 0.010+0.006
−0.005 1.40+1.20

−1.02 0.57+1.27
−0.38 0.39+0.56

−0.23 0.23+0.25
−0.13

All 0.006+0.002
−0.001 2.60+0.32

−0.35 1.00+0.83
−0.45 0.52+0.33

−0.19 0.22+0.13
−0.08

All + GAMA 0.009+0.002
−0.001 2.07+0.29

−0.29 0.91+0.61
−0.34 0.55+0.31

−0.17 0.27+0.14
−0.08

M∗ > 1010M� (5− 30kpc)

UDS 0.026+0.009
−0.007 1.73+0.39

−0.38 1.03+0.88
−0.46 0.68+0.48

−0.28 0.37+0.25
−0.14

COSMOS 0.014+0.008
−0.006 2.36+1.05

−0.93 0.99+2.29
−0.68 0.57+0.83

−0.35 0.26+0.29
−0.14

All 0.017+0.003
−0.003 2.21+0.27

−0.28 1.03+0.70
−0.36 0.60+0.36

−0.19 0.29+0.16
−0.09

All + GAMA 0.019+0.002
−0.002 2.03+0.20

−0.20 0.98+0.58
−0.31 0.60+0.33

−0.17 0.30+0.16
−0.08

All + GAMA + D16 0.026+0.002
−0.002 0.89+0.16

−0.16 0.54+0.29
−0.15 0.43+0.21

−0.11 0.27+0.14
−0.07

M∗ > 1011M� (5− 20kpc)

UDS 0.032+0.018
−0.013 0.36+0.47

−0.46 0.88+0.76
−0.45 0.75+0.62

−0.38 0.53+0.40
−0.26

VIDEO 0.003+0.003
−0.002 2.48+1.03

−1.22 0.52+1.57
−0.39 0.27+0.49

−0.19 0.12+0.15
−0.08

COSMOS 0.013+0.010
−0.006 0.52+0.71

−0.71 0.40+0.49
−0.24 0.33+0.25

−0.13 0.22+0.14
−0.08

All 0.009+0.003
−0.002 1.11+0.36

−0.35 0.40+0.32
−0.17 0.30+0.18

−0.11 0.19+0.11
−0.07

All + GAMA 0.011+0.003
−0.003 0.89+0.34

−0.35 0.43+0.30
−0.17 0.33+0.21

−0.12 0.21+0.13
−0.08

M∗ > 1011M� (5− 30kpc)

UDS 0.076+0.036
−0.027 −0.06+0.41

−0.42 0.87+0.69
−0.40 0.75+0.57

−0.34 0.58+0.42
−0.26

VIDEO 0.008+0.006
−0.004 2.97+0.94

−0.98 1.08+2.88
−0.79 0.48+0.80

−0.32 0.19+0.22
−0.11

COSMOS 0.034+0.015
−0.011 0.30+0.48

−0.47 0.48+0.42
−0.23 0.41+0.32

−0.18 0.28+0.22
−0.13

All 0.026+0.006
−0.005 0.69+0.25

−0.25 0.47+0.30
−0.16 0.37+0.22

−0.12 0.25+0.14
−0.08

All + GAMA 0.025+0.005
−0.004 0.73+0.21

−0.22 0.46+0.28
−0.15 0.37+0.20

−0.11 0.24+0.13
−0.07

All + GAMA + D16 0.025+0.005
−0.004 0.62+0.22

−0.22 0.43+0.25
−0.14 0.34+0.20

−0.10 0.24+0.13
−0.07

n(>M∗) = 1× 10−4 Mpc−3 (5− 30kpc)

All 0.024+0.017
−0.011 0.85+0.69

−0.66 0.49+0.62
−0.28 0.38+0.40

−0.22 0.26+0.24
−0.14

All + GAMA 0.021+0.008
−0.007 0.97+0.45

−0.40 0.46+0.37
−0.20 0.35+0.27

−0.15 0.23+0.15
−0.10

n(>M∗) = 5× 10−4 Mpc−3 (5− 30kpc)

All 0.030+0.014
−0.011 0.78+0.61

−0.56 0.58+0.59
−0.29 0.44+0.40

−0.20 0.30+0.24
−0.14

All + GAMA 0.024+0.005
−0.005 1.06+0.31

−0.31 0.56+0.37
−0.20 0.42+0.26

−0.14 0.27+0.15
−0.09
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Figure 4.7: The measured major merger (µ > 1/4) pair fraction fpair for galaxies
with log(M∗/M�) > 10 at physical separations of 5–30 kpc as a function of red-
shift in the GAMA (gold and black crosses), UDS (red circles), COSMOS (green
triangles) and VIDEO (blue squares) fields. The black crosses with horizontal error
bars are points measured using the GAMA spectroscopic sample, including Poisson
errors and cosmic variance estimates. Results from a complimentary study within
the CANDELS fields (Duncan et al., in prep) are presented as solid black circles.
Upper limits on the merger fraction are given by points with solid filled arrows.
The best-fit fpair(z) for galaxies with log(M∗/M�) > 11 (Figure 4.6) is shown as
a dashed grey line for comparison. The grey shaded area represents the 1σ vari-
ation in the merger fraction as measured using 24 light cones based on the H15
semi-analytic model.

towards higher redshift finding pair fractions of 10-15% at 0.5 < z < 1.3 for galaxies

with > 1011 M�. At the lowest of these redshifts, these fractions are much larger

than found in this work, however the fractions at the higher redshift end agree well

with this work. The work of Ferreras et al. (2013) is however based on the small

volume of the GOODS-N fields which may introduce large cosmic variance issues

at the lowest redshifts.

4.4.1.2 Intermediate mass galaxies (M∗ > 1010M�)

The same measurement is performed for a sample of lower stellar mass systems

with log(M∗/M�) > 10. Stellar mass completeness considerations limit our mea-

surements to z < 1.5. As displayed in Figure 4.7, an increase in the pair fraction

is found from fpair ∼ 0.03 at z ∼ 0.1 to fpair ∼ 0.1 at z ∼ 1.25. If the results of

Duncan et al. (in prep) are considered at 1.5 < z < 3.5 in addition to those at

z < 1.5, the pair fraction is found to remain roughly constant (fpair = 0.06) to high

redshift. Fitting these data, as in Section §4.4.1.1, gives

fpair = (0.026± 0.002)× (1 + z)0.89±0.16.
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When the calculated uncertainties are considered, the evolution of the pair fraction

for intermediate mass galaxies is entirely consistent with that measured for the

most massive galaxies in Section §4.4.1.1. The fit for this higher mass selection is

illustrated in Figure 4.7 as the dashed black line.

Additionally, the H15 semi-analytic model light cones predict pair fractions

(solid grey shaded region in Figure 4.7) in excellent agreement with all observa-

tions at z > 0.3. As with more massive samples, the cosmic variance between the

light cones also appears to be reproduced. This agreement also extends to pair

fractions measured at the smaller separation of 5–20 kpc.

4.4.2 Constant number density selected samples

Selecting samples of galaxies at a constant cumulative comoving number density has

been used to connect samples of galaxies across time (e.g., Papovich et al., 2011;

Conselice et al., 2013; Ownsworth et al., 2014; Torrey et al., 2015; Ownsworth et al.,

2016), and has been shown to be more successful at tracing galaxy populations than

a selection above a constant stellar mass with redshift (See Chapter 2; Behroozi

et al., 2013; Leja, van Dokkum & Franx, 2013; Jaacks, Finkelstein & Nagamine,

2016).

To provide the best estimate of the evolution of the merger histories of the

progenitors of today’s most massive galaxies, the pair fraction is measured for a

sample of galaxies selected at a constant cumulative comoving number density of

n = 5 × 10−4 Mpc−3 which provides a sample of galaxies with M∗ > 1011M� at

z ≈ 0, and galaxies with > 109.5M� at z ∼ 3.25. The corresponding stellar mass

limit is calculated at every redshift using the galaxy stellar mass function, described

further in Section §4.6.3.1. Figure 4.8 and Figure 4.9 display the integrated galaxy

stellar mass functions at each redshift bin, denoting the calculated stellar mass

limits and associated errors. Making this selection directly probes the progenitors

of these galaxies at higher redshift (see Chapter 2). The choice of number density

is a trade off between satisfactory sample sizes at low redshift and avoiding mass

completeness issues at high redshift.

The pair fraction evolution from this number density selection, measured at a

separation of 5–30 kpc, is found to have a similar z = 0 normalisation compared

to the pair fractions measured for constant stellar mass selected samples. However,

the measured slope is a factor of ∼ 2 larger compared to galaxies at > 1011 M�,

and a factor of ∼ 1.5 compared to galaxies at > 1010 M�. The fitting procedure
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Figure 4.8: Integrated galaxy stellar mass functions (solid blue line) at 0 < z <
3.5, with stellar mass limits at a constant cumulative number density of 1 × 10−4

Mpc−3 indicated by the intersection of the horizontal and vertical red lines. Un-
certainties on the integrated values are denoted by the shaded blue regions. Due
to the various GSMF parametrisations used — and thus the various surveys used
to calculate them — the horizontal red line does not smoothly decrease towards
higher redshift as expected. However, where this is the case the calculated stellar
mass limits are in good agreement and generally within 0.1 dex.
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Figure 4.9: Integrated galaxy stellar mass functions (solid blue line) at 0 < z <
3.5, with stellar mass limits at a constant cumulative number density of 5 × 10−4

Mpc−3 indicated by the intersection of the horizontal and vertical red lines. Uncer-
tainties on the integrated values are denoted by the shaded blue regions.
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parametrises the pair fraction for this selection as

fpair(z) = (0.021± 0.005)× (1 + z)1.23+0.33
−0.32 .

This fit is obtained using the pair fraction measurements in the GAMA, UDS,

VIDEO and COSMOS fields at z < 1.5. The pair fraction has been measured on

a finer redshift grid in the VIDEO field to constrain the slope of the pair fraction

over this small redshift range. Measured pair fractions for this selection are listed

in Table 4.4.

Probing a smaller number density selection of n = 1 × 10−4 Mpc−3 provides a

sample of galaxies at 0 < z < 0.2 with stellar mass log(M∗/M�) > 11.2 and allows

us to probe the progenitors of such galaxies out to a higher redshift of z = 2.5.

Here, exactly the same f(z = 0) is found as the larger number density, but a slightly

shallower evolution with redshift becoming only slightly steeper (but agreeing within

the errors) than fpair measured for constant stellar mass selections at > 1010 M�.

Fitting the data finds

fpair(z) = (0.021+0.008
−0.007)× (1 + z)0.97+0.45

−0.40 .

While the best-fit parameters predict a steeper evolution with increasing redshift,

once the uncertainties are considered the evolution is consistent with that found for

the larger number density of n = 5× 10−4 Mpc−3. Therefore no significant change

in the pair fraction evolution is detected between these two selections. Additionally,

there is no significant difference between the evolution of the pair fraction in these

selections with those of a constant mass selection when the same redshift range

and datasets are considered. Further exploration at higher redshift is needed to

constrain this evolution and make a comparison at higher redshift.

4.4.3 Comparison between spectroscopically and photomet-

rically determined merger fractions

The extraordinarily high spectroscopic completeness (> 97%) of the GAMA region

(see Baldry et al. (2010, 2014), Robotham et al. (2010) and Hopkins et al. (2013)

for details on the spectroscopic targeting campaign and subsequent analysis) al-

lows several tests to be performed. Measured merger fractions are compared in

the GAMA region at z < 0.2 in two ways: spectroscopically and photometrically.

To perform the measurement spectroscopically some tolerance in redshift must be

chosen, translating to a cut in relative velocities between the galaxies in a close-pair
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Table 4.4: Calculated major merger (µ > 1/4) pair fractions, fpair, and associated
errors for a constant cumulative comoving number density, n, selected sample of
galaxies. The stellar mass limit, Mlim

∗ , at the corresponding number density and
redshift is calculated by integrating the appropriate galaxy stellar mass function.
Errors include contributions from cosmic variance, bootstrap error analysis and
Poisson errors.

z logMlim
∗ GAMA UDS VIDEO COSMOS

n = 5× 10−4 Mpc−3 (5− 30kpc)

0.0 – 0.1 10.8 0.045±0.021 - - -

0.1 – 0.2 10.8 0.025±0.006 - - -

0.2 – 0.5 10.9 - 0.058±0.043 0.015±0.010 0.035±0.013

0.5 – 0.7 10.9 - - 0.066±0.026 -

0.7 – 0.9 10.9 - - 0.070±0.023 -

0.5 – 1.0 10.9 - 0.069±0.021 - 0.040±0.008

0.9 – 1.1 10.9 - - 0.070±0.019 -

1.1 – 1.3 10.8 - - <= 0.084 -

1.0 – 1.5 10.8 - 0.094±0.023 - 0.044±0.008

1.5 – 2.0 10.6 - <= 0.142 - <= 0.076

n = 1× 10−4 Mpc−3 (5− 30kpc)

0.0 – 0.1 11.2 0.046±0.036 - - -

0.1 – 0.2 11.2 0.021±0.009 - - -

0.2 – 0.5 11.3 - 0.018±0.053 0.004±0.008 0.081±0.050

0.5 – 0.7 11.2 - - 0.041±0.034 -

0.7 – 0.9 11.2 - - 0.068±0.039 -

0.5 – 1.0 11.2 - 0.031±0.025 - 0.038±0.011

0.9 – 1.1 11.2 - - 0.068±0.034 -

1.1 – 1.3 11.1 - - 0.029±0.016 -

1.0 – 1.5 11.1 - 0.081±0.025 - 0.042±0.010

1.5 – 1.7 10.9 - - <= 0.121 -

1.5 – 2.0 10.9 - 0.082±0.030 - 0.049±0.012

2.0 – 2.5 10.7 - 0.092±0.034 - <= 0.073

2.5 – 3.0 10.6 - <= 0.129 - -
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system. Previous studies have chosen a relative velocity offset of |∆v| < 500 km/s

(e.g., Patton et al., 2000; Lin et al., 2004, 2008; de Ravel et al., 2009; López-Sanjuan

et al., 2012) in order to select close-pairs with a high probability of coalescence. This

work therefore enforces this condition when measuring the spectroscopic pair frac-

tion in the GAMA region (see black crosses with horizontal error bars in Figures

4.6 and 4.7).

Pair fractions measured with photometric and spectroscopic redshifts for mas-

sive galaxies (M∗ > 1011M�; Section §4.4.1.1) are found to be in excellent agree-

ment. Using the calculated GAMA photometric redshifts result in pair fraction of

fpair = 0.046± 0.031 at 0.005 < z < 0.1, and fpair = 0.025± 0.007 at 0.1 < z < 0.2.

Performing the analysis at 0.005 < z < 0.2 using the available spectroscopic red-

shifts instead results in fpair = 0.041±0.013, in good agreement with the photomet-

ric analysis. Intermediate mass galaxies (M∗ > 1010M�; Section §4.4.1.2) possess

photometric pair fractions of fpair = 0.034± 0.008 and fpair = 0.014± 0.002 within

the same redshift bins. Again performing the analysis spectroscopically, the pair

fraction is found to be fpair = 0.011 ± 0.002. This close agreement suggests that

the criteria we enforce on the photometric redshift probability distributions of the

galaxies is approximately equivalent to enforcing a cut of ∆v < 500 km/s in rela-

tive velocity. Similar agreement is also seen at the smaller separation of 5–20 kpc.

The observed consistency between the results of performing the analysis photo-

metrically and spectroscopically suggests that the two methods perform equivalent

measurements.

4.5 The major merger rate at z < 3.5

While the fraction of galaxies undergoing a merger event within a particular sample

is a useful quantity, the ultimate goal is to measure the rate at which a typical galaxy

(or population of galaxies) undergoes merging events. To achieve this, the merger

fraction must be converted to a merger rate. The following section describes the

process undertaken.

4.5.1 Calculating the merger rate from the pair fraction

Whereas merger fractions obtained via different methods may not necessarily be

directly comparable, derived merger rates can be compared if the typical timescale

over which each method can observe a galaxy merger is known. The conversion to

merger rates is strongly dependent on the method of choice (e.g. close-pairs) and is
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sensitive to various parameter choices (e.g. physical separation). The same method

as described in Lotz et al. (2011) is used to derive merger rates from the merger

fractions presented in Section §4.4 and the interested reader is referred to this paper

for a concise and thorough introduction to the topic.

Two measures of the merger rate are often used in the literature. These are the

volume-averaged galaxy merger rate, Γmerg, and the fractional galaxy merger rate,

Rmerg. The difference between these two quantities is important: Γ(z) traces the

number of merging events per unit comoving volume and time above a mass limit,

while R(z) encodes the number of mergers per massive galaxy (Lotz et al., 2011)

per unit time. The volume-averaged merger rate is defined as

Γmerg(z) =
φmerg(z)

〈Tobs〉
=
fmerg(z)n1(z)

〈Tobs〉
, [Mpc−3 Gyr−1] (4.5)

and the fractional merger rate defined as

Rmerg(z) =
fmerg(z)

〈Tobs〉
, [Gyr−1] (4.6)

where 〈Tobs〉 is the average timescale during which a merger can be observed given

the method used to identify it, n1(z) is the volume number density of the primary

sample, φmerg is the volume number density of mergers, and fmerg is the merger

fraction. As only pair fraction is directly measured, a correction must be made such

that fmerg = Cmergfpair, where Cmerg is the fraction of pairs that will eventually result

in a merger event. This is typically taken to be Cmerg = 0.6 (Lotz et al., 2011) and

so this convention is continued, however note the large uncertainty on this quantity

and its origin going forward. The number density of the primary sample, n1(z), is

calculated by integrating the GSMF at the appropriate redshift between the stellar

mass limits of Mmin
∗ (z) < M∗(z) < Mmax

∗ (z), where the maximum stellar mass

considered is 1012M�.

Values of 〈Tobs〉 = 0.60 Gyr for close-pairs selected at 5–30 kpc, and 〈Tobs〉 = 0.32

Gyr for close-pairs selected at 5–20 kpc (Lotz et al., 2011) are assumed. Using these

values, which are measured using a suite of simulations, remarkable agreement is

found between derived merger rates of both 20 kpc and 30 kpc separation. For the

sake of brevity, and the advantage of larger number statistics, only merger rates

derived from 5–30 kpc pair fractions are reported in the text and figures. The de-

rived merger rate points are fit with either a simple power law of the same form

as fitted to the pair fraction, or with a combined power law and exponential (Con-

selice, 2009). The choice of fitting form is determined using the χ2 goodness-of-fit
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parameter. Fitted volume-averaged and fractional merger rates at both separations

are listed in Table 4.5 and Table 4.6.

Galaxies at log(M∗/M�) > 11 exhibit a constant volume-averaged merger rate

(top panel in Figure 4.10) of Γ ∼ 10−5 Mpc−3 Gyr−1 at z < 1.5, which declines

steadily by a factor of ∼ 10 towards higher redshift such that, at z = 3.25, it

is found that Γ = 4 × 10−7 Mpc−3 Gyr−1. This is attributed to the decrease

in the number density of such massive galaxies. Conselice et al. (2007) estimate

the merger rate of a morphologically selected sample using the same stellar mass

criteria at 0.4 < z < 1.4 as 2.0+3.0
−1.6 × 10−5 Mpc−3 Gyr−1 which is consistent with

our findings. Bluck et al. (2009) measure merger rates for a similar sample at high

redshift and find a merger rate of Γ < 1.2× 10−4 Mpc−3 Gyr−1 at z = 0.5, and at

z = 2.6 find Γ < 5 × 10−4 Mpc−3 Gyr−1. These upper limits are consistent with

the results presented here, with Γ found to be ∼ 10−5 Mpc−3 Gyr−1 at z = 0.5

and ∼ 10−6 Mpc−1 Gyr−1 at z = 2.6. As seen in Figure 4.10 our derived merger

rates at z < 1.5 are found to be a factor of ∼ 2 smaller than those described

in the aforementioned literature sources, although note that this work is typically

consistent within 2σ. This discrepancy is attributed to a number of factors. Bluck

et al. (2009) find significantly higher pair fractions than this work; approximately

∼ 5% at 0.5 < z < 1.5, and ∼ 30% at 2 < z < 3. These are a factor of ∼ 2

and ∼ 4 larger, respectively, which, coupled with merger timescales of 0.4±0.2 Gyr

(close-pair sample) and 1.0±0.2 Gyr (CAS sample) that Bluck et al. adopt, makes

their derived merger rates a factor of ∼ 2 larger at low redshift, and a significant

factor larger at high redshift (see their Section §3.2).

Galaxies with log(M∗/M�) > 10 exhibit a qualitatively similar evolution of the

volume-averaged merger rate, shown in the top panel of Figure 4.11. However the

rate is typically an order of magnitude greater than that derived for the higher stellar

mass sample. At z < 1.5 an approximately constant Γ ∼ 2 × 10−4 Mpc−3 Gyr−1

is found. Considering the derived merger rates using the pair fractions obtained

by Duncan et al. (in prep) in the CANDELS fields extends the measurement at

this stellar mass range to z = 3.25. A steep decline of Γ is found at z > 1.5

such that at z = 3.25, Γ ∼ 3 × 10−6 Mpc−3 Gyr−1, albeit with an uncertainty

of a factor of ∼ 5. These derived merger rates are compared with a selection of

literature rates (Lotz et al., 2008; Bluck et al., 2009; Conselice, 2009; de Ravel

et al., 2009; López-Sanjuan et al., 2009) compiled in Lotz et al. (2011). These

are shown in Figure 4.10 as solid grey markers. This work’s results are consistent

with merger rates derived in Bluck et al. (2009), López-Sanjuan et al. (2009) and

de Ravel et al. (2009), however the best-fit rates are consistently a factor of ∼ 2
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Table 4.5: Fitting parameters for the volume-averaged merger rate, Γmerg(z), as
given in Equation 4.5, for various combinations of surveys used within this work.
Fits with two parameters are of the form Γmerg(z) = Γ0(1 + z)mΓ , while those with
three parameters are of the form Γmerg(z) = Γ0(1 + z)mΓ exp(−cΓz). Appropriate
fitting forms are decided by comparing the goodness of fit using the χ2. Parame-
ters and their associated uncertainties are calculating using a bootstrap technique,
accounting for uncertainties on the pair fraction and GSMF.

Survey Γ0 mΓ cΓ

(Mpc−3 Gyr−1)

M∗ > 1010M� (5− 20kpc)

All 6.47+4.53
−3.03 × 10−5 1.29+1.07

−1.12 -

All + GAMA 1.00+0.58
−0.39 × 10−4 0.50+1.00

−1.28 -

M∗ > 1010M� (5− 30kpc)

All 8.16+4.88
−3.46 × 10−5 1.06+0.92

−0.97 -

All + GAMA 1.06+0.44
−0.34 × 10−4 0.60+0.80

−0.93 -

All + GAMA + D16 1.02+0.64
−0.51 × 10−4 3.10+4.99

−3.62 2.00+1.74
−2.53

M∗ > 1011M� (5− 20kpc)

All 2.17+4.08
−1.76 × 10−5 0.48+8.87

−5.09 1.34+2.36
−4.31

All + GAMA 2.98+6.61
−2.55 × 10−6 6.59+12.90

−7.03 3.68+3.39
−6.70

M∗ > 1011M� (5− 30kpc)

All 2.96+5.53
−2.28 × 10−6 9.22+9.37

−6.28 5.16+3.12
−4.85

All + GAMA 4.88+5.46
−3.32 × 10−6 6.89+7.28

−5.07 4.07+2.52
−3.78

All + GAMA + D16 4.59+6.60
−3.41 × 10−6 7.95+9.05

−6.75 4.82+3.44
−4.69

n(>M∗) = 1× 10−4 Mpc−3(5− 30kpc)

All 2.12+2.13
−1.23 × 10−6 0.99+1.05

−1.00 -

All + GAMA 2.14+1.29
−1.01 × 10−6 0.96+0.81

−0.71 -

n(>M∗) = 5× 10−4 Mpc−3(5− 30kpc)

All 1.69+1.28
−0.87 × 10−5 0.78+1.02

−0.93 -

All + GAMA 1.38+0.56
−0.49 × 10−5 1.05+0.65

−0.61 -
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Table 4.6: Fitting parameters for the fractional merger rate, Rmerg(z), as given in
Equation 4.6, for various combinations of surveys used within this work. Fits with
two parameters are of the form Rmerg(z) = R0(1 + z)mR , while those with three
parameters are of the form Rmerg(z) = R0(1+z)mR exp(−cRz). Appropriate fitting
forms are decided by comparing the goodness of fit using the χ2. Parameters and
their associated uncertainties are calculating using a bootstrap technique.

Survey R0 mR cR

(Gyr−1)

M∗ > 1010M� (5− 20kpc)

All 1.02+0.23
−0.20 × 10−2 2.76+0.35

−0.35 -

All + GAMA 1.83+0.21
−0.20 × 10−2 1.79+0.22

−0.22 -

M∗ > 1010M� (5− 30kpc)

All 1.54+0.18
−0.17 × 10−2 2.29+0.19

−0.19 -

All + GAMA 1.87+0.13
−0.12 × 10−2 1.97+0.12

−0.12 -

All + GAMA + D16 1.73+0.15
−0.14 × 10−2 3.79+0.48

−0.44 1.23+0.23
−0.24

M∗ > 1011M� (5− 20kpc)

All 1.65+0.48
−0.40 × 10−2 1.08+0.29

−0.29 -

All + GAMA 2.17+0.47
−0.44 × 10−2 0.79+0.27

−0.26 -

M∗ > 1011M� (5− 30kpc)

All 1.63+0.68
−0.53 × 10−2 2.83+1.50

−1.33 0.94+0.57
−0.66

All + GAMA 1.98+0.43
−0.39 × 10−2 2.17+1.01

−0.92 0.68+0.43
−0.48

All + GAMA + D16 2.01+0.44
−0.40 × 10−2 2.13+1.03

−0.94 0.68+0.44
−0.49

n(>M∗) = 1× 10−4 Mpc−3(5− 30kpc)

All 2.05+1.05
−0.75 × 10−2 1.03+0.50

−0.47 -

All + GAMA 2.01+0.65
−0.57 × 10−2 1.04+0.37

−0.33 -

n(>M∗) = 5× 10−4 Mpc−3(5− 30kpc)

All 1.91+0.62
−0.53 × 10−2 1.37+0.42

−0.36 -

All + GAMA 2.09+0.38
−0.35 × 10−2 1.25+0.25

−0.23 -
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smaller than the average literature merger rate. The derived fractional merger rate

shows a clear evolution to larger values with increasing redshift and is consistent

with the results of López-Sanjuan et al. (2009) and de Ravel et al. (2009), where

overlap allows comparison. Additionally, is is found that the discrepancy between

COSMOS and the other survey regions is reduced when probing this stellar mass

range, suggesting the cause of the discrepancy seen in Figure 4.6 is limited to higher

mass galaxies. Cosmic variance likely contributes to the observed discrepancy, as

it affects observations of the most massive objects more (Somerville et al., 2004;

Driver & Robotham, 2010; Moster et al., 2011). However, it most likely cannot

explain the systematic offset of the COSMOS field. This issue and the steps taken

to identify the cause are discussed further in Section §4.6.3.

4.5.2 Number of major merger events at z < 3.5

The number of merger events a typical galaxy within each primary sample goes

through between two redshifts can be approximated by integrating over the average

time between merger events with respect to time. This typical timescale is given

by 〈Tobs〉 /fmerg(z) = Rmerg(z)−1, where 〈Tobs〉 is the average time during which a

merger can be observed, as in Equations 4.5 and 4.6. The number of mergers, Nmerg,

between two redshift bins is then simply given by

Nmerg =

∫ t2

t1

Rmerg(z) dt =

∫ z1

z2

Rmerg(z)

(1 + z)H(z)
dz, (4.7)

where the substitution dt = dz/(1+z)H(z) has been made. Here H(z) is the Hubble

constant at redshift z, alternatively defined as H(z) = H0(ΩM(1 + z)3 + ΩΛ)1/2.

Performing this integration between 0 < z < 3.5 and assuming a conservative

33% uncertainty on the value of 〈Tobs〉, a galaxy with log(M∗/M�) > 11 undergoes

0.43+0.24
−0.14 major mergers between these times. Lower stellar mass galaxies, with

log(M∗/M�) > 10 undergo 0.54+0.29
−0.15 major mergers, approximately the same as

higher mass galaxies. This means that, on average, one out of every two galaxies

with > 1010M� has undergone a single major merger over the last 12 Gyr. For the

most massive galaxies, this value is a factor of ∼ 2 smaller than that reported in

Ownsworth et al. (2014), which calculated Nmerg = 1.2 ± 0.5 using a fit to merger

fractions from several literature sources (Bluck et al., 2009; Bundy et al., 2009; Xu

et al., 2012; Ruiz, Trujillo & Marmol-Queralto, 2014). These works use values of

Cmerg ≈ 0.5 − 1.0.Fitting parameters are driven by the large merger fractions at

high-redshift (z > 1.5) from Bluck et al. (2009) and the z = 0 point of Xu et al.

(2012), and are obtained from works with various definitions and sample selections.
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Figure 4.10: Derived volume-averaged (top) and fractional (bottom) major merger
rates for galaxies at log(M∗/M�) > 11 at 5 < r [kpc] < 30 in the GAMA (gold
crosses), UDS (red circles), VIDEO (blue squares) and COSMOS (green triangles)
regions. Error bars include contributions from a bootstrap error analysis, cosmic
variance estimates and Poisson statistics, combined in quadrature. Data points from
Conselice et al. (2007) and Bluck et al. (2009) are shown for comparison. Illustris
major merger rates for galaxies with stellar masses of 1010, 1011 and 1012 M� are
shown as dashed black lines.
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Figure 4.11: Derived volume-averaged (top) and fractional (bottom) major merger
rates for galaxies at log(M∗/M�) > 10 in the GAMA (gold crosses), UDS (red
circles), VIDEO (blue squares) and COSMOS (green triangles) regions. Error bars
include contributions from a bootstrap error analysis, cosmic variance estimates
and Poisson statistics, combined in quadrature. Data points, compiled in Lotz
et al. (2011), from Lotz et al. (2008); Conselice (2009); López-Sanjuan et al. (2009);
de Ravel et al. (2009) and Bundy et al. (2009) are shown as grey symbols for
comparison. Illustris major merger rates for galaxies with stellar masses of 1010,
1011 and 1012 M� are shown as dashed black lines.
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Figure 4.12: Derived volume-averaged (top) and fractional (bottom) major
merger rates for galaxies at a constant cumulative comoving number density of
n(>M∗) = 1 × 10−4 Mpc−3 at 5–30 kpc in the GAMA (gold crosses), UDS (red
circles), VIDEO (blue squares) and COSMOS (green triangles) regions. Error bars
include contributions from a bootstrap error analysis, cosmic variance estimates and
Poisson statistics, combined in quadrature. Illustris major merger rates at 1010, 1011

and 1012 M� are shown as dashed black lines. These are obtained by integrating
the galaxy-galaxy merger rate parametrisation given in Table 1 of Rodriguez-Gomez
et al. (2015) with respect to the stellar mass merger ratio between 0.25 < µ < 1.0.
Best-fit relations, as described in the text, are shown as solid grey lines. The dotted
grey line represents the derived merger gates for galaxies with > 1011M�.

4.5.3 Major merger rates at a constant cumulative number

density

Merger rates are calculated for the two number density selections first introduced in

Section §4.4.2. For a selection at n = 5× 10−4 Mpc−3 it is found that the evolution

of the volume-averaged merger rate can be parametrised as

Γ(z) = (1.4+0.6
−0.5 × 10−5)× (1 + z)1.1+0.7

−0.6 ,

and the fractional merger rate for the same selection is given by

R(z) = (2.1+0.4
−0.4 × 10−2)× (1 + z)1.3+0.3

−0.2 .
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Similarly, for the smaller choice of number density, n = 1× 10−4 Mpc−3, it is found

Γ(z) = (2.1+1.3
−1.0 × 10−5)× (1 + z)1.0+0.8

−0.7 ,

and

R(z) = (2.0+0.7
−0.6 × 10−2)× (1 + z)1.0+0.4

−0.3 .

Individual merger rate data points and the best fitting parametrisation for the latter

number density choice are shown in Figure 4.12, as this extends further in redshift

than the former number density. Our fit is thus better constrained for this number

density choice and, as has been mentioned, is not significantly different to the larger

number density. Merger rate fits for both number density selections are shown in

Table 4.5 and Table 4.6.

In contrast to the derived merger rates of constant stellar mass selections (see

Section §4.5.1), no evidence is observed for a turnover in either merger rate, which

are consistent with remaining approximately constant at z < 2.5. These data

suggest that the merger rate of galaxies as they evolve over time have remained

approximately constant, however further exploration is needed at high redshift to

determine this (see Duncan et al. in prep).

Assuming these rates, a typical galaxy in a selection at n = 5 × 10−4 Mpc−3

and n = 1 × 10−4 Mpc−3 is found to undergo 0.5+0.4
−0.2 and 0.6+0.4

−0.2 major mergers

since z = 3.5, respectively. These rates represent a total accreted stellar masses of

log(M∗/M�) = 10.4 ± 0.2 and 10.5 ± 0.3, respectively. Using the average stellar

mass of these samples at z ∼ 0, major mergers are found to account for 20+12
−10%

and 20+16
−12%, respectively, of the in-situ stellar mass at this redshift. For the smaller

number density choice, this is in excellent agreement with Ownsworth et al. (2014)

who find major mergers responsible for 17 ± 15% of the accumulated stellar mass

in a typical z = 0.3 massive galaxy.

4.6 Discussion

This section discusses the implications of this work’s results with respect to galaxy

evolution at z < 3.5, and explores various issues with the methods this work has

employed. In Section §4.6.1 the measured pair fractions are compared with the H15

semi-analytic model, and our merger rates with those of the Illustris cosmological

hydrodynamical simulation. Section §4.6.2 explores possible explanations for the

systematic difference between pair fractions measured in the COSMOS region, and
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those measured in the other regions. Finally, Section §4.6.3 describes the tests

performed on the data and measurements of the pair fraction which demonstrates

their robustness.

A caveat of this work work and indeed any close-pair study of merger histories is

the inherent uncertainty surrounding the fraction, Cmerg, of close-pair systems that

will eventually merge. Throughout this work it has been explicitly assumed this

fraction is constant with redshift, stellar mass and physical separation. Although

numerical simulations and empirical measurements of close-pairs at r < 30 kpc have

determined Cmerg ≈ 0.4− 1.0 (Kitzbichler & White, 2008; Patton & Atfield, 2008;

Bundy et al., 2009), its dependence on stellar mass and redshift is as yet unexplored

in detail. Furthermore the timescale, 〈Tobs〉, over which one can observe a merger

event (as defined in this paper) has been explored only at z < 1.5 (Lotz et al.,

2011), and its constancy beyond this is unknown. This work assumes that this

timescale is fixed at earlier times. If any of these assumptions prove incorrect, the

results presented herein will be in doubt. Further investigation of these parameters

is required.

It is relatively simple, however, to correct the results presented in this work to

other combinations of Cmerg and 〈Tobs〉, as these values are simply constants in any

integrations performed. For this purpose, the ratio of these two quantities is defined

as

ηmerg =
Cmerg

〈Tobs〉
. [Gyr−1] (4.8)

The rp < 30 kpc merger rates used in this work therefore correspond to ηmerg = 1,

while the rp < 20 kpc merger rates assume ηmerg = 1.875. If one then wished to

correct the merger rates, the estimated number of major mergers undergone by a

galaxy, or even the stellar mass accrued through major mergers for a different value

of η, simply multiply the values quoted in this paper by a factor of ηnew/ηold.

4.6.1 Comparison with semi-analytic models and hydrody-

namical simulations

Figure 4.6 and Figure 4.7 in Section §4.4 present a comparison between fpair mea-

sured observationally and from lightcones extracted from the H15 semi-analytic

model, illustrated as the grey shaded area in these figures. The model predicts pair

fractions in excellent agreement with those found in this work, especially when the

higher redshift CANDELS data are considered. Additionally, the (cosmic) vari-

ance seen between the lightcones appears to reflect the variance between the ob-
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servational measurements in different survey regions. The measured pair fractions

depend mainly on the clustering of galaxies (i.e. the cosmology) and the stellar

mass of galaxies. As H15 uses the most current cosmological model and is able to

reproduce the (total) GSMFs out to at least z ∼ 3, this is welcome agreement. This

agreement also extends the argument that Pyrus is in fact measuring close-pairs

with ∆v < 500 km/s, as seen at z ∼ 0 using GAMA in Section §4.4.3.

Figures 4.10 and 4.11 illustrate the derived fractional merger rates of galaxies

at > 1011M� and > 1010M�, respectively. Shown as dashed lines, the merger

rates of galaxies within the Illustris cosmological hydrodynamical simulation are

also plotted using the equation given in Table 1 of Rodriguez-Gomez et al. (2015).

This equation estimates the galaxy-galaxy merger rate as a function of stellar mass,

stellar mass merger ratio, and redshift. Integrating this equation with respect to

stellar mass merger ratio at 0.25 < µ < 1, results in the cumulative merger rate

comparable to our observations. It can be seen clearly that the predictions from

Illustris are found to be inconsistent with observational estimates of the fractional

merger rates. The predictions made by the simulation evolve strongly with redshift

and do not reproduce the observed values of R atM∗ < 1012M�. This may well be

due to the overproduction of both high (M∗ > 1010.5M�) and low (M∗ < 1010M�)

stellar mass galaxies within Illustris (Genel et al., 2014; Schaye et al., 2015; Arthur

et al., 2016) compared to observed number densities.

4.6.2 Field-to-field variation

Evident in the measured pair fractions (e.g., Figure 4.6) is an apparent systematic

offset in the measured merger fractions between the COSMOS region and the UDS

and VIDEO regions. At z > 1 the pair fractions measured in the COSMOS region

are found to be a factor of∼ 2 lower than those in either the UDS or VIDEO regions.

Such a consistent systematic difference over such a large redshift range cannot in all

likelihood be attributed to cosmic variance alone. This section describes the efforts

undertaken to determine the cause of this systematic difference.

During the course of this work an issue with the IRAC photometry in the UDS

catalogue was identified whereby fluxes were found to be underestimated by approx-

imately 20%. This issue was traced to the background estimation process in these

bands whereby the background level was overestimated and the resulting fluxes

underestimated. As these filters aid in constraining the photometric redshifts and

stellar masses of galaxies, the effect of such an underestimate in the flux on pho-

tometric redshifts and stellar population parameters is not trivial to predict. To

probe this, the sample’s IRAC fluxes are increased by a factor of 1.2 whilst conserv-
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ing the signal-to-noise ratio. Next the the photometric redshifts and stellar masses

of galaxies are recalculated and the pair fraction measurement is reapplied on the

adjusted photometry. No significant differences are found between the recalculated

fpair and those tabulated in Table 4.2. A similar issue with IRAC photometry was

discovered within the COSMOS catalogue as well. Spatially dependent system-

atic shifts in IRAC fluxes of up to one magnitude exist which essentially renders

the IRAC photometry in this catalogue unusable. The IRAC photometry was ex-

cluded, photometric redshifts and stellar masses were recalculated for all galaxies

and measurements of the pair fraction were performed once more. A systematic

increase of ∼ 10% is identified in the pair fraction in all redshift bins. This can

be attributed to a slight rise of ∼ 0.1 dex in the estimated stellar massed calcu-

lated without IRAC photometry. While this goes part of the way to reducing the

observed offset between COSMOS and the other regions, erroneous IRAC photom-

etry cannot be the primary source of the observed offset and its absence does not

significantly affect the results of this work. Further work is needed to pinpoint the

cause of this difference.

Another suspected source of the discrepancy is the different pixel scales of the

images from which photometry is extracted. Companion galaxies could be missed

by our analysis if it was close enough to a primary galaxy to have its photometry

blended in with the host galaxy’s light. The minimum separation for two galaxies to

be considered a close-pair is doubled to 10 kpc and the pair fraction measurement

is rerun. Comparing the remeasured fractions revealed the discrepancy remained

and thus is not predominantly due to source extraction/blending issues.

4.6.3 Tests on the merger fraction

Several tests and sanity checks are performed on the data and the method to en-

sure the robustness of the results presented in this work. As Pyrus makes use of

the GSMF to statistically correct for missing close-pairs if the stellar mass search

area is reduced (e.g. if µM∗,1 <Mcomp
∗ ), the dependence on the choice of GSMF

used to perform this correction on the measured fractions is important to quantify.

Using different published GSMF parameters (described in Section §4.6.3.1) results

in no significant change in the measured pair fractions, even at high redshift where

incompleteness and errors on the GSMF parameters are large. Furthermore, spa-

tial dependence of the merger fractions is tested for within each survey region by

splitting each dataset into four contiguous sub-fields and performing the merger

fraction measurement once more. No significant differences are found except in the

UDS region. A slight excess in the pair fraction is found, with fpair found to be a
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factor of ∼ 1.5 higher at 1.5 < z < 2.0, in one sub-field. This quadrant contains

a known galaxy cluster at z = 1.6 (Papovich et al., 2010), to which the observed

excess is attributed. Averaged over the entire region, this excess signal is not found

to significantly impact the measured pair fractions.

Where possible, merger fractions are remeasured using redshift PDFs produced

by independent works (e.g. Hartley et al. (2013) in the UDS region and Muzzin

et al. (2013a) in the COSMOS region). No significant difference is found when these

data are used. Additionally, a measurement of the contribution to the measured

pair fraction by the random projected positions of galaxies on the sky is performed.

Given these conditions, one would expect a negligible pair fraction extremely close

to zero. Pair fractions of ∼ 10−4, approximately two orders of magnitude lower

than those tabulated in Table 4.2, are found.

4.6.3.1 Galaxy stellar mass function choice

Various parts of this work make use of the galaxy stellar mass function (GSMF).

For example we employ the GSMF to calculate statistical weightings for primary

and secondary galaxies if a search in M∗-space falls below the completeness limit

of a survey. Additionally, in Section §4.5.3 we use the GSMF to calculate stellar

mass limits for a constant cumulative comoving number density selected sample.

GSMF parametrisations are sourced from various literature works for this pur-

pose. At z < 0.2 the GSMF of Baldry et al. (2012) is used, at 0.2 < z < 3 the

values presented in Mortlock et al. (2015, 2016) are used, and at 3.0 < z < 3.5

the results of Santini et al. (2012) are assumed. The numerical results presented

in this work are based on these GSMF parametrisations, making appropriate con-

versions to a Chabrier (2003) IMF. To ensure the results presented herein are not

dependent on the choice of GSMF, all measurements that depend on the GSMF are

performed with other literature parametrisations. At low redshift (z < 0.2) GSMF

parameters from Pozzetti et al. (2010) and Kelvin et al. (2014) are substituted. At

higher redshifts the values presented in Muzzin et al. (2013b) and Duncan et al.

(2014) are used. No significant change to the results presented in this work are

observed using any of these GSMF parametrisations and thus our results are robust

to the choice of GSMF. Summarising all aforementioned tests, we conclude that the

results presented in this work are robust and not significantly influenced by any of

the factors discussed.
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4.7 Conclusions

This Chapter has presented measurements of the merger fraction for flux-limited,

stellar mass selected samples of galaxies using the full photometric redshift prob-

ability information afforded by modern multi-wavelength surveys. Using a sam-

ple of ∼ 350, 000 galaxies within the UKIDSS UDS, VIDEO/CFHT-LS, Ultra-

VISTA/COSMOS and GAMA survey regions, merger fractions have been mea-

sured and derived merger rates calculated for constant stellar mass selected galaxies

(> 1010M�) and samples selected at two constant cumulative number densities of

n(>M∗) > 1 × 10−4 Mpc−3. For the first time a consistent picture of the major

merger histories of massive galaxies over the vast majority of cosmic time has been

painted.

Samples of galaxies selected at a constant stellar mass were probed to enable

comparison to previous literature. The main findings for these samples can be

summarised as followed. Measured pair fractions are found to be approximately

constant over the redshift range probed, and no significant difference between the

normalisation or evolution of the pair fraction for galaxies selected above stellar

masses of 1010M� and 1011M� was seen at z < 3.5. Pair fractions measured pho-

tometrically and spectroscopically (∆v < 500 kms/s) using the second data release

of GAMA are found to be consistent with each other at both constant stellar mass

selection limits.

Major merger rates are derived from major merger fractions for massive galaxies.

We subsequently calculated the average number of major merger events and the

stellar mass gained through major mergers at z < 3.5 for our samples. The volume-

averaged merger rates, Γ(z), of galaxies selected above stellar masses of 1010M� and

1011M� is found to be a factor of 2–3 smaller than many previous works. These rates

exhibit a strong evolution with redshift and are well fit by a combined power law

plus exponential. Due to lower major merger rates, galaxies are expected to undergo

fewer major mergers than previously found. Galaxies with M∗ > 1011M� undergo

0.43+0.25
−0.14 major mergers while galaxies withM∗ > 1011M� undergo 0.54+0.29

−0.15 major

merger events. However, these precise numbers strongly depend on the assumed

values of Cmerg and 〈Tobs〉. Galaxies with stellar masses > 1011M� (> 1010M�) at

z ≈ 3.25 accumulate additional stellar mass of log(M∗/M�) = 10.5±0.2 (10.1±0.2)

at z < 3.5 solely via major mergers.

Tracing the direct progenitors of local massive galaxies by sampling at a constant

cumulative number density of n = 1 × 10−4 (5 × 10−4) Mpc−3, representing z =

0 selections of M∗ > 1011.2M� (> 1011.0M�), it is found that a stellar mass of
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log(M∗/M�) = 10.5± 0.3 (10.4± 0.2) is accrued via major mergers over the same

redshift range.

Furthermore, many of the results presented in this work are compared to pre-

dictions made by the Henriques et al. (2015) semi-analytic model, and the Illustris

cosmological hydrodynamical simulation. The main results can be summarised as

follows. The Henriques et al. (2015) semi-analytic model predicts pair fractions

(measured spectroscopically with ∆v < 500 km/s) in excellent agreement with ob-

servations. Furthermore, the model variance between 1 deg2 fields-of-view similar

to that seen between the observed fields.

Finally, the fractional merger rates, R(z), predicted within Illustris are qualita-

tively and quantitatively inconsistent with our derived rates at z > 0.5. This may

be due to the inability of the simulation to reproduce the correct number density

of galaxies over a wide range of stellar masses at most redshifts. Illustris predic-

tions of the major merger accretion rate density, ρ1/4, are qualitatively similar to

those estimated for galaxies at a constant number density and constant stellar mass.

However, the normalisation is typically smaller than that observed by a factor of

∼2–3.



Chapter 5

The total merger histories of

massive galaxies at z < 3.5

In this Chapter the ‘total’ (µ > 1/10) merging histories of massive galaxies are

explored at z < 2.5. This is the sum of the major mergers explored in Chapter 4

as well as the signal from minor mergers, typically defined as 0.1 < µ < 0.25. Pair

fractions are measured within the same survey regions described in Chapter 4, and

merger rates are derived. From these the number of minor mergers is estimated

and the results compared with results from previous chapters and the literature.

5.1 Introduction

While many studies have investigated major mergers out to high redshift, the same

cannot be said of mergers at even smaller host-to-companion stellar mass ratios

— so-called minor mergers. These are typically defined in the literature as galaxy

pairings with 0.25 < µ < 0.1, although variations do occur. The deep imagery,

increased sample sizes or high completeness needed for such a study has only become

reality in the recent past. It is therefore prudent to investigate minor mergers and

accompany the few studies of minor mergers in the high-redshift Universe.

Minor mergers have been increasingly implicated in the observed size evolution

of massive elliptical galaxies (e.g., Bluck et al., 2012). An apparent change in size

of these galaxies by up to a factor of 5 from z ∼ 3 to z ∼ 0 can be theoretically

explained by several processes. These include adiabatic expansion (‘puffing up’)

from stellar mass loss or feedback mechanisms (e.g., Fan et al., 2008; Damjanov

et al., 2009), or indeed dry, dissipationless mergers. Simple arguments using the

virial theorem suggest that the latter mechanism can produce an increase in size

proportional to the square of the change in stellar mass (e.g., Naab, Johansson &

117
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Ostriker, 2009) from a merger event. This suggests that minor mergers are much

more efficient at changing the size of a galaxy than mergers at larger stellar mass

ratios (Bezanson et al., 2009; Hopkins et al., 2010). Given a high enough rate

of minor merger events, they may be a dominant driver in the size evolution of

massive galaxies if a large fraction are dry mergers (van der Wel et al., 2009).

Indeed it is reasonable to expect that the fraction of galaxies undergoing a minor

merger event would be larger than that for major mergers, due in part to the

larger dynamical friction timescales between galaxies at these stellar mass regimes,

and the shape of the GSMF (i.e. Schechter function; Schechter, 1976). However,

some cosmological simulations have indicated that major and minor merger rates

are comparable (within a factor of ∼ 2) at high stellar masses (> 1011 M�) and

redshifts of z ≤ 3 (e.g., Croton et al., 2006; Maller et al., 2006; Somerville et al.,

2008).

The simplest measurement that can be performed to investigate minor mergers

is to measure the fraction of galaxies undergoing such events. Recently, Man, Zirm

& Toft (2014) used 3DHST/CANDELS and UltraVISTA observations to determine

the role of minor mergers out to z = 2.5 for galaxies at > 1010.8 M�. Ignoring a

selection in flux rather than stellar mass, whereby the former generally selects gas-

rich pairings that the latter would otherwise exclude, Man, Zirm & Toft find that

minor merger pair fractions are comparable to that of major mergers and exhibit

a similar evolution with respect to redshift. Additionally, in their Figure 4, Man,

Zirm & Toft find a large scatter of up to a factor of ∼ 3 in the measured major

and minor merger fractions between the different CANDELS fields. The observed

similarity between the major and minor pair fractions is in contrast to the results

of Jogee et al. (2009), one of the first attempts to study minor mergers at high

redshift. They find that the fraction of morphologically selected minor mergers is

at least 3 times that of major mergers out to z ∼ 0.8.

Delving deeper into the issue, various investigations have been carried out in

order to quantify the impact of minor mergers on galaxy size, as well as other prop-

erties such as stellar mass growth. Naab, Johansson & Ostriker (2009) performed

analyses on cosmological N-body and SPH simulations. They found that minor

mergers increased the size of massive ellipticals on average by a factor of 3.4 from

z = 3 to z = 0. Newman et al. (2012) used observations in the CANDELS fields to

explore the role of minor mergers. They found that minor mergers could account for

most of the observed size evolution at z < 1 if the merger timescale was sufficiently

short at ≤ 1 Gyr. Using morphological selections, Bluck et al. (2012) inferred that

minor mergers could be responsible for, at most, a factor of two increase in the sizes
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of massive galaxies from z = 3 to the present. Ownsworth et al. (2014) compared

selections at a constant number density in order to infer the role of minor mergers

in the stellar mass growth of the direct progenitors of z ∼ 0.4 massive galaxies,

finding that minor mergers contribute approximately twice the stellar mass content

compared to major mergers since z ∼ 3. A more direct measurement for more

massive galaxies (selected at constant stellar mass) was made by Man, Zirm & Toft

(2014) using standard conversions from pair fractions to merger rates, who find that

minor mergers supply approximately one quarter of the stellar mass compared to

major mergers over a similar redshift regime.

The results of previous studies highlight the need for studies that combine wide-

area, deep independent fields in the robust determination of the minor merger his-

tories of galaxies. To this end, this Chapter presents measurements of the total and

minor merger histories of massive galaxies.

5.2 Data overview

The work in this Chapter utilises several datasets to achieve a measurement of the

total and minor merger histories of massive galaxies. They are described in detail

in Section §4.2, however a brief description follows.

At low redshift, multi-wavelength photometry and spectroscopic observations

from the second data release (DR2) of the GAMA survey are used. This dataset

provides a flux-limited sample of galaxies from three independent lines of sight

(totalling 144 square degrees) down to a limiting Petrosian r-band magnitude of

mr = 19. At z > 0.2, three independent lines of sight provide an effective area of

3.25 square degrees. The eighth data release (DR8) of the UKIDSS UDS provides

galaxies down to a limiting K-band magnitude of mK = 24.3 over 0.6 square de-

grees. The UKIDSS UDS remains the deepest K-selected square-degree sized survey

to date. The VIDEO survey, combined with CFHT observations in the CFHT-LS

D1 field, provides multi-wavelength observations over a 1 square degree field. Fi-

nally, UltraVISTA observations in the COSMOS field are combined with archival

observations. The publicly available catalogue provided in Muzzin et al. (2013a)

presents a sample of galaxies down to a limiting magnitude of mK = 23.4 over an

area of 1.6 square degrees. From these datasets photometric redshift probability

distributions, P (z), are calculated using EAZY, and stellar mass-redshift functions,

M∗(z), are calculated using a custom spectral energy distribution (SED) fitting

routine.
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5.3 Pair fractions measurements

5.3.1 Total merger pair fraction

Total (major plus minor) merger pair fractions are measured using exactly the

same method as for the major merger pair fractions in Chapter 4. The only change

implemented is to search for close-pairs within a stellar mass ratio of µ > 1/10.

Pair fractions are presented for the same galaxy selections as previously described,

however only those at 5–30kpc are reported herein for the sake of brevity and larger

number statistics. Pair fractions measured within each survey region are displayed

in Table 5.1, while simple power law fits for various combinations of survey regions

are given in Table 5.2.

Total pair fractions are measured for massive galaxies at > 1011 M� out to

z ∼ 2.25, beyond which measurements of the pair fraction are upper limits due to the

stellar mass completeness limit of the UKIDSS UDS field. Results for this sample

are plotted in the top panel of Figure 5.1 for the GAMA (gold and black crosses),

UKIDSS UDS (open red circles), VIDEO (open blue squares), and COSMOS (open

green triangles) regions. Generally, fpair is observed to increase steadily from ∼ 4%

at z = 0 to ∼ 14% at z = 2.25, however large differences are seen between fields.

Fractions within the UKIDSS UDS region remain approximately constant at 0.35 <

z < 2.25, with fpair ≈ 0.13, while measurements in the VIDEO region rise sharply

from 4% to 12% at z ∼ 0.35 and z ∼ 1, respectively. A similar evolution is seen in

the COSMOS region where fpair ≈ 0.07 at z < 1.5.

Once again the pair fractions are calculated in the GAMA region using both

the photometric and spectroscopic redshifts (assuming ∆v < 500 km/s for the

spectroscopic sample). These are given in all panels of Figure 5.1 as gold and black

crosses, respectively. Similarly to when probing major mergers, excellent agreement

is found between pair fractions measured these ways. A spectroscopic pair fraction

at 0.005 < z < 0.2 of 0.061 ± 0.013 is in agreement with the fractions measured

photometrically at ∼ 4%. Following the same procedure adopted in Chapter 4,

pair fractions are also measured within 24 light cones extracted from the Henriques

et al. (2015) semi-analytic model. The model is treated as a complete spectroscopic

sample, maintaining the same velocity difference criteria as used within the GAMA

region. The 1σ uncertainty region from the model is shown as the grey shaded area

in Figure 5.1. The model predicts pair fractions that remain approximately constant

at ∼ 20% with redshift. This qualitative evolution is consistent with the UKIDSS

UDS and COSMOS regions, albeit systematically larger by a factor of 2–3 relative

to the observations. However, when all the observational data is considered, the
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Table 5.1: Total merger (µ > 1/10) pair fractions, fpair, and associated errors
calculated using Pyrus for constant stellar mass selected samples. Fractions are
listed by each survey region, separated by stellar mass and physical search radius
parameters. Errors include contributions from cosmic variance, bootstrap error
analysis and Poisson errors.

z GAMA UDS VIDEO COSMOS

M∗ > 1010M� (5− 30kpc)

0.0 – 0.1 0.042±0.010 - - -

0.2 – 0.5 - 0.065±0.018 0.077±0.018 0.046±0.010

0.5 – 0.7 - - <= 0.111 -

0.5 – 1.0 - 0.115±0.018 - <= 0.087

1.0 – 1.5 - <= 0.163 - -

M∗ > 1011M� (5− 30kpc)

0.0 – 0.1 0.052±0.032 - - -

0.1 – 0.2 0.036±0.013 - - -

0.2 – 0.5 - 0.125±0.075 0.038±0.022 0.066±0.023

0.5 – 0.7 - - 0.063±0.030 -

0.7 – 0.9 - - 0.106±0.042 -

0.9 – 1.1 - - 0.115±0.034 -

0.5 – 1.0 - 0.144±0.053 - 0.072±0.015

1.1 – 1.3 - - <= 0.121 -

1.3 – 1.5 - - <= 0.159 -

1.0 – 1.5 - 0.137±0.037 - 0.065±0.015

1.5 – 2.0 - 0.127±0.041 - <= 0.096

2.0 – 2.5 - 0.143±0.055 - <= 0.111

2.5 – 3.0 - <= 0.157 - -
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Figure 5.1: Total (minor + major) merger pair fractions for galaxies selected at
> 1011 M� (top panel), > 1010 M� (middle panel), and n(> M∗) = 1 × 10−4

Mpc−3 (bottom panel) with physical separations of 5–30 kpc. Measurements are
presented from the GAMA (gold and black crosses at z < 0.2), UDS (red circles),
COSMOS (green triangles) and VIDEO (blue squares) regions. The black crosses
with horizontal error bars are points measured using the GAMA spectroscopic sam-
ple, including Poisson errors and cosmic variance estimates. Upper limits on the
pair fraction are given by points with solid, down-pointing arrows. The best-fit
to all the data, as provided in Table 5.2, is shown as a solid grey line. The grey
shaded areas represent the 1σ variation in the pair fraction as measured using 24
light cones based on the H15 semi-analytic model.
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Table 5.2: Total merger (µ > 1/10) fraction fitting parameters for combinations
of survey regions, for a parametrisation of the form fpair(z) = f0(1 + z)m. Fitting is
performed on fpair measurements up to the redshifts reported in Table 5.1. Errors
are determined using a bootstrap analysis and the resulting parameter distributions
of 10,000 realisations. The number of merging events, Nmerg, a galaxy undergoes
at 0 < z < 3.5, given by the integral in Equation 4.7, is provided in the far right
column.

Survey Region f0 m N z<3.5
merg N z<1

merg N z<2
merg

M∗ > 1010M� (5− 30kpc)

All 0.024+0.010
−0.007 2.81+0.82

−0.81 1.7+3.4
−1.1 0.3+0.4

−0.2 0.8+1.1
−0.5

All + GAMA 0.030+0.008
−0.007 2.29+0.68

−0.66 1.3+2.0
−0.7 0.3+0.3

−0.2 0.7+0.8
−0.4

M∗ > 1011M� (5− 30kpc)

All 0.047+0.017
−0.013 0.75±0.45 0.6+0.6

−0.3 0.3+0.3
−0.1 0.4+0.4

−0.2

All + GAMA 0.038+0.009
−0.008 1.07+0.32

−0.33 0.6+0.5
−0.2 0.3+0.2

−0.1 0.4+0.4
−0.2

n(>M∗) = 1× 10−4 Mpc−3 (5− 30kpc)

All 0.031+0.015
−0.012 1.32+0.60

−0.56 0.6+0.7
−0.3 0.2+0.2

−0.1 0.4+0.4
−0.2

All + GAMA 0.040+0.012
−0.011 1.01+0.42

−0.39 0.6+0.5
−0.3 0.3+0.2

−0.1 0.4+0.4
−0.2

model predictions do not predict consistent pair fractions until the highest redshifts

probed at z > 1.5.

As in Chapter 4, pair fractions are fitted with a power law of the form fpair(z) =

f0(1 + z)m. The optimal fitting parameters and their uncertainties are given in

Table 5.2. Uncertainties on these parameters are estimated by sampling individual

data points from a normal distribution, centred on fpair with standard deviation

given by the errors quoted in Table 5.1, and building a distribution of parameters

by performing a least-squares fitting routine 104 times. The best-fit parameters for

massive galaxies are shown in the top panel of Figure 5.1 as a solid grey curve, and

is best fit by

fpair(z) = 0.038+0.009
−0.008 × (1 + z)1.06+0.32

−0.33 .

Shown in the top panel of Figure 5.1 is the best-fit major merger parametrisation

for the same massive sample of galaxies, given by the dashed grey curve. It is

apparent that the evolution of major and total mergers share a common slope over

the redshift range, and that the total merger pair fraction is consistently a factor

of ∼ 2 larger than the major merger pair fraction. It is trivial to deduce from this

Figure that close-pairs of galaxies with M∗ > 1011 M�, therefore, are observed to

be in equal amounts of major (µ > 1/4) and minor (1/4 > µ > 1/10) mergers at
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the redshifts probed.

The total merger pair fractions for a lower stellar mass (M∗ > 1010 M�) sample

of galaxies is also probed. These measurements are presented in the middle panel

of Figure 5.1. A steep rise in the total merger pair fraction is observed over the

redshift range probed, rising from 4% at z ∼ 0 to 10% at z ∼ 1. The fractions are

fit with a simple power law, and is best described by

fpair(z) = 0.030+0.008
−0.007 × (1 + z)2.29+0.68

−0.66 ,

which is given in the Figure as a solid grey curve. The major merger pair fraction

for this sample is given as the dashed grey curve in the same Figure. Although

comparison between these lines is only possible at z < 1, as this is the regime where

observations constrain both measurements, it can be inferred that the total merger

pair fraction is approximately a factor of ∼2–3 larger than the major merger pair

fraction. As with more massive galaxies this suggests at least an equal number of

intermediate stellar mass close-pairs in major and minor mergers over these times.

Additionally, comparing the total merger pair fractions of intermediate mass and

massive galaxies reveals extremely similar fractions with a suggestion that fractions

may be slightly higher for the lower mass galaxies. As found with major mergers,

there does not therefore appear to be a significant dependence on stellar mass for

the measured total merger pair fractions.

Predictions on the total merger pair fraction from the H15 semi-analytic model

are shown as the grey shaded region. An approximately constant pair fraction of

10% is predicted at 0.5 < z < 3.5, with little variation between the lightcones used

to measure it. It is difficult to compare these predictions due to the limited overlap,

however they are in agreement with the single UKIDSS UDS data point at z = 0.75,

but are 1.5 times larger than the best-fit parametrisation at z = 0.35.

The bottom panel of Figure 5.1 displays the measured total pair fractions for a

sample of galaxies selected at a constant cumulative number density of n(>M∗) =

10−4 Mpc−3. The smaller number density probed in Chapter 4 is not probed here

due to stellar mass completeness issues. For this sample the pair fraction is observed

to evolve mildly with redshift, from 4% at z = 0 to 11% at z = 1.75. As given by

the solid grey curve in the figure, this evolution is described as

fpair(z) = (0.04± 0.01)× (1 + z)1.0±0.4.

This evolution is consistent with that found for galaxies at > 1011 M�. Also plotted

in the bottom panel of Figure 5.1 is the major merger pair fraction, represented by
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the dashed grey curve. As the measured pair fraction slopes are in agreement, the

difference between the major and minor pair fraction for this sample is consistently

a factor of 2 across the entire redshift range probed. Similar to that found for the

previous samples, it therefore suggests that the progenitors of local massive galaxies

are found to reside in approximately equal numbers of major and minor mergers at

every epoch probed.

5.3.2 The minor merger pair fraction

With measurements of the major merger and ‘total’ merger pair fraction in hand,

the signal from minor mergers can be extracted. The fraction of minor merger pairs

can be considered the residual of subtracting the number of major mergers from

the total number of mergers measured. This can be achieved in two ways: using

the raw counts of primary galaxies and close pairs in each redshift bin, or taking

the pair fraction fits and subtracting the major from total pair fraction fits. The

latter is the simplest method of achieving this, and as the simple power law fits

describe the observations exceptionally well, this is the method used henceforth.

For completeness, total, major, and minor pair fractions are presented in their raw

form in Appendix B. Firstly, many realisations of the total and major pair fractions

are made using the best-fit parametrisations and associated uncertainties given in

Table 5.2 and Table 4.3. This includes taking asymmetric error distributions into

account. Within each realisation, the major merger pair fraction is subtracted from

the total pair fraction at 0 < z < 3.5, and the residual fitted with the same power

law as used previously. Visual inspection of all residuals confirms they are well fit by

this power law parametrisation. Collecting the distributions of fitting parameters

from the realisations allows for the 50th, 16th and 84th percentiles to be calculated

on each parameter. These best-fit parameters and the 1σ uncertainties of the minor

merger pair fraction are given in Table 5.3.

Figure 5.2 displays the evolution of the total (major + minor), major and minor

pair fractions for all three galaxy selections probed in this Chapter. Massive galaxies

are shown in the top panel, intermediate mass (M∗ > 1010 M�) galaxies in the

middle panel, and the number density selection in the bottom panel. The shaded

areas highlight the 68% confidence region for the different stellar mass merger ratio

choices. For the most massive galaxies, the minor merger pair fraction rises from

1% at z = 0 to 6% at z = 2, beyond which only the major merger pair fraction is

constrained. Averaged over z < 2, the major and minor pair fractions are therefore

found to be approximately equal. If the minor merger pair fraction evolves as

predicted beyond z = 2, the minor merger pair fraction is predicted to become a
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Figure 5.2: Evolution of the fitted total (major + minor), major, and minor
pair fractions as a function of redshift for galaxies at > 1011 M� (top panel), >
1010 M� (middle panel), and n(> M∗) = 1 × 10−4 Mpc−3 (bottom panel). The
68% confidence regions for the total, major and minor pair fractions are given by
the grey, red and blue shaded areas, respectively. The most likely evolution is
given by the dashed curves of their respective colours, while the vertical dashed
lines denote the lowest redshift where observational data constrain the fits for the
different merger ratio selections.
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Table 5.3: Minor merger (1/10 < µ < 1/4) fraction fitting parameters for combi-
nations of survey regions, for a parametrisation of the form fpair(z) = f0(1 + z)m.
Fitting is performed on the residual of subtracting the major merger pair fraction
from the total merger pair fraction. Errors are determined using a bootstrap anal-
ysis and the resulting parameter distributions of 10,000 realisations. The number
of merging events, Nmerg, a galaxy undergoes at z < 3.5, z < 2, and z < 1 are given
in the far right columns.

Survey Region f0 m N z<3.5
merg N z<2

merg N z<1
merg

M∗ > 1010M� (5− 30kpc)

All 0.011+0.011
−0.007 3.22+0.69

−1.03 1.3+3.2
−0.9 0.5+1.0

−0.4 0.2+0.3
−0.1

All + GAMA 0.014+0.011
−0.009 2.84+0.43

−0.39 1.1+1.4
−0.7 0.5+0.6

−0.3 0.2+0.2
−0.1

M∗ > 1011M� (5− 30kpc)

All 0.038+0.015
−0.011 0.60+0.53

−0.60 0.4+0.5
−0.2 0.3+0.3

−0.2 0.2+0.2
−0.1

All + GAMA 0.014+0.007
−0.006 1.50+0.38

−0.42 0.3+0.3
−0.2 0.2+0.2

−0.1 0.1+0.1
−0.1

n(>M∗) = 1× 10−4 Mpc−3 (5− 30kpc)

All 0.009+0.010
−0.009 1.73+0.98

−1.20 0.3+0.7
−0.2 0.2+0.4

−0.1 0.1+0.1
−0.1

All + GAMA 0.019+0.008
−0.008 0.98+0.60

−0.87 0.3+0.4
−0.2 0.2+0.3

−0.1 0.1+0.1
−0.1

factor of 2 larger than the major merger pair fraction at z = 3.5.

Intermediate mass (M∗ > 1010 M�) galaxies are found to have a strong evolution

in the minor merger pair fraction, however it is likely this is due to the relatively

strict redshift range (z < 1) in which this quantity is measured. As found for major

mergers when considering the high redshift data of Duncan et al. (in prep), higher

redshift observations may reduce the measured slope of the pair fraction, bringing

it into line with the major merger pair fraction. As such the total, major and minor

pair fractions from this work can only be fruitfully compared at z < 1. As with the

larger mass selection, the major and minor merger pair fractions are approximately

comparable at this redshift regime.

Finally, tracing the progenitors of local massive galaxies with a constant number

density selection reveals an equal fraction of galaxies in both major and minor

mergers out to z ∼ 2.25, where the fits become unconstrained by observational

measurements. This evolution is shown in the bottom panel of Figure 5.2. The

major and minor pair fraction is found to increase mildly from 2% at low redshift

to 6% at z = 2.
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5.4 Total Merger rate estimations

Merger rates are derived from the total merger pair fractions presented in Section

§5.3.1. As previously shown, a timescale over which a merger event (as defined in

this work) can be observed must be assumed. For close-pairs of galaxies selected

at 5-30kpc and a stellar mass ratio of µ > 1/101, an observability timescale of

〈Tobs〉 = 0.95 Gyr (Lotz et al., 2010, see their Table 5) and an associated 50%

error (Hopkins et al., 2010) is assumed. As with the major merger results presented

in Chapter 4, a constant fraction of 60% of close-pairs are assumed to eventually

merge, i.e. Cmerg = 0.6.

5.4.1 Massive galaxies (> 1011 M�)

Total merger pair fractions for massive (> 1011 M�) galaxies are converted to total

merger rates using Equations 4.5 and 4.6, inserting the new value of 〈Tobs〉 men-

tioned above. Uncertainties on the merger rates are estimated using a bootstrap

approach, incorporating uncertainties on the galaxy stellar mass function (where

applicable), the measured pair fractions, cosmic variance estimates, and Poisson

noise. Figure 5.3 displays the derived volume-averaged (Γ(z); top panel) and frac-

tional (R(z); bottom panel) merger rates for this sample of massive galaxies in the

survey regions described in Section §4.2. The same marker styles as in previous

figures are continued.

The volume-averaged merger rate for massive galaxies is found to remain ap-

proximately constant at z < 1, maintaining Γ ≈ 10−5 Mpc−3 Gyr−1 at this redshift

regime. At higher redshift, Γ is observed to decline out to z ∼ 2.25 beyond which an

upper limit constrains the merger rate to Γ < 3×10−6 Mpc−3 Gyr−1. The variation

in estimates of the merger rates between fields is approximately a factor of ∼ 2 and

this ratio remains the same across the redshift range where multiple observations

are made. The data are found to be best described by a power law plus exponential

parametrisation which can be written as

Γ(z) = (0.95+1.8
−0.8 × 10−5)× (1 + z)4.11+11.90

−6.00 × exp
(
−2.74+2.94

−6.62 × z
)
.

This is given as the solid grey curve in the upper panel of Figure 5.3. This parametri-

sation better describes the observed evolution of the merger rate compared to a

simple power law used to describe the pair fraction.

1Lotz et al. calculate the observability timescale of 9:1 stellar mass ratio selected mergers at
10–30kpc.
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Figure 5.3: Derived volume-averaged (top panel) and fractional (bottom panel)
minor merger rates for galaxies at > 1011 M�. Estimates derived for data in the
GAMA (gold crosses), UKIDSS UDS (red open circles), VIDEO (blue open squares),
and COSMOS (green open triangles) regions for close-pairs selected at 5–30 kpc.
Illustris minor merger rate predictions for galaxies with stellar masses of 1010, 1011,
and 1012 M� are shown as dashed black lines, while results from Man, Zirm & Toft
(2014) are given by grey symbols (top panel), and grey and pink shaded regions
(bottom panel).
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Also plotted is the major (µ > 1/4) merger volume averaged merger rate, given

by the dashed grey curve. As one would expect the total merger rate best-fit line is

consistently higher than the major merger, however the ratio of major and minor

merger rates evolves with redshift. At z < 0.5, the total merger rate is a factor of

1.5–2 larger than the major merger rate, while at z > 2, the ratio of total to major

merger rate rises steadily to ∼ 2.5 at z ∼ 3.

Minor merger studies are much less bountiful than major mergers. However,

estimates of the volume averaged total merger rate from Man, Zirm & Toft (2014,

see their Table 4) are also plotted. Points using UltraVISTA/COSMOS data given

by filled grey circles while points derived using a combination of 3DHST and CAN-

DELS data are given by filled grey triangles. After their data has been converted

to use Cmerg = 0.6 and 〈Tobs〉 = 0.95 Gyr (where necessary), their derived merger

rates are found to be in agreement with those presented in this work. At z < 1.5

the rates of Man, Zirm & Toft are typically a 1.5–2 times larger, while at z > 1.5

their points are in excellent agreement with this work.

Estimates of the fractional merger rate, R(z), are shown in the bottom panel

of Figure 5.3. As this work divides by a constant observability timescale it is

unsurprising that the evolution of the merger rate evolves in a similar fashion to

the pair fraction. It is found to remain relatively constant at ∼ 0.05 Gyr−1 and

increasing by only a factor of ∼ 2 over the redshift range probed. A simple power

law best describes its evolution, with

R(z) = (3.0+0.8
−0.7 × 10−2)× (1 + z)0.69+0.34

−0.32

giving the best fitting parameters and their uncertainties. This fit is given by the

solid grey curve in the bottom panel of Figure 5.3. Plotted as the dashed grey

curve is the major merger fractional merger rate. The two curves are extremely

similar and diverge significantly only at high redshift (z > 2.5) where the fits are

unconstrained by observational data. This suggests that the rate of minor mergers

per galaxy per unit time is relatively low compared to major mergers.

Also shown are total merger rate estimates from the Illustris hydrodynamical

simulation, given by the dashed black lines, for stellar masses of 1010–1012 M�.

These are calculated in exactly the same way as described in Section §4.6.1. It

is apparent the predictions from the simulation evolve strongly with redshift, in-

creasing from 3 × 10−2 Gyr−1 at z = 0 to ∼ 1 Gyr−1 at z = 3. These predictions

are therefore qualitatively and quantitatively inconsistent with the derived merger

rates of this work at z > 0.5. Further estimates of the merger rate from Man, Zirm
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& Toft (2014, see their Table 1) are shown as the grey and pink shaded regions

in Figure 5.3. These represent the 1σ uncertainty of their fractional merger rates,

derived using pair fractions measured with data from the UltraVISTA region, and

the 3DHST and CANDELS combination, respectively. This work’s merger rates

are seen to be in excellent agreement with those of Man, Zirm & Toft, even out to

high redshift.

5.4.2 Intermediate mass galaxies (> 1010 M�)

Total merger rates are also estimated for intermediate mass galaxies, however stellar

mass incompleteness limits all estimates to z < 1. The derived volume-averaged

(top panel) and fractional (bottom panel) total merger rates, as well as upper limits

on these quantities, are presented in Figure 5.4 for the GAMA, UKIDSS UDS,

VIDEO and COSMOS regions. At z < 1, the volume-averaged minor merger rate

is consistent with a constant value of ∼ 10−4 Mpc−3 Gyr−1, while the fractional

merger rate evolves midly from 0.03 Gyr−1 at z = 0 to 0.07 Gyr−1 at z = 0.75.

Given the small redshift range and limited coverage, both these rates are fitted with

simple power laws. For the volume-averaged merger rate,

Γ(z) = (6.40+9.04
−3.96 × 10−5)× (1 + z)2.07+2.07

−2.49

best describes the data, while

R(z) = (1.51+0.25
−0.22 × 10−2)× (1 + z)2.81+0.36

−0.35

best describes the derived fractional merger rates for galaxies at > 1010 M�. These

fits are only valid at z < 1.5, however.

Also plotted are estimates of the volume-averaged and fractional merger rates

from Lotz et al. (2008, filled grey circles) and López-Sanjuan et al. (2009, filled

grey squares), which are morphological and close-pair studies, respectively. Lotz

et al. use the Gini and M20 parameters to derive ‘total’ merger rates. As this

method is able to detect merging events down to baryonic mass ratios of > 1/10 –

> 1/30, it is unsurprising that the derived rates are many times larger (typically

a factor of 4–10 larger) than those calculated in this work, however this difference

could also be due in part to the uncertainties on the timescales used between the

contrasting methodologies (Lotz et al., 2011). López-Sanjuan et al. derive minor

merger rates from a spectroscopic sample of close-pair galaxies at z < 1 in the

VVDS survey. These galaxies are luminosity selected (LB > L∗B) which generally
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Figure 5.4: Derived volume-averaged (top panel) and fractional (bottom panel)
total merger rates for galaxies at > 1010 M�. Estimates derived for data in the
GAMA (gold crosses), UKIDSS UDS (red open circles), VIDEO (blue open squares),
and COSMOS (green open triangles) regions for close-pairs selected at 5–30 kpc.
Illustris total merger rate predictions for galaxies with stellar masses of 1010, 1011,
and 1012 M� are shown as dashed black lines, while merger rates from Lotz et al.
(2008) and López-Sanjuan et al. (2009) are shown as the filled grey circles and filled
grey squares, respectively.
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Table 5.4: Total merger (µ > 1/10) fitting parameters for derived volume-averaged
and fractional merger rates, as presented in Figures 5.3, 5.4, and 5.5 for different
combinations of data points. ‘All’ indicates fits derived from the data points of
UKIDSS UDS, VIDEO and COSMOS. Fits using two parameters are of the form
χ(z) = χ0(1 + z)mχ while those using three parameters are of the form χ(z) =
χ0(1+z)mχ exp (−cχz), where χ is either the volume-averaged merger rate, Γ, or the
fractional merger rate, R. Uncertainties are estimated by performing a bootstrap
analysis.

Survey Γ0 mΓ cΓ R0 mR

(Mpc−3 Gyr−1) (Gyr−1)

M∗ > 1010 M� (5 – 30kpc)

All 6.24+9.35
−3.81 × 10−5 2.12+2.04

−2.53 - 1.51+0.25
−0.22 × 10−2 2.82+0.35

−0.36

All + GAMA 1.00+0.78
−0.54 × 10−4 0.96+2.04

−2.14 - 1.86+0.24
−0.23 × 10−2 2.36±0.32

M∗ > 1011 M� (5 – 30kpc)

All 0.88+1.72
−0.74 × 10−5 4.53+8.75

−6.25 2.97+3.12
−7.20 3.00+0.79

−0.68 × 10−2 0.69+0.35
−0.33

All + GAMA 6.73+5.21
−4.01 × 10−6 6.16+8.92

−4.66 3.79+2.60
−5.37 2.26+0.29

−0.28 × 10−2 1.05+0.19
−0.18

n(>M∗) = 1× 10−4 Mpc−3 (5 – 30kpc)

All 1.40+1.07
−0.70 × 10−6 1.83+0.89

−0.82 - 3.62+2.14
−1.53 × 10−2 0.47+0.70

−0.61

All + GAMA 2.85+1.48
−1.24 × 10−6 0.99+0.78

−0.69 - 2.68+0.70
−0.66 × 10−2 0.85+0.36

−0.33

translates to stellar masses of > 1010 M� at these redshifts. Their low-redshift

point is in agreement with this work, however their high-redshift point is smaller

by a factor of 2–3. This could be due in part to the different selection criteria

(luminosity rather than stellar mass) and the use of spectroscopic redshifts rather

than photometric. It is reassuring, however, that two close-pair studies are found

to agree within a factor of ∼ 2.

5.4.3 Galaxies at a constant number density

Selecting galaxies at a constant cumulative number density enables the total merger

histories of the direct progenitors of local massive galaxies to be probed (see Chap-

ter 2; Mundy, Conselice & Ownsworth, 2015). The larger number density choice

explored in Section §4.4.2 is again used to measure the minor merger fractions. Fig-

ure 5.5 presents the derived minor merger rates for this sample, following the same

structure as previous figures on this topic. Derived values are given by the open

symbols for the UKIDSS UDS, VIDEO and COSMOS regions at z > 0.2, while

gold crosses denote values derived in the GAMA region at low redshift.

The volume-averaged merger rate, displayed in the top panel of Figure 5.5, is

observed to increase with redshift from ∼ 10−6 Mpc−3 Gyr−1 in the lowest red-
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Figure 5.5: Derived volume-averaged (top panel) and fractional (bottom panel)
minor merger rates for galaxies at n(>M∗) = 1× 10−4 Mpc−3. Estimates derived
for data in the GAMA (gold crosses), UKIDSS UDS (red open circles), VIDEO (blue
open squares), and COSMOS (green open triangles) regions for close-pairs selected
at 5–30 kpc. Illustris minor merger rate predictions for galaxies with stellar masses
of 1010, 1011, and 1012 M� are shown as dashed black lines.
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shift bin to ∼ 10−5 Mpc−3 Gyr−1 in the highest redshift bin which is stellar mass

complete. The evolution of this merger rate is best parametrised by

Γ(z) = (2.9+1.5
−1.2 × 10−6)× (1 + z)1.0±0.8,

and is shown in the figure as the solid grey curve. Comparing this to the major

merger rate, given as the dashed grey curve, similar slopes are found but a nor-

malisation approximately a factor of 1.5 larger. Put another way, minor mergers

contribute approximately one third of the total merger rate. This is observed to be

constant at redshifts where the fit is constrained by observational data.

The bottom panel of Figure 5.5 displays the evolution of the fractional merger

rate with redshift. It is found to increase by just a factor of ∼ 2 from z = 0 to

z = 2, from 0.03 Gyr−1 to 0.07 Gyr−1, and is best parametrised as

R(z) = (2.7± 0.7× 10−2)× (1 + z)0.9+0.4
−0.3 .

Compared to the fit to the major merger rate for this selection (dashed grey curve),

minor mergers add no more than 50% towards the total merger rate at z < 1, and

less so at higher redshifts.

5.5 Discussion

The total merger pair fractions (µ > 1/10) have been measured and found to be ap-

proximately a factor of 1.5–2 larger than the major merger (µ > 1/4) pair fractions,

depending on sample selection. Due to the larger observability timescale expected

for minor mergers (∼1.6 times larger) these pair fractions transform into merger

rates comparable to the derived major merger rates. This result is in agreement

with several cosmological simulations that predict extremely similar major and mi-

nor merger rates at the redshifts and stellar masses probed in this work (e.g., Croton

et al., 2006; Somerville et al., 2008).

It can be seen from the previous figures and the fitting parameters presented in

Table 5.2 that there is no significant dependence of the pair fraction on stellar mass

at the mass and redshift regimes probed. This is similar to the results for major

mergers discussed in Chapter 4, however it is at odds with the merger rates within

the Illustris cosmological hydrodynamical model, which finds a dependence of the

merger rate on stellar mass, especially at high masses (Rodriguez-Gomez et al.,

2015, see their Fig. 7). This is highlighted in previous figures where Illustris fails

to reproduce the derived merger rates of galaxies sampled in this work.
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Table 5.5: Estimates of the number of major, minor and total merging events ex-
perienced by a typical galaxy at z < 3.5, z < 2, and z < 1. Estimates of the number
of major and total merging events are calculated by integrating Equation 4.7 with
the appropriate fitting function, while the number of minor mergers is estimated
by subtracting distributions of these quantities. The distributions are generated
using a bootstrap approach, encompassing uncertainties on the pair fraction fitting
parameters and observability timescale.

Nmerg(z < 3.5) Nmerg(z < 2) Nmerg(z < 1)

Major Minor Total Major Minor Total Major Minor Total

M∗ > 1011 M� (5–30 kpc)

0.4+0.3
−0.1 0.2+0.3

−0.1 0.6+0.5
−0.2 0.3+0.2

−0.2 0.2+0.3
−0.1 0.4+0.4

−0.2 0.2+0.1
−0.1 0.1+0.1

−0.1 0.3+0.2
−0.1

M∗ > 1010 M� (5–30 kpc)

0.5+0.3
−0.2 0.9+1.8

−0.5 1.3+2.0
−0.7 0.4+0.2

−0.1 0.4+0.7
−0.2 0.7+0.8

−0.4 0.3+0.1
−0.1 0.1+0.1

−0.1 0.3+0.3
−0.2

n(>M∗) = 1× 10−4 Mpc−3 (5–30 kpc)

0.5+0.4
−0.2 0.2+0.3

−0.1 0.6+0.5
−0.3 0.4+0.3

−0.2 0.1+0.2
−0.1 0.4+0.4

−0.2 0.2+0.2
−0.1 0.1+0.1

−0.1 0.3+0.2
−0.1

5.5.1 Number of merger events at z < 3.5

The total number of merging events from major and minor mergers are estimated

using the same procedure as in Section §4.5.2. This quantity, Nmerg, is given in

Table 5.2 for different redshift ranges and survey region combinations. From these

quantities it is trivial to estimate the contributions from major and minor mergers

towards the total number of merging events over the past 11 Gyr.

Comparing the calculated total number of merger events at z < 3.5 to the

major merger events presented in Table 4.3, it is found that a typical galaxy at >

1011 M� experiences 0.4+0.3
−0.1 major mergers and 0.2+0.3

−0.1 minor mergers over this time.

Within this population, approximately every other galaxy would experience a major

merger and one in five galaxies would experience a minor merger. Intermediate mass

galaxies are found to experience 0.5+0.3
−0.2 major mergers and 0.9+1.8

−0.5 minor mergers, on

average. Finally, the constant number density sample of galaxies undergoes 0.5+0.4
−0.2

major mergers and 0.2+0.3
−0.1 minor mergers per galaxy at z < 3.5. A compilation of

the number of minor, major and total merging events at various redshift ranges is

given in Table 5.5.

These values are calculated using the fits to the pair fraction which may be

unconstrained by observational measurements at certain redshift and stellar mass

regimes. It is therefore prudent to compare these quantities between sample selec-

tions at redshifts where the fits are constrained. This is the impetus for calculating

the number of merger events at various redshift regimes: The number of mergers a

typical galaxy experiences at z < 2 and z < 1 is also calculated and given in Table
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4.3 and Table 5.2. At z < 1 approximately one in ten massive and intermediate

mass galaxies undergo a minor merger compared to one in 4 which undergo a ma-

jor merger. Similar numbers are seen for the constant number density selection,

where 0.1 minor mergers and 0.3 major mergers are experienced by each galaxy on

average. At z < 2 these numbers typically double suggesting that approximately

equal numbers of merging events occur at z < 1 and 1 < z < 2 for these samples of

galaxies.

Man, Zirm & Toft calculate the expected number of minor mergers for galaxies

at > 1010.8 M� selected by stellar mass ratio. Converting the estimated number of

mergers (see their Table 5) to Cmerg = 0.6, Man, Zirm & Toft find massive galaxies

undergo 0.4±0.1 minor mergers at 0.1 < z < 2.5. This is larger than the value

of 0.2+0.3
−0.1 merging events found in this work by a factor of 2, however these values

do agree within the 1σ uncertainty ranges. The discrepancy surrounding the most

likely value can be attributed to cosmic variance, but there is also the case of using

a different observability timescale. However, this cannot be the ultimate cause as

Man, Zirm & Toft use a minor merger observability timescale of 0.96±0.47 Gyr.

5.6 Conclusions

In this Chapter the minor merger (1/10 < µ < 1/4) histories of massive galaxies

have been probed by measuring the total merger (µ > 1/10) pair fractions of massive

galaxies at z < 2.5 using the same technique presented in Chapter 4 for major

mergers. By extracting the signal from major mergers, the minor merger histories

of galaxies at > 1010 M� and at a constant cumulative number density of n(>

M∗) = 10−4 Mpc−3 have been constrained.

Firstly, the total merger pair fractions were measured at z < 0.2 in the GAMA

region, and at 0.2 < z < 2.5 using a combination of the UKIDSS UDS, VIDEO

and COSMOS survey regions. This provided an area of 144 sq. deg. at z < 0.2

and an area of 3.25 sq. deg. at 0.2 < z < 3.5 in which to probe the pair fractions

of massive galaxies. Measured total pair fractions for galaxies at > 1011 M� are

found to be twice that observed for major mergers across the entire redshift range

probed. Furthermore, an approximately constant pair fraction of ∼ 20% predicted

by the Henriques et al. (2015) SAM is not consistent with observed pair fractions

at z < 1.5 and not qualitatively consistent with the observed weak slope found for

this sample. Similar differences are found with the intermediate stellar mass sample

(> 1010 M�) which exhibit total pair fractions a factor of 2–4 times larger than the

major merger pair fractions. However, no comparisons can be made beyond z = 1.5
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unless more observations are made.

Total merger rates were derived for the three galaxy selections, however stellar

mass incompleteness limited the observational constraints to z < 1 at the lowest

masses probed in this work. The derived total merger rates for massive galaxies

imply that minor mergers occur half as frequently as major mergers over the evolu-

tionary history of a typical galaxy over the last 11 Gyr. A similar result is found for

less massive galaxies, however more observations at z > 1 are needed to constrain

this figure over the same redshift range in which major mergers are constrained.

It is clear from the results presented in this Chapter that high-redshift measure-

ments are desperately needed to constrain the minor merger histories of massive

galaxies at these regimes. This requirement will be met in part by the results of

Duncan et al. (in prep) who probe mergers at a range of stellar mass ratios at

2 < z < 5 using the full set of CANDELS fields. However, larger fields are required

to minimise interference from the observed cosmic variance identified in this work,

as well as other works (e.g., Man, Zirm & Toft, 2014). Therefore the most recent

and final data release (DR11) of the UKIDSS UDS, which provides K-band pho-

tometry almost a magntitude deeper than the DR8 used in this work, presents an

exciting dataset to push the limits of this study. Additionally, continuing Ultra-

VISTA observations mean that further overlap at high redshift is possible — two

data releases have emerged since the work in this Chapter was undertaken.



Chapter 6

The build-up of stellar mass in

massive galaxies at z < 3.5

This Chapter explores the relative roles of major (µ > 0.25) and minor (0.1 <

µ < 0.25) galaxy mergers and star-formation in the build-up of stellar mass in

massive galaxies at z < 3.5. The observational measurements of massive galaxies’

merger histories from Chapter 4 and Chapter 5 are combined with a new approach to

measuring the star-formation properties of stellar mass selected samples of galaxies.

6.1 Introduction

A wealth of observations have shown that the stellar mass budgets of galaxies in-

creases by several factors over the past ∼10 Gyr (e.g., Daddi et al., 2005; Ownsworth

et al., 2016). This is most obvious in the evolution of the number density of galax-

ies by a factor of ∼ 10 for the most massive galaxies, and a factor of ∼ 6 for the

intermediate mass galaxies, at z < 3 (Mortlock et al., 2015). There are two main

pathways through which a galaxy increases its stellar mass with time: the process

of star-formation and the consumption of other galaxies. It is therefore imperative

to disentangle the relative contribution from each of these sources in the build-up

of stellar mass of massive galaxies.

Various studies have investigated whether the observed star-formation rates of

galaxies across a range of redshifts can explain the stellar mass growth of massive

galaxies. At extreme redshifts (3 < z < 8) Papovich et al. (2010) used a number

density selection of 2×10−4 Mpc−3 to show that the observed star-formation histo-

ries of galaxies at 3 < z < 8 are consistent with the factor of ∼ 10 increase in stellar

mass (see their Fig. 3). Marchesini et al. (2009) used the same number density

selection at z < 4 to suggest that the star-formation history of massive galaxies

139
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could not fully account for the observed stellar mass growth at z < 1.

Probing the galaxy merger pathway in a more direct manner, Ownsworth et al.

(2014) used selections at a constant number density of 10−4 Mpc−3 combined with

SED fitting SFR estimates and the known merger histories of massive galaxies to

determine the relative roles of star-formation and mergers in the build-up of stellar

mass from z = 3 to z = 0.3 in massive galaxies. They found that minor mergers

were the dominant source of stellar mass growth in the progenitors of z ∼ 0.3

galaxies with > 1010.2 M�, responsible for 34 ± 14% of the stellar mass during

this time. However, this particular study used a compilation of literature merger

fractions that included both morphological and close-pair studies that result in a

steep increase of the merger fraction with redshift.

This Chapter presents a study into the relative roles of star-formation and galaxy

mergers which addresses the issues identified in previous works. Section §6.2 details

the calculation of the stellar mass accreted through mergers, Section §6.3 details

the calculation of the stellar mass accrued through the process of star-formation,

and Section §6.6 summarises and concludes the results of this Chapter.

6.2 Stellar mass added by mergers

Ultimately, this work aims to uncover the role of galaxy mergers in the grander

picture of galaxy formation. The stellar mass accrued through major mergers is an

important quantity that allows comparisons to be made between other pathways of

stellar mass growth such as star-formation, however knowing the rate at which a

merger event occurs for a given sample of galaxies is not enough to calculate this

quantity between two redshifts. The average stellar mass of a companion galaxy

must be known as well. With this information, the additional stellar mass from

mergers, M+
∗ , for a typical primary sample galaxy between two redshifts can be

estimated as

M+
∗ =

∫ t2

t1

Rmerg(z) M∗,2(z) dt, (6.1)

where Rmerg is the fractional merger rate, defined in Equation 4.6 in terms of the

pair fraction, and M∗,2(z) is the average stellar mass of a close-pair companion at

redshift z.

Within any redshift bin the GSMF, φ(z,M∗), can be used to calculate the
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average stellar mass of a galaxy within the primary sample, and is defined as

M∗,1(z) =

∫Mmax
∗,1

Mmin
∗,1

φ(z,M∗) M∗ dM∗
∫Mmax

∗,1
Mmin
∗,1

φ(z,M∗) dM∗

, (6.2)

where Mmax
∗,1 and Mmin

∗,1 are the maximum and minimum stellar masses of the pri-

mary galaxy sample, respectively. A similar integration is performed to calculate

the average stellar mass of a companion galaxy, M∗,2(z), whereby the integration

in Equation 6.2 is instead performed between the stellar mass limits of M∗,1 and

µM∗,1. Armed with this information, the quantity of stellar mass added through

major mergers alone is calculated. Uncertainties are estimated using a bootstrap

approach, accounting for errors on the galaxy stellar mass function parameters and

the uncertainty in the fit of fpair given in Chapter 4 or Chapter 5.

6.2.1 Major merger stellar mass accretion rate density

It is then trivial to calculate the major merger stellar mass accretion rate density,

ρ1/4, for each of the selected samples presented in previous chapters. This quantity

is defined as

ρ1/4 =
M+
∗ (z) n1(z)

dt
, (6.3)

where n1(z) represents the number density of the primary sample, obtainable by

integration of the GSMF, M+
∗ (z) is defined in Equation 6.1, and dt is the time

between the two redshifts of interest. The quantity ρ1/4 represents the stellar mass

gained through major mergers per unit time and per unit volume for a particular

stellar mass (or constant number density) selected population of galaxies, and can

be considered the major merger analogue of the well-studied star-formation rate

density (see Section §1.2).

The top panel of Figure 6.1 displays this quantity for galaxies selected atM∗ >

1010 M� (blue dashed line and shaded area) andM∗ > 1011 M� (red solid line and

shaded area), while the bottom panel displays results for galaxies selected at n(>

M∗) = 1× 10−4 Mpc−3 (blue solid line and shaded area) and n(>M∗) = 5× 10−4

Mpc−3 (gold dashed line and shaded area). Derived major merger accretion rate

densities change significantly within the redshift range probed. From z = 3.25 to

z = 0.1, an increase in ρ1/4 is observed at z < 3.5 by a factor of 6+45
−5 (3+8

−2) for the

high (low) stellar mass selected samples, respectively.

Using the fitted pair fractions (see Table 4.3) using data points from GAMA,
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Figure 6.1: The major merger accretion rate density, ρ1/4, for galaxies selected
at M∗ > 1010 M� and M∗ > 1011 M� (blue filled circles and red open circles
in the top panel), and galaxies selected at n(> M∗) = 1 × 10−4 Mpc−3 and n(>
M∗) = 5 × 10−4 Mpc−3 (blue open circles and gold filled circles in the bottom
panel). Error bars represent the 1σ uncertainty on this quantity, including errors
from GSMF parameters, errors from fits on the pair fraction, and a 33% uncertainty
on the observability timescale. Dashed and dotted lines indicate the derived ρ1/4

values from Illustris using Equation 6.4.
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UDS, VIDEO, COSMOS and D16, it is found that galaxies with M∗ > 1011M�

are estimated to accrete an average stellar mass of log(M+
∗ /M�) = 10.5 ± 0.2 at

0 < z < 3.5. Similarly, over the same redshift range, galaxies with M∗ > 1010M�

are expected to accrete log(M+
∗ /M�) = 10.0 ± 0.2 from major mergers. As the

typical galaxy in each of these samples at z ∼ 3.25 is log(M∗/M�) = 11.2 ± 0.1

and log(M∗/M�) = 10.5 ± 0.1, respectively, this represents an average increase

in stellar mass of 20+15
−12%, and 32+23

−18%, respectively, due solely to major mergers.

Furthermore, the constant number density selection of 10−4 Mpc−3 gains log(M� =

10.5±0.3 from major mergers over the same redshift range, while the larger number

density of 5× 10−4 Mpc−3 gains log(M�) = 10.4± 0.2. As the average stellar mass

of a galaxy in these selections at z = 3− 3.5 is log(M�) = 10.9± 0.1 and 10.5± 0.1,

this suggests that major mergers increase the stellar mass of the average galaxy

by 40+30
−20% and 79+30

−22%, respectively. The average stellar mass of primary and

secondary samples and the stellar mass gained through major mergers are tabulated

in Table 6.1.

The derived stellar mass growth estimates agree well with previous studies that

have probed the major merger histories of stellar mass selected samples of galax-

ies. Man, Zirm & Toft (2014) estimate the stellar mass accrued by galaxies with

> 1011 M� via major mergers during z = 0.1−2.5 as log(M�) = 10.4 (after conver-

sion to Cmerg = 0.6). Ferreras et al. (2013) find major mergers contribute approx-

imately log(M�) = 10.2 during z = 0.3 − 1.3 to a typical galaxy with > 1011 M�.

Similarly, the results presented in this Chapter suggest that major mergers account

for 80%, 60% and 80% of the total accreted stellar mass from mergers for massive,

intermediate mass and a selection at a constant number density of 10−4 Mpc−3.

This agrees with previous studies of major mergers at > 1011 M� such as Bluck

et al. (2012), López-Sanjuan et al. (2012) and Ferreras et al. (2013) who find ma-

jor mergers account for 65%, 75%, and 70% of total merger accreted stellar mass,

respectively.

6.2.2 Minor merger stellar mass accretion rate density

Using the fits to the minor merger pair fraction given in Table 5.3, the minor

merger stellar mass accretion rate density is calculated. This is done in exactly

the same way as described in Section §6.2.1, however the average stellar mass of a

companion is calculated over the stellar mass range of 0.1M∗,1 <M∗ < 0.25M∗,1.

This represents the number density weighted average stellar mass of a minor merger

companion galaxy.

Figure 6.2 displays the derived minor merger accretion rate densities for the three
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Table 6.1: The estimated number density of the primary sample,n1, stellar masses
of a typical primary sample galaxy,M∗,1, secondary sample galaxy,M∗,2, and esti-
mated stellar mass,M+

∗ , accreted through major and minor mergers as a function of
redshift for three samples of galaxies: > 1011 M�, > 1010 M�, and n(>M∗) = 10−4

Mpc−3.

Major Mergers Minor Mergers

z n1 logM∗,1 logM∗,2 logM+
∗ logM∗,2 logM+

∗

(10−4 Mpc−3) (log M�) (log M�) (log M�) (log M�) (log M�)

M∗ > 1011 M�

0.0 – 0.2 3.2+1.3
−1.0 11.2±0.1 10.8±0.1 9.6±0.1 10.4±0.1 8.8±0.3

0.2 – 0.5 3.8+1.3
−1.0 11.3±0.1 11.0±0.1 9.9±0.2 10.5±0.1 9.1±0.3

0.5 – 1.0 2.7+0.6
−0.5 11.3±0.1 10.9±0.1 9.9±0.2 10.5±0.1 9.2±0.3

1.0 – 1.5 1.4±0.3 11.2±0.1 10.9±0.1 9.7±0.2 10.4±0.1 9.1±0.3

1.5 – 2.0 0.6±0.2 11.2±0.1 10.9±0.1 9.6±0.2 10.4±0.1 9.0±0.3

2.0 – 2.5 0.3±0.2 11.2±0.1 10.8±0.1 9.4±0.2 10.4±0.1 8.9±0.4

2.5 – 3.0 0.2+0.2
−0.1 11.2±0.1 10.8±0.1 9.3±0.2 10.4±0.1 8.9±0.4

3.0 – 3.5 0.2+0.6
−0.2 11.2±0.1 10.8±0.1 9.2±0.2 10.4±0.1 8.8±0.4

10.5±0.2 9.9±0.3

M∗ > 1010 M�

0.0 – 0.2 46.7+6.1
−5.5 10.6±0.1 10.3±0.1 9.2±0.2 9.8±0.1 8.3+0.4

−0.3

0.2 – 0.5 31.9+7.5
−7.2 10.7±0.1 10.4±0.1 9.4+0.1

−0.2 9.9±0.1 8.7+0.4
−0.3

0.5 – 1.0 26.8+3.9
−3.7 10.7±0.1 10.4±0.1 9.4+0.1

−0.2 9.9±0.1 8.9+0.4
−0.3

1.0 – 1.5 17.3+3.0
−2.8 10.6±0.1 10.3±0.1 9.2+0.1

−0.2 9.8±0.1 9.0±0.4

1.5 – 2.0 8.3+2.3
−2.0 10.6±0.1 10.3±0.1 9.1±0.2 9.8±0.1 9.0±0.4

2.0 – 2.5 6.2+3.0
−2.5 10.5±0.1 10.2±0.1 8.9±0.2 9.7±0.1 9.0±0.4

2.5 – 3.0 4.4+2.6
−2.1 10.5±0.1 10.2±0.1 8.8±0.2 9.7±0.1 8.9+0.5

−0.4

3.0 – 3.5 7.0+10.0
−4.3 10.5±0.1 10.1±0.1 8.6±0.2 9.6±0.1 8.9+0.5

−0.4

10.0±0.2 9.8±0.4

n(>M∗) = 1× 10−4 Mpc−3

0.0 – 0.2 1.0+0.6
−0.4 11.3±0.1 10.9±0.1 9.4+0.3

−0.2 10.5±0.1 9.0±0.3

0.2 – 0.5 1.0+0.5
−0.3 11.5±0.1 11.2±0.1 9.9+0.3

−0.2 10.7±0.1 9.4±0.3

0.5 – 1.0 1.0+0.3
−0.2 11.4±0.1 11.1±0.1 10.0±0.3 10.6±0.1 9.4±0.3

1.0 – 1.5 1.0+0.3
−0.2 11.3±0.1 10.9±0.1 9.7±0.3 10.5±0.1 9.1±0.4

1.5 – 2.0 1.0±0.3 11.1±0.1 10.8±0.1 9.6+0.4
−0.3 10.3±0.1 8.9±0.4

2.0 – 2.5 1.0+0.6
−0.5 11.0±0.1 10.6±0.1 9.4±0.3 10.2±0.1 8.6±0.5

2.5 – 3.0 1.0+0.7
−0.5 10.9±0.1 10.5±0.1 9.2±0.4 10.1±0.1 8.4±0.5

3.0 – 3.5 1.0+1.8
−0.7 10.9±0.1 10.6±0.1 9.2±0.4 10.1±0.1 8.4±0.6

10.5±0.3 9.9±0.4
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galaxy samples. Massive galaxies are given by the blue filled circles, intermediate

mass galaxies are given by the red open circles, and the number density selection

is given by the blue open triangles. The massive and intermediate stellar mass

selections exhibit an approximately constant minor merger accretion rate density

of 1× 10−4 M� yr−1 Mpc−3 and 6× 10−4 M� yr−1 Mpc−3, respectively.

The approximately constant evolution of ρ1/10 for the constant stellar mass sam-

ples is in contrast to that seen for major mergers (see Figure 6.1), which shows a

decline in ρ1/4 at high redshift. Caution must be taken when making this compari-

son however, as the major merger fractions (and thus rates) are better constrained

at high redshift than minor mergers. In the major merger case, observations at high

redshift generally result in a shallower pair fraction slope which eventually translates

to a lower accretion rate density. Therefore it is possible that further observations

of minor mergers will do just the same. Considering the constant number density

selection, ρ1/10 is found to remain approximately constant with redshift, as found

for the major merger equivalent. Taking the data points where the pair fraction

fits are observationally constrained, ρ1/10 is a factor of ∼ 5 smaller than ρ1/4 on

average. This is found for all of the sample selections given in Figure 6.2.

In the calculation of this quantity, is it trivial to calculate the expected stellar

mass added to a typical galaxy from minor mergers over z = 0 − 3.5. Massive,

intermediate mass and galaxies at a constant number density are found to gain

log(M�) = 9.9 ± 0.3, 9.8 ± 0.4, and 9.9 ± 0.4, respectively. It is also found that

approximately 40%, 25% and 34% of this stellar mass is accreted at in the last half

of cosmic time (z < 1).

These values agree well with other studies of minor merger histories. Though

study of close-pairs, Man, Zirm & Toft (2014) expect minor mergers to contribute

log(M�) = 9.7 (after conversion to Cmerg = 0.6) to galaxies with > 1011 M� during

z = 0.1− 2.5, with an approximate ±80% (∼ 0.3 dex) uncertainty associated with

this value. Furthermore Ferreras et al. (2013) study close-pairs of galaxies with

> 1011 M� at z = 0.3 − 1.3 in the Survey for High-z Absorption Red and Dead

Sources (SHARDS) survey (Pérez-González et al., 2013). For this selection they

find that (∆M/M)/∆t ∼ 0.08 Gyr−1, with ∼30% of this mass growth attributed to

mergers at mass ratios of 1:3 – 1:100. For a typical galaxy over this ∼5 Gyr period

this equates to an upper limit of log(M�) ≈ 10.1 added through ‘minor’ mergers.

Appropriate merger history studies of lower mass galaxies are unfortunately not

available to draw comparisons to.
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Figure 6.2: The minor merger (1/10 < µ < 1/4) accretion rate density, ρ1/10,
for galaxies selected at M∗ > 1010 M� and M∗ > 1011 M� (blue filled circles and
red open circles), and galaxies selected at n(>M∗) = 1 × 10−4 Mpc−3 (blue open
triangles). Error bars represent the 1σ uncertainty on this quantity, including errors
from GSMF parameters, errors from fits on the pair fraction, and the uncertainty
on the observability timescale. Dashed, dotted, and dashed-dotted lines indicate
the derived ρ1/10 values from Illustris using Equation 6.4.

6.2.3 Comparison to hydrodynamical simulations

Several literature publications are used to calculate the major and minor merger

accretion rate density, ρ1/4, within the Illustris simulation. This is achieved by using

fits to the GSMF within the simulation (Equation 1 of Torrey et al. 2015) combined

with the fitting function of the specific merger accretion rate, ṁacc(M∗, µ, z), in

Table 1 of Rodriguez-Gomez et al. (2016). It is then trivial to estimate ρ within

Illustris;

ρsim =

∫ Mh

Ml

φ(M∗, z)M∗

∫ µh

µl

ṁacc(M∗, µ, z) dµ dM∗, (6.4)

where M∗ is stellar mass, φ(M∗, z) is the GSMF evaluated at M∗ and redshift z,

and the specific merger accretion rate is defined as

ṁacc(M∗, µ, z) =
1

M∗

dMacc

dt dµ
. (6.5)

For the purposes of this work an integration is performed with respect to the stellar

mass merger ratio between 0.25 < µ < 1.0 for major mergers, and 0.1 < µ < 0.25

for minor mergers, in order to attain the accretion mass.

Figure 6.1 displays estimates of the major merger accretion rate density, ρ1/4,
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within the Illustris simulation for galaxies at > 1010 M� (top panel), and galaxies

selected at two number densities of n > 10−4 Mpc−3 (bottom panel). The Illustris

estimates are given as the dashed and dotted curves in the respective panels. For

the constant stellar mass samples (upper panel), Illustris estimates are typically a

factor of ∼2–3 smaller than the estimates based on observations at z < 1.5, but

generally in agreement at earlier times although, admittedly, the uncertainties are

large. Qualitatively, the evolution of ρ displays a decreasing value with redshift —

typically an order of magnitude at z = 0 − 3.5 — which agrees with the evolution

of observational estimates. Predictions of ρ1/4 for constant number density samples

(bottom panel) qualitatively agree with the observational estimates, however they

are a factor of 2–3 smaller over the entire redshift range probed.

Figure 6.2 displays predictions of the minor merger accretion rate density within

Illustris. Similar evolutions of the quantity are seen for the constant stellar mass

samples, whereby ρ1/10 decreases with redshift. Simulation predictions are roughly

a factor of ∼ 2 smaller than observational estimates for the lower mass (> 1010 M�)

sample, however they agree for the most massive (> 1011 M�) galaxies. As before, a

similarly flat evolution is found for the constant number density sample, remaining

at ≈ 5× 10−5 M� yr−1 Mpc−3 across the redshift range probed.

The differences between the simulation predictions and observational estimates

could be due to a number of factors. The ability of the simulation to predict

the observed number densities of massive galaxies will affect not only the primary

sample, but the average stellar mass of an accreted secondary sample companion.

At z < 4 it has been shown that Illustris matches observations of the GSMF at

masses of 10 < log(M∗/M�) < 11 however it typically over -predicts the number

densities of galaxies with > 1011 M� by 0.3–0.5 dex (Genel et al., 2014, see their

Fig. 3). With more massive galaxies to merge with it would be expected that the

major merger accretion rate might be over -estimated within the simulation. As this

is not the case it suggests that the rate at which galaxies merge in the simulation is

smaller than derived from observational measurements of the merger fraction. From

Figure 4.10 and Figure 4.11 it can be seen that the merger rates within Illustris are

actually higher than those derived from observational measurements of the merger

fraction. This suggests that companion galaxies are much less massive than would

be expected from an average of the masses of galaxies between the µ limits (i.e.

companion galaxies are at the very low end of the µ distribution).
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6.3 Stellar mass added by star-formation

In order to compare the stellar mass accreted through major mergers with that

produced via the process of star-formation, the star-formation rate density, ρΨ,

must be calculated for the same stellar mass selected samples of galaxies used to

calculate the merger fractions and subsequent merger rates in the previous chapter.

This section describes the steps taken to achieve this.

Estimated stellar masses and total (UV + IR) star-formation rates are taken

from Muzzin et al. (2013a, see their Section §5.5) and the distribution of star-

formation rates, Ψ, are observed within discrete bins of stellar mass and redshift.

This work and the SFR estimates in Muzzin et al. (2013a) both use a Chabrier

(2003) IMF. Sources brighter than the 90% completeness K-band magnitude of

23.4 with reliable photometry are used. Stellar mass bins over the range 9.5 <

logM∗ < 11.5 with a width of 0.25 dex are used, while redshift bins are chosen to

be the same as the redshift bins probed in Figure 4.6. The resulting distributions of

log Ψ are fit with a combination of two Gaussian functions, representing a ‘red’ and a

‘blue’ population, respectively. It is important only that the total SFR distribution

is well reproduced at every stellar mass and redshift bin and a combination of

two Gaussian function achieves this. These fitted distributions are normalised such

that a galaxy with a particular (M∗, z) must have a star-formation rate in the range

−3 < log Ψ [M� yr−1] < 5. This range encompasses the range of SFRs within this

particular catalogue. The fitted star-formation rate distributions are presented in

Figure 6.3 as a function of stellar mass (columns) and redshift bin (rows).

In order to estimate ρΨ, stellar mass is substituted for star-formation rate in

the GSMF, effectively transforming the GSMF into a star-formation rate function

(SFRF), φΨ. As the GSMF is defined as

φ∗(M∗, z) =
dN

dV d logM∗
, (6.6)

it is trivial to define the SFRF, φΨ, as

φΨ(M∗, z) =
dN

dV d log Ψ
, (6.7)

where Ψ is the star-formation rate. The SFRF evaluates the number density of

objects with a particular star-formation rate at a particular redshift. At fixed

redshift this substitute is performed by sampling a star-formation rate from the

appropriate distribution at every stellar mass. The star-formation rate density can

then be estimated by integrating the sampled φΨ with respect to star-formation
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Figure 6.3: Star-formation rate distributions as a function of redshift (rows) and
stellar mass (columns) bins. Dashed grey lines represent the sum of a double Gaus-
sian fit to the SFR distributions of Muzzin et al. (2013a), while the coloured solid
curves represent the cumulative counts as a function of star-formation rate.
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rate. This can be written as

ρΨ =

∫ Ψ(M∗,2)

Ψ(M∗,1)

φΨ × Ψ dΨ. (6.8)

Performing a large number of these ρΨ ‘realisations’ obtains a distribution of values

for the star-formation rate density for a mass selected sample of galaxies from which

the most likely value and associated uncertainties are extracted as the 50th, 16th

and 84th percentiles, respectively.

As the star-formation rate distributions are constructed from the flux-limited

catalogue of Muzzin et al. (2013a), care is taken to only use ρΨ estimates at redshifts

whereM∗,1 >M90
∗ (z), i.e. where distributions of log Ψ are complete. Not account-

ing for this would result in values of ρΨ which are likely to be over -estimated, as it

would assume that lower mass galaxies have the same star-formation rate distribu-

tion as higher mass systems. At these redshifts where this is the case, lower limits

on ρΨ are estimated by integrating down to the appropriate stellar mass complete-

ness limit. Nonetheless, as one incrementally integrates down to stellar masses of

108 M� estimations of ρΨ are achieved that are in excellent agreement with the

cosmic star-formation rate density given in Equation 15 of Madau & Dickinson

(2014). Although taking SFR distributions from deeper survey data (e.g., Laigle

et al., 2016) would permit extending comparisons to higher redshifts, these SFR

estimates would most likely be based on SED fitting techniques which can provide

substantially inaccurate SFR estimates if the assumed star-formation history is not

correct (Maraston et al., 2010; Papovich et al., 2011). For completeness, results

are presented using other SFR estimates in the text while figures are provided in

Appendix C. One caveat of this work is that it explicitly assumes the SFR of a

galaxy is dependent only on stellar mass and redshift. However, it is known that

other galaxy properties (e.g., rest-frame UVJ colour) correlate with SFR and could

be used to provide better constraints on ρΨ in the future.

The estimated SFR densities, ρΨ, for the constant stellar mass samples, shown

in the top panel of Figure 6.4, evolve strongly with both redshift and stellar mass.

The calculated ρΨ for galaxies at > 1010 M� is found to be at least an order of

magnitude larger than that calculated for more massive galaxies at > 1011 M�.

The more massive galaxies evolve from log(ρΨ) = −3.4 at z = 0 to log(ρΨ) = −2.0

at z = 3.5, indicating a factor of ∼ 25 difference. The lower mass sample evolves

from log(ρΨ) = −2.5 at z = 0 to log(ρΨ) = −1.3 at z = 1.5. This represents a

change by a factor of ∼ 16 over this time (compared to a factor of ∼ 5 for the

more massive sample by z = 1.5). Similar trends are seen the constant number
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Figure 6.4: The estimated star-formation rate densities, ρΨ, for galaxies selected
at > 1011 M� and > 1010 M� (red open circles and blue filled circles in the top
panel), and galaxies selected at two different constant cumulative number density of
1×10−4 and 5×10−4 Mpc−3 (gold filled circles and blue open circles in the bottom
panel). See the text for details on how these are calculated. Dashed and solid
lines represent the best fitting power law parametrisation of ρΨ. Arrows represent
lower limits on ρΨ, estimated by integrating down to the stellar mass completeness
limit of the catalogue from which the SFR distributions are constructed. Fitting
parameters for these samples are presented in Table 6.2.
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Table 6.2: Star-formation rate density fitting parameters for galaxies with >
1011 M�, > 1010 M�, and at n(>M∗) = 10−4 Mpc−3. The data in Figure 6.4 is fit
with a simple power law of the form ρΨ(z) = ρ0(1 + z)mΨ , where ρ0 represents the
star-formation rate density at z = 0 and mΨ represents the slope towards higher
redshift.

Selection ρΨ(z = 0) mΨ Fit range

M∗ > 1011 M� 3.8+1.2
−1.1 × 10−4 2.2+0.4

−0.4 z < 3.5

M∗ > 1010 M� 3.5+0.9
−0.8 × 10−3 2.9+0.5

−0.5 z < 1.5

n(>M∗) = 1× 10−4 Mpc−3 7.5+3.9
−3.4 × 10−5 4.3+0.6

−0.7 z < 2.5

n(>M∗) = 5× 10−4 Mpc−3 3.6+1.3
−1.1 × 10−4 4.5+0.6

−0.7 z < 1.5

density samples (bottom panel of Figure 6.4), however the slopes are visibly steeper

than for the constant mass samples. For the constant number density sample at

n = 1× 10−4 Mpc−3, an increase by a factor of ∼ 100 in star-formation rate is seen

from z = 0 to z = 2.

6.4 Comparing star-formation to major and mi-

nor mergers in the build up of stellar mass

The star-formation rate densities of the different samples can be compared to the

merger accretion rate densities in order to ascertain the relative roles of mergers

and star-formation in the build-up of stellar mass in massive galaxies at z < 3.5.

The ratio of star-formation rate density to major (or minor) merger accretion rate

density quantifies the relative roles of star-formation and mergers as a function of

redshift for a specific stellar mass selected sample of galaxies. Fits of this ratio,

parametrised as p(z) = p0(1 + z)m, are given for major and minor mergers in Table

6.3.

To this end, the ratio ρΨ/ρ1/4 is shown in the top panel of Figure 6.5. Points for

intermediate mass galaxies are given by the filled blue circles, while massive galaxies

are shown as the open red circles, and the constant number density sample is shown

as open blue triangles. Given the dependence of ρΨ on stellar mass, it is no surprise

that a dependence of ρΨ/ρ1/4 is also found. The combination of a lower ρΨ and weak

dependence of ρ1/4 on stellar mass allows for major mergers to become a comparable

(within a factor of ∼ 2) source of stellar mass growth compared to star-formation

at z < 1 for this sample. Intermediate mass galaxies experience this duality at later

times (z < 0.5) than massive galaxies while the constant number density sample has

ratios similar to the more massive sample across the entire redshift range probed.
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Table 6.3: Best fitting parameters and uncertainties, derived from a bootstrap
analysis, of the ratio of star-formation rate density and major merger accretion rate
density, ρΨ/ρ1/4. This quantity is parametrised as ρΨ/ρ1/4 = p0(1+z)m. Parameters
shown for the two constant stellar mass selections and two constant number density
selections probed in this work. Fits are shown in Figure 6.5 as dashed and solid
black curves.

Major Mergers (ρΨ/ρ1/4) Minor Mergers (ρΨ/ρ1/10)

p0 m redshift range p0 m redshift range

M∗ > 1010M�

1.07+0.56
−0.46 3.49+0.87

−0.88 z < 1.5 11.96+14.20
−8.71 1.32+1.91

−2.65 z < 1.5

M∗ > 1011M�

0.37+0.39
−0.23 3.89+1.17

−1.46 z < 3.5 3.30+4.86
−2.40 2.88+1.52

−2.16 z < 3.5

n(>M∗) = 1× 10−4 Mpc−3

0.49+1.33
−0.39 3.35+1.96

−3.76 z < 2.5 1.57+5.38
−1.31 1.32+1.91

−2.65 z < 2.5

n(>M∗) = 5× 10−4 Mpc−3

0.49+0.46
−0.31 3.74+1.52

−1.70 z < 1.5 - - -

Similar trends are seen for minor mergers, shown in the bottom panel of Figure

6.5. It is clear that minor mergers have not yet become a comparable source of

stellar mass relative to star-formation for any of the galaxy selections. Massive

galaxies and galaxies selected at a constant number density evolve from a ratio of

∼ 100 at z ∼ 2.5 to a ratio of ∼3–5 at z = 0. The ratio for intermediate mass

galaxies evolves weakly with redshift from a ratio of ∼ 40 at z ∼ 1.5 to a ratio of

∼ 10 at z = 0. The uncertainties are however large, owing to the larger uncertainties

on the minor merger rates compared to major mergers.

It is clear then that the process of star-formation remains the dominant source

of stellar mass growth in massive galaxies at z < 3.5, with the exception of the most

massive galaxies where major mergers become comparable to and possibly larger

since the last 5 Gyr.

6.5 Role of major and minor mergers in the size

evolution of massive galaxies

Studies have shown that massive galaxies have grown in size by a factor of 2–4 since

z ∼ 2 (Daddi et al., 2005; Trujillo et al., 2006, 2007; Buitrago et al., 2008; Lani et al.,

2013). Sizes of galaxies selected at a constant number density have been shown to

evolve by a factor of ∼1.5–4 since z ∼ 3 (Ownsworth et al., 2014; van Dokkum
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Figure 6.5: The ratio of star-formation rate density to major (top panel) and
minor (bottom panel) merger accretion rate density as a function of redshift for
galaxies at > 1011 M� (open red circles), > 1010 M� (filled blue circles), and a
constant number density of 1×10−4 Mpc−3 (open blue triangles). Arrows represent
lower limits on these quantities. Dotted horizontal lines indicate ratio values of
1, 10, and 100. Solid, dashed, and dashed-dotted curves represent fits of a simple
power law to the data for the samples mentioned above, respectively.



CHAPTER 6. THE BUILD-UP OF STELLAR MASS AT Z < 3.5 155

et al., 2010). Recent works have shown that mergers between galaxies with low gas

content — so-called dry mergers — allow galaxies to increase in size by a few times

from z > 2 to z ∼ 0 (e.g., Bezanson et al., 2009; Oser et al., 2012). Virial theorem

arguments and galaxy merger simulations indicate that the size evolution due to

dry mergers can be parametrised as R ∝Mα
∗ , where α ≈ 1 for major mergers and

α ≈ 2 for minor mergers (e.g., Bezanson et al., 2009; Hilz et al., 2012; Hilz, Naab

& Ostriker, 2013).

In order to explore the role of mergers in this observed size evolution, the change

in radius of a typical galaxy in each of the selections is estimated. Going forward

in time (towards lower redshift) over each redshift bin, the stellar mass accreted

through major or minor mergers has been estimated in the previous section. As the

typical stellar mass of a galaxy at each selection is known in the highest redshift

bin, the change in radius of a typical galaxy can be estimated. Using the arguments

given above, the ratio between initial and final radius can be written as

R(z)

R(z = 3.5)
=

(M0 +M+
∗

M0

)α
=

(
1 +
M+
∗

M0

)α
, (6.9)

where M0 is the initial z = 3.5 stellar mass of a primary sample galaxy, and M+
∗

is the stellar mass added via mergers from z = 3.5 to z = z2 where z2 < 3.5.

Normalising the left hand side of the equation by the initial radius removes any

assumption of the initial size of the galaxy and instead focuses on the evolution

rather than absolute values. The results in this work assume α = 1 for major

mergers and α = 2 for minor mergers.

Estimated size evolution, R(z)/R(z = 3.5), is shown in Figure 6.6 for major (top

panel) and minor (bottom panel) mergers. Major mergers are found to increase the

size of galaxies selected at > 1011 M� and > 1010 M� by 20% and 40%, respectively,

while minor mergers contribute an increase of 10% and 50% for the same samples.

The progenitors of local massive galaxies, selected at a constant number density

of 10−4 Mpc−3, are expected to increase in size by 40% and 20% from major and

minor mergers, respectively. There are, however, large uncertainties on these esti-

mates owing to the uncertainty on the minor merger rate. Although minor merger

rates are lower and the mass accreted from them is small, the value of α ≈ 2 pre-

dicts minor mergers are much more efficient in increasing galaxy size. Summing

the contributions from major and minor mergers suggests that galaxy mergers are

responsible for an increase in size by a factor of 1.3, 1.9 and 1.6 for the selections

mentioned above. These estimates are upper limits as the assumption of all mergers

being dry mergers may not always be correct (especially as lower stellar masses are
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Figure 6.6: Estimated size increase due to major (top panel) and minor (bottom
panel) mergers at z < 3.5 for galaxies selected at > 1011 M� (red solid line and
shaded area) and > 1010 M� (blue dashed line and shaded area) and at a constant
number density of 10−4 Mpc−3 (blue dashed dotted line and shaded area).

probed) and the assumption that all mergers are dissipationless will not always be

true either.

The derived size evolution for the most massive galaxies (∼ 1.3×) is similar

although smaller than the factor of ∼ 1.7 found for galaxies at > 1010.8 M� at

z < 2.5 using data from UltraVISTA and 3DHST+CANDELS. However, if the

value of Cmerg is normalised to that used in this work, Man, Zirm & Toft find size

growth on the order of a factor of∼ 1.1, only 20% away from the value derived in this

work. The predicted factor of ∼ 1.6× size growth for the constant number density

selected sample is smaller than the evolution in size (effective radius) observed by

Ownsworth et al. (2014, see their Table 5) for a sample of galaxies selected at z < 3

and 10−4 Mpc−3. They find an average size increase of ∼ 2.7 over this redshift
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range, suggesting that merging can only account for at most ∼ 70% of the observed

size evolution of massive galaxy progenitors. As with all the results presented in

this Chapter, this depends heavily on the assumed value of Cmerg, and using a value

of unity instead of 0.6 allows for merging to account for the vast majority of the

observed size evolution.

As more massive galaxies are found to evolve in size by a smaller (relative)

amount compared to lower mass galaxies, these results support the idea of ’down-

sizing’ (Cowie et al., 1996) whereby the most massive galaxies formed first and

being to evolve passively first.

The assumptions made in this work reveal that in most cases, therefore, mergers

cannot fully account for the observed size evolution of galaxies at z < 3.5. Other

sources of size evolution may come from AGN feedback (e.g., Fan et al., 2008), or

the process of star-formation (e.g., Dekel, Sari & Ceverino, 2009; Ownsworth et al.,

2012). However, the relative roles of these processes in the size evolution of massive

galaxies has not yet been explored in as much detail as galaxy mergers.

6.6 Conclusions

The relative roles of star-formation and mergers in the build up of stellar mass in

massive galaxies has been probed at z < 3.5. The best constraints on the major and

minor merger histories of massive galaxies have been used to estimate the stellar

mass accreted by a typical galaxy at > 1010 M� through merging events. From

this the major and minor merger accretion rate densities are estimated, providing

a quantity which can be compared to the star-formation properties of a population

of galaxies. This was achieved by calculating the well known star-formation rate

density for the stellar mass selected populations of galaxies probed throughout this

thesis. The main conclusions from this comparison are as follows. Star-formation

remains the dominant source of stellar mass growth for massive galaxies for the

majority of cosmic time, only being comparable to growth from major mergers at

z < 1, and possibly surpassed by major mergers at z < 0.5. Stellar mass growth

from minor mergers are found to be 2–3 times smaller than star-formation in the

local Universe (z ∼ 0) but has not yet surpassed star-formation like major mergers.

The results from this work and the results of Chapter 5 indicate that although

minor mergers contribute less stellar mass to intermediate mass galaxies relative to

major mergers, they play a greater role in the size evolution of intermediate mass

galaxies at z < 3. This is in contrast to more massive galaxies which are less affected

by minor mergers. It is therefore imperative that merger histories are studied at
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lower stellar mass and merger ratio regimes in the future.

Finally, the role of mergers in driving the observed size evolution of massive

galaxies are explored. Upper limits are placed on the expected size increase from

high to low redshift. Major mergers are found to be the dominant contribution

to the size increase, with galaxies at > 1010 M� expected to increase in size by

30–90% at z < 3.5, while the direct progenitors of local massive galaxies are ex-

pected to increase in size by 60% in this same time period. However, these growth

factors scale as ∼ (Cmerg)α, and so the considerable uncertainty on this quantity

could allow for mergers to account for the vast majority of the size evolution if the

value is significantly different to that chosen here. This uncertainty is much more

pronounced for minor mergers due to the larger value of α.



Chapter 7

Conclusions

This Thesis has presented work relating to the history of the most massive galaxies

at z < 3.5. Specifically, it has described work that investigated methods which

aim to connect populations of galaxies across cosmic time (Chapter 2); described

modifications to a method which allows for the measurement of close-pair fractions

for stellar mass-selected, flux-limited samples of galaxies (Chapter 3); and investi-

gated the role of major and minor mergers in the stellar mass and size evolution

of massive galaxies using the best constraints on the merger fractions and merger

rates at z < 3.5 (Chapter 4, Chapter 5 and Chapter 6). The main conclusions from

the work presented in this Thesis are described below.

1. The best method to trace the properties of galaxies forwards and backwards in

time is through a selection at a constant cumulative number density in stellar

mass. Selecting galaxies above a constant stellar mass limit results in large

(up to a factor of ∼ 20) systematics in estimations of the average stellar mass,

star-formation rate and stellar mass density. Furthermore, the contamination

of the sample increases exponentially with redshift. This is in stark contrast

to a selection at a constant cumulative number density which recovers the

same properties within a more acceptable factor of 2–3. Therefore, if one

wishes to trace the true evolution of local (or high-redshift) galaxies backwards

(forwards) in time, the best method is to use a selection at a constant number

density. Additionally, velocity dispersion may be a better ranking indicator

than stellar mass for future surveys. However this conclusion depends entirely

on how true inferred simulation velocity dispersions are.

2. Mergers occur much less frequently than previously thought resulting in a di-

minished capacity to drive the observed stellar mass and size evolution of

massive galaxies. Using the full redshift probability distributions afforded by

159
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multi-wavelength SED fitting techniques, pair fractions are measured for three

samples of galaxies at z < 3.5. Galaxies with masses > 1010 M� are expected

to undergo < 1 merging event over the past 11 Gyr. Probing major and minor

mergers separately reveals a suggestion of a mild dependence of the merger

fraction on stellar mass. Major and minor merger pair fractions are similar

for primary samples of > 1011 M�, however the major merger pair fraction is

a factor of ∼ 2 larger than the minor merger pair fraction for galaxies with

> 1010 M�.

3. Star-formation remained the dominant source of stellar mass growth in mas-

sive galaxies up until the last 5 Gyr. Comparison of sample-specific merger

accretion rate density with the star-formation rate density revealed that the

most massive galaxies have comparable stellar mass growth from the two chan-

nels at z < 0.5, while less massive galaxies have achieved similar ratios in the

last ∼ 2 Gyr (z < 0.2). Furthermore, major mergers provide 10× more stellar

mass than minor mergers.

4. Major and minor mergers are (probably) not the dominant source of the ob-

served size evolution of massive elliptical galaxies. Using simple virial theorem

arguments it is found that mergers can increase the size of a typical massive

early-type galaxy by, at most, a factor of 1.3, assuming dry mergers and no

inefficiency due to dissipational processes.

7.1 Future work

The work presented in this Thesis results in further questions that require investi-

gation, most of which could be achieved with the dataset in hand. These potential

future avenues are discussed below.

Firstly, the method presented in Chapter 3 could be improved in several ways.

Currently the method uses a single estimated stellar mass at every redshift. Mod-

ern SED-fitting techniques can provide the probability distribution of stellar mass

through the conversion of χ2 which could, in theory, provide P (M∗|z). Given

sufficient computing power this information could be folded in to provide a more

probabilistic measurement of the pair fraction, folding in the intrinsic uncertainty of

the stellar mass estimation process. Additionally, further investigation is warranted

into choice of certain parameters, e.g. Odds, which are assumed. As an example,

the Odds parameter, O, is assumed to be the same for each region however it is

supposed to represent the typical uncertainty in photometric redshifts. While the
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regions used in Chapter 4 and Chapter 5 have similar photometric redshift uncer-

tainties, it would be prudent to explore this in more detail and ensure that the

values do not significantly change.

Next, the data itself could be improved. Use of the latest data releases (e.g.,

UKIDSS UDS DR11 and UltraVISTA DR3) would allow smaller stellar mass regimes

and higher redshift regimes to be probed. Further investigation into the possible

systematic shift seen in the COSMOS region in Chapter 4 should be a priority. It

may well be that the unprecedented multi-wavelength coverage (29 bands) results

in systematically larger or smaller stellar mass estimates compared to surveys like

the UKIDSS UDS (11 bands) which sample a smaller portion of a galaxy’s SED.

This can be investigated by simply comparing estimated stellar masses using the

whole filter set in COSMOS and a filter set similar to that used in the UDS and

VIDEO regions.

Recent works have attempted to probe the connection between AGN and galaxy

mergers. Some works conclude that AGN are primarily fuelled by merging events

(e.g., Chiaberge et al., 2015; Kaviraj et al., 2015), while others do not (e.g., Ellison,

Patton & Hickox, 2015). All of the surveys used in this work possess co-spatial X-

ray and/or radio observations which can be used to identify AGN candidates. While

extra SED templates would likely have to be added into the mix when estimating

stellar masses and photometric redshifts for these objects (as they are likely not

well fit using ‘normal’ galaxy SED templates), it would be possible to investigate

the AGN fraction as a function of physical separation.

Another open question related to mergers between galaxies is whether and how

mergers impact star formation in the host galaxy. Several works have investigated

whether an excess in the star-formation rate of galaxies exists in close-pairs com-

pared to field galaxies (e.g., Barton, Geller & Kenyon, 2000; Lin et al., 2007; Ellison

et al., 2008), however these studies are confined to low redshift (z < 1) and/or small

sample sizes. Infra-red star-formation rate estimates, or those calculated through

SED fitting, in the fields used in this thesis could allow for a more comprehensive

probe into this matter.

As mentioned in Chapter 4, a shadow on any study of merger histories is the

conversion of fractions to rates. The two parameters required to do so — the

probability of a close-pair merging, Cmerg and the observability time scale, Tobs — are

still not well constrained. The most recent and arguably most complex simulations

from which these parameters have been estimated (Lotz et al., 2010) consider only

a handful of simulated events due to their cost in terms of computing time and

analysis. Furthermore, Lotz et al. explore these parameters only at z < 1.5. It
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is therefore imperative for the entire field of mergers that further simulations are

performed with larger sample sizes and at a wider range of redshifts. Until this is

achieved, these two parameters will remain the dominant source of uncertainty in

merger rate measurements.

Finally, the next two decades will revolutionise the study of galaxy formation

and evolution. New telescopes, such as the James Webb Space Telescope (JWST),

the new class of ground-based Extremely Large Telescopes (ELTs), and the Large

Synoptic Survey Telescope (LSST), will provide an unprecedented window on the

Universe. Not only will samples of galaxies increase by orders of magnitude or more,

but study of the Universe’s formative years (z ≥ 3) will be transformed. While each

of these datasets — unimaginable by even the best astronomers a century ago —

will be revolutionary in their own right, combining them will forever change the

study of galaxy formation and evolution.



Appendix A

VIDEO completeness simulations

Comprehensive completeness simulations were performed on the VIDEO data in

order to determine the completeness limit of the data. The VIDEO region provided

exactly 1 square degree with pixel scale-matched photometry in the VIDEO near-

IR (ZY JHKs) and CFHT-LS optical (ugriz) filters. In order to calculate the

completeness (i.e., the ability to recover sources) as a function of total Ks-band

magnitude, areas of background were identified and stitched together in order to

create a ‘noise’ image of the same dimensions as the image from which the catalogue

is extracted. The image was then populated with realistic galaxy light profiles at

random1 positions, ensuring that the number density of sources is comparable to

the real image. Galaxy properties from which the light profiles are derived are taken

from those observed in the UKIDSS UDS DR8 data release, also used in this work.

This provided complete distributions of galaxy structural parameters from which to

sample. Profiles were generated using the IRAF mkobjects routine and are given

total magnitudes within 17 < mKs < 27, Sérsic (Sérsic, 1963) indices of 0.5 < n < 8

and sizes taken from the distribution seen in the UKIDSS UDS. SExtractor then

analysed the image using the same parameters as used to construct the source

catalogue. Comparing the input and extracted parameters, a source was considered

‘recovered’ if it is found within 1” of its true position and 0.5 magnitudes of its

input magnitude. This results in 95, 90, 80 and 50 per cent completeness limits of

mKs = 21.5, 22.5, 23.1, 23.7 AB, as seen in Figure A.1.

1This process used the numpy.random Python module which employs the Mersenne Twister
algorithm for generating random numbers. Therefore these positions are strictly pseudo-random
in nature.
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Figure A.1: Left: A typical simulated image (zoom in on a created in the compre-
hensive completeness simulations of the VIDEO Ks-band image using the method
described in the text. Right: Completeness fraction as a function of total Ks-band
magnitude. Horizontal dashed lines indicate the 95%, 90%, 80% and 50% complete-
ness levels.



Appendix B

Supplementary minor merger pair

fraction estimations

In this supplementary material, measurements of the total (µ > 0.1) and major

(µ > 0.25) merger fractions are used to determine the minor (0.1 < µ < 0.25) major

pair fraction using raw ‘counts’ of galaxies. As the pair fraction for a paritcular

primary sample is defined as

fpair =
Npair

Npri

,

where Npair is the number of close-pairs of galaxies and Npri is the number of galaxies

in the primary sample, it is trivial to show that the minor merger pair fraction can

be written in terms of the total and major merger pair fractions as

fminor = ftotal − fmajor =
Ntotal −Nmajor

Npri

.

Using the values of Ntotal and Nmajor obtained in the measurements of the pair

fraction (with Pyrus), the minor merger pair fraction is estimated along with its

uncertainty.

Figure B.1 displays the total (µ > 0.1; upper panel) and major (µ > 0.25; middle

panel), and derived minor (0.1 < µ < 0.25; bottom panel) pair fractions, fpair, for

galaxies withM∗ > 1011 M� and selected at separations of 5–30 kpc. The top two

panels show the pair fractions calculated using the counts of pairs and counts of

primary sample galaxies as discussed in Chapter 4. The bottom panel displays the

inferred minor merger pair fraction as a function of redshift. The average value and

uncertainties are estimated using distributions of Npair and Npri for total and major

mergers. The total merger pair fraction is best fit as ∝ (1 + z)1.0, while the major
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merger pair fraction is best fit as ∝ (1 + z)0.8. The best-fit parameters are shown as

a dashed grey curve. Additionally, the middle panel includes a dotted black curve

which is the best fit parameters using data points over the same redshift regime

as for the total and minor mergers. It can be seen that fitting of fmajor(z) is not

strongly dependent on the redshift range used, with f0 changing by 5% and the

exponent, m, changing by 14%. Fitting the inferred minor merger pair fraction

finds it ∝ (1 + z)1.1. This is similar to the best fit exponent for ftotal(z). For this

galaxy selection, the average ratio of fmajor/fminor is ∼ 1.3 at z < 2.5.

Pair fractions for intermediate mass (M∗ > 1010 M�) galaxies are shown in

Figure B.2. The total merger pair fraction is found to be best fit as ∝ (1 + z)2.1,

using measurements at z < 1. At z < 1.5 the major merger pair fraction is best

fit as ∝ (1 + z)2.1, however if the data at z < 1 is fit an 18% shallower slope and

11% larger f0 is found. These parameters are consistent with each other when their

uncertainties are taken into account, something which is visually obvious in the

middle panel of Figure B.2. Inferred fminor values are best fit ∝ (1 + z)2.6. The

uncertainties on all these fitting parameters are large, however, due to the small

redshift range available to fit over. At z < 1, the the major merger pair fraction is

found to be ∼ 2 times larger than the minor merger pair fraction.

Figure B.3 displays the total, major and minor merger pair fractions for galaxies

selected at a constant number density of 10−4 Mpc−3. The total merger pair fraction

is best fit as ∝ (1 + z)1.0, rising from a pair fraction of 0.04 at z = 0. The major

merger pair fraction is best fit as ∝ (1 + z)1.1 using the full set of available data,

however the exponent decreases slightly to m = 0.9 while f0 increases by 10% if the

same redshift range as the total and minor merger pair fraction is used in fitting.

Whichever fitting is used, the major merger pair fraction rises from a fraction of

0.02 at z = 0. The bottom panel of the Figure displays the inferred minor merger

pair fraction which is found to rise from 0.02 at z = 0 as ∝ (1 + z)0.7. Comparing

major and minor pair fractions from this sample, it is found that the major merger

pair fraction is a factor of ∼ 2 larger than the minor merger pair fraction across the

redshift range probed.

The method described here is an alternative way of estimating the minor merger

pair fraction to that used in Chapter 5. No significant difference is found whether

the power-law fits or the raw pair counts are used to estimate fminor and these results

are provided for completeness. It can be seen from these results, as in the main text,

that matching redshift regimes during the fitting process results in power-law fitting

parameters in agreement with each other, changing less than 20% depending on the

galaxy selection. Generally, reducing the redshift range used for fitting results in a
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larger f0 and a shallower slope, however all fitting parameters are consistent with

each other. Finally, these results suggest there may be a slight mass dependence

of the inferred minor merger pair fraction, with galaxies at smaller stellar masses

possessing a steeper minor merger fraction.
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Figure B.1: Measured total (µ > 0.1; upper panel) and major (µ > 0.25; middle
panel), and derived minor (0.1 < µ < 0.25; bottom panel) merger pair fractions,
fpair, for galaxies with M∗ > 1011 M� and selected at separations of 5–30 kpc.
Points from the GAMA, UDS, VIDEO and COSMOS regions are given by crosses,
circles, squares and triangles, respectively, in each panel. Dashed grey curves repre-
sent the best fitting power law fitting parameters, stated in the upper right of each
panel. The dark grey fitting parameters and black dotted curve represent a fit of
the major merger pair fraction at the same redshift range as the total and minor
merger pair fraction.
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Figure B.2: Measured total (µ > 0.1; upper panel) and major (µ > 0.25; middle
panel), and derived minor (0.1 < µ < 0.25; bottom panel) merger pair fractions,
fpair, for galaxies with M∗ > 1010 M� and selected at separations of 5–30 kpc.
Points from the GAMA, UDS, VIDEO and COSMOS regions are given by crosses,
circles, squares and triangles, respectively, in each panel. Dashed grey curves repre-
sent the best fitting power law fitting parameters, stated in the upper right of each
panel. The dark grey fitting parameters and black dotted curve represent a fit of
the major merger pair fraction at the same redshift range as the total and minor
merger pair fraction.
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Figure B.3: Measured total (µ > 0.1; upper panel) and major (µ > 0.25; middle
panel), and derived minor (0.1 < µ < 0.25; bottom panel) merger pair fractions,
fpair, for galaxies selected at n = 1 × 10−4 Mpc−3 and selected at separations
of 5–30 kpc. Points from the GAMA, UDS, VIDEO and COSMOS regions are
given by crosses, circles, squares and triangles, respectively, in each panel. Dashed
grey curves represent the best fitting power law fitting parameters, stated in the
upper right of each panel. The dark grey fitting parameters and black dotted curve
represent a fit of the major merger pair fraction at the same redshift range as the
total and minor merger pair fraction.
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Additional SFR density estimates

The star-formation rate density estimates presented in Chapter 6 use the star-

formation rate estimates of Muzzin et al. (2013a). These (UV + IR) star-formation

rates are calculated by converting L2800 and LIR which are estimated using template

fitting techniques. This section presents alternative star-formation rate density es-

timates that use the catalogue presented in Laigle et al. (2016). The star-formation

rates provided by this work are based on multi-wavelength SED fitting estimates

from the COSMOS field, whereby galaxies are selected using deeper K-band pho-

tometry than used Chapter 6.

Figure presents estimates of the star-formation rate density, ρΨ, the ratio be-

tween the star-formation rate density and the major merger accretion rate density,

and the ratio between the star-formation rate density and the minor merger accre-

tion rate density in the top, middle and bottom panels, respectively. Compared

to the results in Chapter 6, the evolution of ρΨ is much milder for the constant

mass selections and are found to be approximately constant over the redshift range

probed, however the typical normalisations are consistent. The evolution for the

number density selection is much shallower than found in Chapter 6, however the

average value is very similar.

Although the milder evolution of these quantities results in a milder evolution

in the ratio between ρΨ and the major and minor merger accretion rate density, the

general conclusions drawn in Chapter 6 remain the same: Major mergers become

comparable to star-formation in the build up of stellar mass at z < 0.5, while minor

mergers are still approximately an order of magnitude smaller than star-formation

at all redshifts probed.
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Figure C.1: Estimations of the star-formation rate density (ρΨ; top panel), the
ratio of ρΨ to the major merger accretion rate density (ρΨ/ρ1/4; middle panel), and
the ratio of ρΨ to the minor merger accretion rate density (ρΨ/ρ1/10; bottom panel)
for galaxies with > 1011 M� (red open circles), > 1010 M� (blue filled circles), and
at a constant cumulative number density of 10−4 Mpc−3 (blue open triangles). Fits
to each of these are given by the solid, dashed and dashed-dotted lines in each panel,
respectively. Horizontal dotted lines in the bottom panel indicate ratios of 100, 10
and 1.
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Maller A. H., Katz N., Kereš D., Dave R., Weinberg D. H., 2006. The Astrophysical

Journal, 647(2), 763.

Man A. W. S., Toft S., Zirm A. W., Wuyts S., van der Wel A., 2012. The Astro-

physical Journal, 744(2), 85.

Man A. W. S., Zirm A. W., Toft S., 2014. eprint arXiv:1410.3479.

Maraston C., Pforr J., Renzini A., Daddi E., Dickinson M., Cimatti A., Tonini C.,

2010. Monthly Notices of the Royal Astronomical Society, 407(2), 830.

Maraston C., 2005. Monthly Notices of the Royal Astronomical Society, 362(3),

799.

Marchesini D., van Dokkum P. G., Förster Schreiber N. M., Franx M., Labbé I.,
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Rodŕıguez-Espinosa J. M., Alonso-Herrero A., Balcells M., Cenarro J., Cepa J.,

Charlot S., Cimatti A., Conselice C. J., Daddi E., Donley J., Elbaz D., Espino
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Pellò R., Perez Montero E., Ricciardelli E., Silverman J. D., Tanaka M., Tresse

L., Abbas U., Bottini D., Cappi A., Guzzo L., Koekemoer A. M., Leauthaud A.,

Maccagni D., Marinoni C., McCracken H. J., Memeo P., Porciani C., Scaramella

R., Scarlata C., Scoville N., 2010. Astronomy & Astrophysics, 523, A13.

Riess A. G., Filippenko A. V., Challis P., Clocchiatti A., Diercks A., Garnavich

P. M., Gilliland R. L., Hogan C. J., Jha S., Kirshner R. P., Leibundgut B., Phillips

M. M., Reiss D., Schmidt B. P., Schommer R. A., Smith R. C., Spyromilio J.,

Stubbs C., Suntzeff N. B., Tonry J., 1998. The Astronomical Journal, 116(3),

1009.



BIBLIOGRAPHY 195

Robotham A. S. G., Driver S. P., 2011. Monthly Notices of the Royal Astronomical

Society, 413(4), 2570.

Robotham A., Driver S. P., Norberg P., Baldry I. K., Bamford S. P., Hopkins A. M.,

Liske J., Loveday J., Peacock J. A., Cameron E., Croom S. M., Doyle I. F., Frenk

C. S., Hill D. T., Jones D. H., van Kampen E., Kelvin L. S., Kuijken K., Nichol

R. C., Parkinson H. R., Popescu C. C., Prescott M., Sharp R. G., Sutherland

W. J., Thomas D., Tuffs R. J., 2010. Publications of the Astronomical Society of

Australia, 27(01), 76.

Rodriguez-Gomez V., Genel S., Vogelsberger M., Sijacki D., Pillepich A., Sales

L. V., Torrey P., Snyder G., Nelson D., Springel V., Ma C.-P., Hernquist L.,

2015. Monthly Notices of the Royal Astronomical Society, 449(1), 49.

Rodriguez-Gomez V., Pillepich A., Sales L. V., Genel S., Vogelsberger M., Zhu

Q., Wellons S., Nelson D., Torrey P., Springel V., Ma C.-P., Hernquist L., 2016.

Monthly Notices of the Royal Astronomical Society, 458(3), 2371.

Ruiz P., Trujillo I., Marmol-Queralto E., 2014. Monthly Notices of the Royal As-

tronomical Society, 442(1), 347.

Safranek-Shrader C., Montgomery M. H., Milosavljević M., Bromm V., 2016.
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