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Abstract

This thesis investigates the evolution of massive galatiesughout the last 11 bil-
lion years using measured stellar masses and star formaties. Firstly, we present
a study of the resolved star-forming properties of a samptistant massive X/ >
10 M) galaxies in the GOODS NICMOS Survey (GNS) within the redstahge
1.5 < z < 3 in order to measure the spatial location of ongoing star &ion (SF).
We find that the SFRs present in different regions of a galaftgatethe already exis-
tent stellar mass density, i.e. high density regions hayedriSFRs than lower density
regions, on average. We find that these massive galaxidstafihree broad classifi-
cations of SF distributions. These different SF distribong increase the effective radii
toz = 0, by ~ 16 £+ 5%, with little change in the &rsic index (), with an average
An = —0.940.9, after evolution. These results are not in agreement wélobserved
change in the effective radius andbetweenz ~ 2.5 andz ~ 0. We conclude that
SF and stellar migration alone cannot account for the oleslkeckiange in structural pa-
rameters for this galaxy population, implying that otheicimenisms must additionally

be at work to produce the evolution, such as merging.

In Chapter 2, we present a study of the stellar mass growthegbithgenitors of local
massive galaxies at number densitiesiok 1 x 10~* Mpc—2 in the redshift range
0.3 < z < 3.0. We select the progenitors of massive galaxies using twobeum
density selection techniques: a constant number dendegte®, and one which is
adjusted to account for major mergers. We find that the dpeagenitors of massive
galaxies grow by a factor of four in total stellar mass oves tledshift range. On
average the stellar mass added via the processes of statimnmmajor, and minor
mergers account fa3 + 8%, 17 + 15% and35 + 14%, respectively, of the total galaxy

stellar mass at = 0.3. Therefore,52 + 20% of the total stellar mass in massive
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galaxies at: = 0.3 is created externally to local massive galaxies. We exaithae
dominance of these processes across this redshift rangindnithat atz > 1.5 SF

is the dominant form of stellar mass growth, whilezatc 1.5 mergers become the
dominant form with minor mergers the dominant form of groath < 1.0. We also
explore the implication of these results on other galaxyntiion processes such as
the cold gas accretion rate of the progenitors of most magglaxies over the same
redshift range. We find that the gas accretion rate decresgesedshift with an

average gas accretion rate-of65 M. yr—! over the redshift range df5 < » < 3.0.

Finally, we investigate the evolution of the propertiesomfdl massive galaxies over the
redshift rangé.3 < =z < 3.0. We again select the progenitors of local massive galaxies
using a constant number density selection. We find that teeage progenitor galaxy
appears passive il J colours since at least= 3.0. We examine thé/V'.J colours
and find that the average progenitor of a local massive gdlagynot lived on the blue
cloud sincez = 3.0. The passive fraction of the progenitor population haseased
from 56 + 7% atz = 3.0 t0 94 + 8% at z = 0.3. This result implies that the majority
of the progenitors of local massive galaxies have stoppédesc star forming by
z = 3.0. Examining the structural properties of the progenitoagis we show that
the size evolution of a galaxy sample selected this way isvenage lower than the
findings of other investigations into the size evolution @fssive galaxies which have
found that they must grow in size by a factorof 4 from redshift3.0 to the present
day. The average of the progenitor population evolves significantly over tedshift
range studied, with the population being dominated by towbjects ¢ < 2.5) at

z > 1.7 and transitioning to high objects atz: < 1.7. Splitting the high and low:
objects into SFing and passive samples. We find4hat 4% of the sample at > 2.5
are passive low systems, possibly implying that local massive galaxiesevpassive

disk-like systems at early cosmic times.
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Chapter 1

Introduction

The ancient Greeks called them the milky ones, William Heescalled them spiral
nebulae but we know them today as galaxies. The study of igalas extragalactic
objects is less than 100 years old. Galaxies were once @asidbjects contained
within our home galaxy, the Milky Way. In 1925 Edwin Hubbldaa#ated the distance
to an irregular nebula in the constellation of Sagittarisisig Cepheid stars, a class of
variable star first reported by Pigott (1784), and showetttteanebula lay far outside
of the Milky Way (Hubble 1925b). Thus he showed that this éangbula was in fact
a neighbouring galaxy. From this our view on the Universe arenged drastically.
No longer were we living in a Universe populated solely byst@nd nebulae, but
one where these objects formed into larger individual systegalaxies. With the
discovery that our Galaxy was not unigue in its existencadémental questions about

the Universe needed to be answered, such as how did thestsdojen and evolve?

1.1 Cosmology and Galaxy Formation

Our Universe is governed by its cosmology. The currently pimkform of cosmology
is that the Universe is made up of roughly 71% dark energy, @88k matter and 4%
baryonic matter (results from Planck space experiment,éi@. 2013 ). The largest
component of the Universe, dark energy, is thought to beoresple for accelerating
the expansion of the Universe but it is not well understoocarkDmatter, initially

posited by Zwicky (1933), is also not well understood butitfects can be observed
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via gravitational lenses and galaxy rotation curves (Rubhgnnard & Ford 1978).
The baryonic matter that makes up us, planets, stars andiggkccounts for a small
percentage of the total energy budget of the Universe, Imiighwhat we can directly

observe.

Although we do not fully understand what the dark componehtsir Universe consist
of we can begin to understand their role in shaping the gadawie see today. The
current paradigm for galaxy formation and evolution is @M model. This model
incorporates dark energy,, and cold dark matter, CDM. Cold dark matter is dark

matter that moves at non relativistic speeds.

In this model of the Universe, galaxies form within largerldavatter haloes that dom-
inate over the total mass and extent of the galaxy. These matter haloes begin
forming by collapsing under self gravity out the non-unifodark matter distribution
present in the early universe (Peebles 1980). This normumiflistribution can be seen
in the Cosmic Microwave Background (CMB, Figure 1.1). These bseglds of struc-
ture build-up their mass over time via merging with otherkdawatter haloes (Lacey
& Cole 1993a). This process is called hierarchical assemtgre the smallest ob-
jects form first and build up into more massive objects (Whit&RR&es 1978). Over
the last couple of decades computer simulations of this gsohave shown that this
model of the growth of structure produces a universe mu&hthke one we live in (e.g
Millennium simulation, Springeét al. 2005, Figure 1.2). Along with the build up of
the dark matter haloes the baryonic matter is also buildirtbeacentre of the haloes
under the influence of gravity. The baryonic matter in therfaf hydrogen, helium,
and few heavier elements cools over time to form moleculauas within which stars

are formed and the first galaxies are created.

1.2 Bimodality of Galaxies

A clear bimodality is seen in the galaxies of the UniversesTidicates that although
we understand the basic idea of how stars form into galakkeemtlividual evolutionary
paths are different, and it is important to understand tloif$erences. | explore this

bimodality in the following sections.
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Figure 1.1: The Planck space mission map of the Cosmic Microwave Back-
ground (CMB) seen over the full sky. Credit to ESA and the BkarCollaboration
http://www.esa.int/spaceinimages/Images/2013/03/ELMB
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" /500 Mpclh ‘ 125 Mpc/h

Figure 1.2: Snapshots of the N-body dark matter Millennium simulatiSpr{ngelet al. 2005).
All taken atz = 0.0 showing the filamentary structure of the large scale streatfithe Universe.
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1.2.1 Morphology

Hubble (1925a) visually inspected and classified the shapd80 galaxies into his
famous "tuning fork” diagram (Figure 1.3 shows an updatediea of the classifica-
tion scheme). This classification scheme was based on thal wisurphology of the
galaxies; E corresponding to galaxies that appeared routdeatureless, and S cor-
responding to galaxies that appeared disk like with spaaiires. Hubble showed that

almost all galaxies in the local Universe fall into these twoad categories.

Galaxy morphologies can also be determined using computdtimethods. &sic

(1968) parametrised the general light profile of galaxieenetthe intensity/, follows

I(r) = Lg % exp (—/@ (RZH)W - 1]) (1.1)

where R is the effective radius, that is that radius that contairitdfahe galaxy’s

the relation:

total light, a proxy for the size of a galaxy;; is that intensity at the effective radius;
is the Srsic indexy is a function of the 8rsic index that takes the form 092 x n —
0.3271. The Srsic index parameter of this relation indicates the gedoatshape of
the light profile and, in general, the morphology. Figureshdws galaxy light profiles
based on a range oESsic indices. Studies (e.g. Belt al. 2004, Ravindranatbt al.
2004, Nair & Abraham 2010, Buitraget al. 2013, Mortlocket al. 2013) have shown
that galaxies with light profiles best fit by a higerSic index,n > 2.5 often have an
elliptical morphology whereas galaxies best fit by a logvsc index;» < 2.5, have a

disk/spiral morphology.

From Figure 1.3 we notice that by arranging the galaxies i fdshion there is an
apparent trend with morphology and galaxy colour, with thend elliptical galaxies
having redder colours than the disky spiral galaxies (etgt&/aet al. 2001, Blanton
et al. 2003, Wolf, Gray & Meisenheimer 2005). We discuss galaxpgpin the next

section.

1.2.2 Galaxy Colour

Galaxy colours are defined as the difference between theitdgrof a galaxy in two

wavelength bands. There exists a bimodality in the distioiuof galaxy colours in
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The Hubble
Tuning Fork

Sh
Ellipticals Unbarred spirals

Lenticular
SO

Barred spirals
SBb

iCG Credit: Karen L. Masters (ICG Portsmouth). Galaxies: SDSS gri colour images as used in Galaxy Zoo. GALAXY Z(0O

Figure 1.3: The Hubble Tuning fork. The galaxies shown are, : colour composite images from
the Sloan Digital Sky Survey (SDSS, Yoekal.2000) and have been classified by the Galaxy Zoo
project (Lintottet al. 2008). Credit to Karen L. Masters.
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The Sersic Profile

104
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Figure 1.4: The Sersic profile form given in Equation 1.1, where effectiveiwsdand intensity at
the effective radius are fixed. http://users.obs.carsegace.edu/peng/work/galfittREADME.pdf
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1 1 I [ R T 1 L 1 L 1

02 04 06 08 1.0 -18 —20 -22
(g-r) MO.1i

Figure 1.5: Left panel: The histogram af — r colours of galaxies for the SDSS which shows a
clear bimodality. Right panel: The colour magnitude diagfar the same galaxies. Galaxies with
red g — r colours appear to have a tight correlation with their magtétand lie on the so called
"red sequence”. Galaxies with blye— » colours lie in a diffuse region called the "blue cloud”.
Figure adapted from Blantagt al. 2003)
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the Universe (e.g. Stratee al. 2001, Blantoret al. 2003, Kauffmanret al. 2003). In
the left hand panel of Figure 1.5 we see the bimodal disiobdbr galaxies within the
Sloan Digital Sky Survey (SDSS) in— r colour. The right hand panel of Figure 1.5
shows how the —r colour correlates withhband magnitude. Galaxies with red colours
follow a tight correlation between colour and magnitude.isTik known as the “red
sequence”. Galaxies with blue colours have a weaker ctioelaetween colour and
magnitude and lie in the region known as the “blue cloud”. Seheolours arise from
the stellar populations present within the galaxy. Gakiat appear blue in optical
colours host many hot, high mass stars (stellar types O,Bn Ewugh these stars are
rare they are brighter than the more numerous cooler, retideer mass stars. This
gives the galaxy the appearance of a blue colour. As thebaags stars only exist on
the stellar main sequence for short, 10s of Myr lifetimesijrthresence indicates that
there has been recent star formation within the galaxy. Hlaxy ceases to form stars
the final generation of high mass stars evolve off the stei@n sequence in relatively
short time-scales. This leaves behind the lower mass, cstales with redder colours
and longer stellar main sequence lifetimes. Thereforexied have redder colours the
longer they remain non star forming or quiescent. Theretbeebimodality in galaxy

colour is a gauge of the star forming properties of the gafsogulation.

1.3 Star Formation

The rate of ongoing star formation is one of the most fundaaigmoperties of any
given galaxy. This property appears to be linked to manyebther attributes a galaxy
can possess, such as colour, morphology, and also stelés: e star formation rate
of a galaxy shows a strong trend with stellar mass, with high&ss galaxies hosting
larger amounts of star formation. Galaxies that fall upas ttend are said to be on
the star formation main sequence. Non star forming galdaiebelow this trend and
galaxies undergoing a large burst of star formation lie abdvigure 1.6 from Daddi
et al. (2007) shows this trend over a large range of redshifts. Deddl. (2007) and
Noeskeet al. (2007) also showed that the star formation main sequencergoes
significant evolution with redshift, such that galaxies qfial mass were more highly

star forming at earlier cosmic times. This is reflected indtaa formation history of
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the Universe, shown in Figure 1.7 from Hopkins & Beacom (20@éiich also shows
that the Universe was more highly star forming at earlier cogimes. How do we
measure the star formation rate (SFR) within a varied pojoumaif galaxies and in a

consistent manner over cosmic time?

1.3.1 Detecting Star Formation

The past decade has witnessed a wide range of new obsealatiftarmation on star
formation thanks to the Galaxy Evolution Explorer, the SpitSpace Telescope, the
Herschel Space Observatory, and the Hubble Space Teleacopeg others. Cali-
bration of SFR indicators range across the full electroreigrspectrum, from the
Ultraviolet to Radio wavelengths (see Kennicutt 1998a).himfbllowing subsections
we describe a few of the SFR indicators for unresolved systesithis is the type of
system this thesis will be focused on. All of these observablantities depend on the
presence of high mass statd (.. > 3M.), as these are a transient population that
trace the current SFR. Although lower mass stars are moredabtithan high mass
stars they cannot be directly measured in these methodsorfect for this issue we
need to relate the relative abundances of high to low mass sing an Initial Mass
Function (IMF). Figure 1.8 shows many different IMF modet®d in various stud-
ies. In this thesis | will only be considering the Salpeteaalf®@ter 1955) and Chabrier
(Chabrier 2003) IMF models.

1.3.1.1 Direct Stellar Light

The youngest stellar populations emit the bulk of their gpen the rest frame UV
(< 0.3 um). This wavelength probes the star formation in galaxiesime-scales of
100s of Myr. However, the UV radiation is highly attenuatgddust in the line of
sight. Therefore, in most cases to calculate the correct @€ERent in a galaxy the
observed UV luminosity requires a correction for energy ths to dust absorption.
For a Chabrier IMF the UV stellar continuum can be converteal $&-R via Kennicutt
(1998a) as:

SFRyy = 7.7 x 107*vL, (1.2)
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Figure 1.6: The stellar mass-SFR correlation for star forming galariesr the redshift range of
0.1 < z < 2.0. The points show star forming galaxieszat 2.0. The dark blue line is the best
fit to these galaxies. The cyan solid lines areihe 1 andz = 0.1 correlations taken from Elbaz
et al. (2007). The green squares for the result of the average S&3R-relation determined from
radio stacking of K j20.5 galaxies in GOODS-N. Figure fromdDeet al. (2007).
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Figure 1.7: The evolution of the star formation density with redshifhig figure shows the peak
of the SFR of the Universe atz2. The Figure is a collection of results from Hopkins & Beacom
(2006) and references within.
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Figure 1.8: A complied diagram of IMF’s used in astronomy. Collectechir8alpeter (1955) eq.
5; Miller & Scalo (1979) table 7; Kennicutt (1983) section $talo (1986) table; Kroupa, Tout
& Gilmore (1993) eq. 13; Kroupa (2001) eq. 2; Baldry & Glazaik (2003) abstract; Chabrier
(2003) table 1. Figure credit to lvan Baldry
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with SFRyy in Mgyr—!, v is the frequency in Hertz, andl, is the luminoisty in
erg/s. Correcting this luminosity for dust is not a trivial tiee. Meurer, Heckman
& Calzetti (1999) found a correlation between dust attermmaséind the shape of the
UV continuum for local starburst galaxies. Using these lteghe unattenuated UV
luminosity can be obtained. See Sectiarsb and3.2.5.2 for a full description of this

technique.

1.3.1.2 lonised Gas

The UV flux emitted via the O and B type stars can ionise (wittiation at< 912 A)
their local neutral hydrogen environments. This then in fanoduces the Hydrogen re-
combination line emissions, including the well known Balrdnees of Hy (0.6563 pim)
and H3 (0.4861 um). These strong spectral lines can be directly related andected
to the ongoing star formation activity on similar time-ssahs SFRs measured from
UV luminosities. Using Osterbrock & Ferland (2006) and a GlEabMF the strength

of the Ha line can be converted to a SFR via:
SFRpo =5.5%x 107 Ly, (1.3)

with SF Ry, in Moyr—t andLy, is in erg/s.

1.3.1.3 Dust Processed Stellar Light

As stated before, dust absorbs UV radiation very efficietitgn in turn this energy
is re-radiated at infra-red (IR) wavelengtlis{ 1000 um). The thermal IR spectrum
of a galaxy will depend on the underlying stellar populati@ hot young stars will
heat the dust to a higher mean temperature than an old gteladation (e.g. Helou
1986). Thus, qualitatively, the dust heated by UV-luminousing stellar populations
will produce an IR SED that is more luminous and peaked attshevavelengths
(~ 60 pum) than the dust heated by UV faint, old or low-mass stard (0 — 150 gm).

This is the foundation for using IR emission as a SFR indicattie full bolometric

IR emission can be converted to a SFR using:

SFRIR,bol =25 10744[1[371,01 (14)
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With SF R po In Moyr— @and Lig 101 in erg/s. As this method examines the emission
of UV heated dust it can be used in conjunction with the UV losity methods to
form a complete observable SFR measureS.BRyv uncorr + S F R bol = SF Riotal-
With the SF' Ruy uncore D€ING the SFR derived from the undustcorreced UV luminosity
In the far infra-red there are monochromatic methods fovaey SFRs (e.@24 pm).
However, these methods require other properties of the dadaky to be known to
fully calibrate their conversion factors. These propertielude; metal abundance (e.g.
Marble et al. 2010); the presence of polycyclic aromatic hydrocarbong. (Peeters
et al. 2004) and dust heating from different stellar populatiomg).( Crockeret al.
2013).

1.3.1.4 Other Methods

Star formation in galaxies can also be probed via synchmatadio and X-ray emis-
sion. In the case of synchrotron emission, the basic meshmisi the production and
acceleration of electrons in supernova explosions. Asdteeaf supernovae is directly
related to the SFR in theory the radio synchrotron luminositl act as a proxy for
the SFR. However, using this method as a proxy is complicatetleasynchrotron
luminosity is highly affected by the mean electron productper supernova and the
galaxy’s magnetic field, which are uncertain (e.g. Rybicki ghtman 2004). There
also exists a correlation between a galaxy’s IR and radicgon (e.g. Yun, Reddy
& Condon 2001). Therefore, since the IR is correlated witthlibe SFR and radio
emission the radio SFR calibration can be derived empiyidal.g. Murphyet al.

2011).

A similarly indirect relation exists between SFR and X-raginosity. Supernovae and
high mass X-ray binaries produced via recent star formagiroauce a large fraction
of the X-ray luminosity of a star forming galaxy. Due to théidulty of establishing
the frequency and intrinsic luminosity of these X-ray soarttee SFR again has to be

derived empirically (e.g. Mineo, Gilfanov & Sunyaev 2012).

All of the above methods give us insight into the rate newsstae being created. How-
ever, a feature of the bimodality of galaxies is that thera ppulation that contains

little to no star formation. This poses the question, why diaxgies stop forming stars?
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1.3.2 Quenching Star Formation

The fundamental way to stop forming stars is to remove thd deinse hydrogen
gas present within the galactic interstellar medium (ISM)e loss or heating of the
ISM can be accomplished by many different processes. Thalpesnechanisms for
guenching the star formation can be divided into two broadgmaies: internal pro-

cesses and external processes. Below | briefly outline theotireg processes.

1.3.2.1 Internal Processes

In order to expel or heat a significant amount of gas from axyadelarge amount of
energy is required. Active galactic nuclei (AGN) and supsmare two mechanisms

that output huge quantities of energy into their environtsen

Many supernovae occurring within a star forming galaxy are &b ionise large re-
gions of gas. This outburst of energy into the surroundingalss drives outflows
that are able to entrain and remove large amounts of gas flom mass galaxy. We
see evidence of this occurring with high velocity gas outioneasured in highly star

forming galaxies with young stellar populations (e.g. Breget al. 2013).

AGN have been shown to produce enough energy to remove gashsomost massive
galaxies and keep this gas from cooling and falling back tdmdost galaxy (e.g. Silk
& Rees 1998). Though, how this energy couples to the cold gasciear. AGN could
drive strong winds in excess of what is observed from supamge.g. Fabian 1999)
or shock heat the gas and prevent it from cooling (e.g. Fastiah 2006). Evidence
has been found that both of these processes may be at workoftieMoustakas &
Diamond-Stanic (2007) observed high velocity, possiblyNA@iven, outflows from
post star-burst galaxies, and Fabé&tral. (2006) found shocks within the inter-cluster
medium of the Perseus cluster caused by radio lobe caviteeged by the central
AGN.

Recent work on galaxy formation models predict that the daakten halo in which
the galaxy resides can also be responsible for the quenohstgr formation (Croton
et al.2006, Dekel, Sari & Ceverino 2009, Feldmaatral.2010). These models predict

that as the dark matter halo grows in mass its virial tempesahcreases and the halo
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is able to create and maintain a hot gas medium surroundengdlaxy. This hot gas
halo shock heats any cold gas infalling onto the system aakftbre stops it from
forming stars. This so called hot halo model predicts thiEbges residing within high

mass dark matter haloes will be starved of cold gas and instamformation is halted.

1.3.2.2 External Processes

Over the course of a galaxy’s lifetime it can come into conteith external objects
and forces that have the ability to remove the cold gas andau#e ongoing star

formation. The processes are most prevalent in galaxyesiestvironments.

When a star forming gas rich galaxy enters a galaxy clustdaramment, it begins to
interact with the inter cluster medium (ICM). As the galaxitdanto the cluster the
ICM exerts a pressure on to the ISM and, over time removes tlhiegas from the
system (Gunn & Gott 1972). This is known as ram pressurepstigp Many exam-
ples have been observed of galaxies that are undergoingrtiiesses (e.g. Ebeling,
Stephenson & Edge 2014 and references within). In large gallsters the ICM
is a hot X-ray emitting gas. When a galaxy falls into this eomment and becomes
embedded in the ICM, the IGM can be heated up and therefore cals gas loss by

thermal evaporation (Cowie & Songaila 1977).

Galaxy interactions can also cause both an enhancementamgation of the SFR. A
merger between galaxies can compress the ISM in both galargtenhance the SFR’s
of both galaxies. However, this enhancement may be shed ldue to exhausting
their cold gas reservoirs maintaining the high SFR (Fuj88), an enhancement in
the supernova rate or the merger event triggering AGN agtiihese processes can

heat up and expel the remaining cold gas (e.g. Hopédras. 2008).

1.4 Massive Galaxies and High Redshift

Hereafter, we will refer to massive galaxies as those With > 10! M. Massive
galaxies are thought to be formed in the high density peakbeomass distribution

in the early Universe. They are often the most luminous ge$aat all redshifts due
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to their large stellar mass component, and therefore oaskrover a large range of
cosmic time. This makes them an excellent probe for invastig galaxy formation.
The population of local massive galaxies tend to have alpimorphologies, high
Sérsic indices, large sizes, low star formation rates, liveigh density environments,
have old stellar ages, and populate the massive end of thereg sequence (e.g.
Bower, Lucey & Ellis 1992, Kauffmanat al. 2003, Sheret al. 2003, Kauffmanret al.
2004, Gallazzet al. 2005, Nelaret al. 2005, Baldryet al. 2006, Gallazzet al. 20086,
Quadriet al.2007 Buitragaet al. 2013, Mortlocket al.2013). These galaxies although
massive are already in place at early cosmic times (e.g.|dbdret al.2011), however,

they are not the homogeneous population we observe in thédaoserse.

Massive galaxies at high redshift,> 2.0, have been found to be highly star forming,
have low frsic indices and smaller sizes (e.g. Dagldal. 2007, Trujilloet al. 20064,
Baueret al. 2011, Buitrageet al. 2013). How galaxies have transformed over cosmic

time is an important open question in modern astrophysics.

1.4.1 Size Evolution

In the local universe there exists a correlation betweerastelass and galaxy size,
with the more massive galaxies having larger sizes (e.gn 8hal. 2003). A major
finding of recent high redshift studies is that passive nvasgalaxies at > 1.5 have
significantly smaller sizes and are more compact than loasdige massive galaxies.
This was originally reported by Daddt al. (2005) who showed that massive galaxies
at high redshift are a factor of three smaller than local lsimmass. Figure 1.9 shows
the findings of recent work by van der Wed al. (2014) that explores size evolution

over a wide range of galaxy masses over the redshift rangeof < 3.

Several physical processes have been proposed to expisistitbng size evolution
within the massive galaxy populationak 1.5. These can be divided into two distinct
categories: external or internal processes. Externabsems that can increase the sizes
of galaxies are gas poor (dry) mergers (e.g. Khochfar & SU@& Naab, Johansson
& Ostriker 2009) and cold gas flows along cosmic web filameatg.( Dekel, Sari

& Ceverino 2009, Conselicet al. 2013) adding small amounts of stellar mass to the

outer regions of massive galaxies. Internal processesctraincrease the sizes of
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Figure 1.9: The size-stellar mass distribution for star forming andsp&sgalaxies over a range
of redshifts. The colour coding represents the early typed) (and late types (blue). The solid
lines indicate the best fits to both populations. The daskmedih each plot represent fits to the
galaxies in thex = 0.25 redshift bin. The strong evolution in galaxy sizes can ¢jebe seen in
both populations. Figure from van der Wétlal. (2014)
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galaxies are adiabatic expansion resulting from stellassmass and strong AGN-
fuelled feedback (e.g. Faet al, 2008, 2010, Hopkinst al. 2010, Blucket al. 2011).

In the AGN feedback scenario the central AGN engine will reengas from the central
parts of the galaxy, quenching star formation and alterirgggravitational potential
within the galaxy’s inner region. This causes the systerelaxrand undergo adiabatic

expansion resulting in a larger galaxy size.

At the present time there is no clear answer that can fulljagxphe observed size evo-
lution. Recent works suggest that dry minor mergers coul@bpansible for this phe-
nomenon, with several works (e.g. Carrasco, Conselice &[Mo@D10, van Dokkum
et al.2010, Blucket al.2012) finding that the central regions of massive galax@s fr
z = 2.2 do not change but witness the development of “wings” in galaht pro-
files with decreasing redshift. However, the rate that mmerger events occur over a
galaxy’s lifetime is an unknown, and are there may be othecgsses contributing to

the size evolution.

1.4.2 Stellar Mass Assembly

An important question in galaxy evolution is how do galabagdd and assemble their
stellar mass. The stellar mass growth of all galaxies iselihky two fundamental
processes: star formation and mergers. By these two pracalisgalaxies acquire
their stellar mass. Star formation and mergers are knowaue imcreasing importance
as we look back in time (e.g. Madatal. 1996, Dekel, Sari & Ceverino 2009, Bridge,
Carlberg & Sullivan 2010, Bluckt al. 2011) but how these processes each contribute

to the growth of stellar mass over cosmic time is uncertain.

In the last few decades, much observational effort has begated to the depen-
dence of galaxy formation and the assembly of stellar masgatly studies, Cowie

et al. (1996) showed that the rest framd@band luminosity (proxy for stellar mass) of
rapidly star forming galaxies declines with redshift. Thigscribed this behaviour as

“downsizing”.
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1.4.2.1 Downsizing

Downsizing is a process of galaxy formation where the mostsiwa galaxies fin-
ish forming before lower mass objects. The effect of dowingizan be observed in
the Universe in multiple ways. Firstly, it was observed by @oet al. (1996) who
showed that the bright end of the galaxy luminosity functtiows very little evolu-
tion betweerd < z < 1.7, whereas the faint end shows a significant evolution. This
finding suggests that the brightest (i.e. most massive) gadrave finished building
their stellar masses before fainter (lower stellar masiExgss. Secondly, it can be
seen in the star formation histories of galaxies (e.g. Hesetal. 2004). Several stud-
ies have shown that massive galaxies ended their epoch of staj formation before
the general galaxy population (e.g Juneaal. 2005, Bundyet al. 2006, Daddet al.

2007). See Fontanet al. (2009) for a review of the results of downsizing.

The process of downsizing appears to be at odds with therbiecal growth scenario
where the largest galaxies form last with the “bottom-useasbly of the dark matter
structures in a\CDM Universe. However, the two can be reconciled. Even though
the massive passive galaxies are assembled-at their host dark matter haloes con-
tinue to grow in mass. They grow in mass via mergers with otlagk matter haloes,
however, the galaxies contained within do not merge on theedame scale. The
merger timescale for the most massive haloes are longersthafier haloes (Binney
& Tremaine 1987) and mergers are rare. This would imply thattost galaxies could
remain separate after the dark matter haloes have mergedh&rpossible reconcil-
iation is that the massive galaxies undergo dry gas-lesger®r In conjunction with
the hot halo model described previously this would starvalaxy of fuel for star

formation and hence these galaxies will remain “red and’'dead

The complete picture of the physical processes that drivendizing is not clear and if
we wish to comprehend this phenomenon we must fully undetstenmassive galaxy

population and its evolution.
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1.5 Aims of this Thesis

This thesis will try to answer some of the open questions pbgetiis introduction.
The overarching aim of this thesis is to investigate the w@ah of massive galaxies

sincez = 3 to the present day, a period of over 11 billion years.

Our first aim is to attempt to explain the observed size eimiwvith redshift using
the observed distribution of star formation within masgeéaxies at high redshift. A
process that has not been looked at in detall is the interaaf@tmation distribution
present within massive galaxies at high redshift, and wérdthis can account for the

observed structural evolution.

Chapter 2 is a study of the evolution of the structure and sizmassive galaxies
via star formation from: = 3 to the present day. This uses data from the GOODS
NICMOS Survey (GNS). In this chapter we also investigate tfecestellar migration

has on the evolution of the light profiles of massive galaxies

In Chapter 3, we investigate the stellar mass growth of magmlaxies over the red-
shift range 0f0.3 < z < 3.0 in the UKIDSS Ultra Deep Survey (UDS). Using new
number density selection techniques we can trace the pitogenf today’s massive
galaxies and explore their stellar mass growth. Using titeserved star formation and
major merger histories we can attempt to determine by whicbgsses these galaxies
assemble their mass and at what epochs. In this chaptersowexgblore the implica-

tions on these results on the cold gas accretion histories.

In Chapter 4, we further investigate the evolution of the protprs of today’s massive
galaxies in the UDS. Using our knowledge of the direct prages of massive galax-
ies we examine the evolution of their colours, passivitg/lat ages, star formation

histories, structural parameters and their locations ercttiour-magnitude diagram.

All of the above chapters are then concluded in Chapter 5.



Chapter 2

Evolution of Massive Galaxy
Structural Properties and Sizes via
Star Formation In the GOODS
NICMOS Survey

2.1 Introduction

One of the least understood aspects of galaxy evolutioreistdr formation rates in
galaxies and, how these vary across individual galaxiesjr@fuence galaxy proper-
ties. A key way to address galaxy evolution directly is to enstand how the nearby
galaxy population was put into place and evolved from highdshift galaxies, which
we can now observe in near complete mass-selected samples up 3 (e.g. Daddi
et al. 2007; Conselicet al. 2011). One major finding of high redshift studies is that
massive galaxiesM, > 10'' M) have significantly smaller effective radii than low
redshift galaxies of similar mass (e.g. Daétlal. 2005; Truijilloet al., 2006a,b, 2007,
Trujillo, Ferreras & de La Rosa, 2011; Buitragbal., 2008; Cimattiet al. 2008; van
Dokkum et al,, 2008, 2010; Franet al. 2008 ; van der Weét al. 2008; Damjanov
et al. 2009; Carrasco, Conselice & Trujillo 2010; Newmetral. 2010; Szomoret al.
2011; Weinzirlet al.2011).
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Several physical processes have been proposed to expisistitbng size evolution
within the massive galaxy population at< 2. These can be divided into two dis-
tinct categories, external processes such as gas poornfénglers (e.g. Khochfar &
Silk 2006; Naab, Johansson & Ostriker 2009) and cold gas fedarsg cosmic web
filaments (e.g. Dekel, Sari & Ceverino 2009; Consektel. 2013) as a means for
puffing up the stellar components of these massive galasiesternal processes such
as adiabatic expansion resulting from stellar mass lossandg AGN-fuelled feed-
back (e.g. Faet al,, 2008, 2010; Hopkinst al.2010; Blucket al.2011). One process
that has not been looked at in detail is the internal star &ion distribution present
within massive galaxies at high redshift, and whether tarsaccount for the observed
structural evolution. This can now be examined due to higbluéen data from the
GOODS NICMOS Survey taken with the ACS and NICMOS-3 instrumemntghe
Hubble Space Telescope (Conselital. 2011).

We know that galaxies evolve significantly in stellar massrfrobservational studies
showing that half of the stellar mass of present day galaziaiseady in place by ~ 1
(e.g. Brinchmann & Ellis 2000; Drorgt al. 2004; Bundyet al. 2006; Ferez-Gonalez
et al. 2008a; Mortlocket al. 2011). The most massive galaxies/, > 10'!'M)
appear on average to have red rest-frame colours which wecetgpsee for galaxies
dominated by old stellar populations (Saraetal.2005; Labl et al.2006; Conselice
et al. 2007; Gitzbauchet al. 2011). However, Bauest al. (2011) show that- 80%
of these massive red galaxies likely harbour dusty stardtion. This star formation
over cosmic time could contribute large amounts of stellasgrnto massive galaxies,
and depending on where this mass is created could affectdhservable structural

properties as they evolve.

In the merger scenario, estimates for the total number obnmagrgers experienced
by a massive galaxy on average since- 3is N,, = 1.7 £ 0.5 (Bluck et al. 2009).
We explore this more thoroughly in Chapter 3. This would imgtyaverage stellar
mass increase of, at best, a factor of two due to major merd¢osvever over the
same period of time the effective radius of massive galali@sincreased on aver-
age by a factor of three for disk-like galaxies, and a facfoiive for spheroid-like

galaxies, effectively building up stellar mass in the ouegions of galaxies (see e.g.
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Buitragoet al,, 2008; Trujillo et al. 2007; Carrasco, Conselice & Trujillo 2010; van
Dokkum et al. 2010). This additional stellar mass could arise from stamfdion

already present at high redshift within these outer regions.

To date studies have only looked at the total star formataiasr of these galaxies
as a whole (e.g. &ez-Gonalezet al. 2008a; Cavaet al. 2010; van Dokkunet al.
2010; Baueret al. 2011; Giitzbauchet al. 2011; Hiltonet al. 2012), but have not
examined the locations of the star formation within thedexgas. Thus, we combine
the observed stellar mass profiles with the observed starafton profiles of high
redshift massive galaxies in order to measure the effetisteass added via star
formation over~ 10 Gyr has on different spatial regions, and to the total steflass
profile. We also ascertain whether this star formation canwaat for the observed size

evolution.

Along with size evolution within the massive galaxy popigdatthere is also a change
in overall morphology. The present day universe is populayetiassive galaxies with
early-type morphologies (e.g. Baldey al. 2004, Conselice 2006b). At earlier epochs,
z > 1.5, observational studies have found that the massive galepylation is dom-
inated by galaxies with late-type morphologies (e.g. Bgitrat al. 2013; Cameron
et al. 2011; van der Weét al. 2011; Weinzirlet al. 2011). This morphological shift
can be seen via a change iarSic index from low values; < 2.5 denoting a possible
late-type morphology, to high values,> 2.5 denoting a possible early-type morphol-
ogy. In the hierarchical model of galaxy evolution there ax@&ny methods that can
drive morphological evolution. These methods include ia star formation produc-
ing disk-like systems (e.g. Dekel, Sari & Ceverino 2009; Ggel. 2010; Ricciardelli

et al. 2010; Wuytset al. 2010; Bournaucet al. 2011), and/or mergers with satellite
galaxies producing a more spheroid-like system (e.g. Kfaoda Silk 2006; Hopkins

et al.2009; Feldmaneet al. 2010; Oseket al.2010). We therefore also investigate how
in situ star formation over cosmic time changes tkes& index of the massive galax-
ies, and ascertain whether this process can account forbbernaed morphological

changes.

This chapter is set out as follows: Section 2.2 discusseS@@DS NICMOS Survey,

the galaxy sample, and how the data used in this chapter wamed. Section 2.3.1
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examines the stellar mass radial density distributiond@imassive galaxies. Section
2.3.2 describes how the stellar mass density added via@tawafion is calculated.
In Section 2.3.3 we examine the evolved galaxy profiles. i&@@.4.1 presents the
findings of how the structure and size of the massive galagiakered by star forma-
tion. In Section 2.4.2 we introduce a simple stellar mignatnodel to the stellar mass
added by star formation in order to gauge the effect this Imastructures and sizes.
Section 2.5 and 2.6 contain the discussion and summary dfralings, respectively.
Throughout this chapter we assufag = 0.3, Qy = 0.7andH, = 70 km s ! Mpc~.

AB magnitudes and a Salpeter IMF are used throughout.

2.2 Data and Analysis

In this section we describe the survey we use in this study,GBODS NICMOS
Survey (GNS), as well as the measurements of photometrghifésl stellar masses,

rest-frame colours and star formation rates for our gataxie

2.2.1 The GOODS NICMOS Survey

The data we use in this chapter is obtained through the GN&GMS is a 180 orbit
Hubble Space Telescope survey consisting of 60 singleipgstvith the NICMOS-3
near-infrared camera, with an imaging depth of three ogtétspointing (Conselice

etal.2011).

These pointings were optimised to contain the maximum numobmassive galaxies
(M > 10" M) in the redshift rangé.7 < = < 3, identified in the two GOODS fields
by their optical-to-infrared colours (see Conselateal. 2011). The survey covers a
total area of about 45 arcnfinvith a pixel scale of- 0.1 arcsec/pixel, corresponding
to ~0.9 kpc at the redshift range of interésts < z < 3). The target selection, survey
characteristics and data reduction are fully described ims€liceet al. (2011). Other
analyses of the GNS data set can be found in Buitedgd. (2008), Baueet al.(2011),
Bluck et al. (2011), Giitzbauckhet al. (2011) and Mortloclet al. (2011).

The GNS has &c limiting magnitude ofH 4,5 = 26.8, which is significantly deeper
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than ground based near-infrared imaging of the GOODS fieddsed out with e.g.
ISAAC on the VLT, which reaches & depth of H 5 = 24.5 (Retzlaffet al. 2010).
Sources were extracted from the NICM®@$;,-band image and matched to the optical
HST-ACS bands B,V,and z, which are available down to a AB limiting magnitude
of B = 28.2. The matching is done within a radius dfarcsec, however the average
separation between optical alds)-band coordinates is much better with0.28+0.4
arcsec, roughly corresponding to the NICMOS resolution és&Baueket al. 2011).

The photometric catalogue covering theiBd bands comprises 8298 galaxies, and is
used to compute photometric redshifts, rest-frame colandsstellar masses described
in the following sections (see also Conselateal. 2011 for more details). Along with

this, each galaxy has imaging data in the BACS bands (Giavaliscet al. 2004).

Within our NICMOS fields is a total of 81 galaxies with stellaagses larger than
10* M., with photometric and spectroscopic redshifts in the rahge< z < 3.
This Hio-band sample of massive galaxies is reduced to 52 due to bpénd non-
-detections where we are unable to calculate accuratevioliea (UV) dust extinction
corrections (Baueet al. 2011). The sample is further reduced to 45 galaxies due to
removing those galaxies witheSsic fits to theH 4, light profiles with high uncertain-
ties or profiles that cannot be constrained ($28.1 and Buitraget al. 2008). We
examine the UV surface brightness profiles of the excludéakgss in the bands they
were detected in, and found them to be consistent with thi#lggaf the remaining
galaxies. Figure 2.2 shows thg, and H,4, band images of the 45 galaxies used in

this study.

2.2.2 Redshifts

Where possible, we use spectroscopic redshifts publishibe iliterature for our GNS
galaxies, otherwise we use photometric redshifts. Spswbimc redshifts of sources
in the GOODS-N field were compiled by Barger, Cowie & Wang (2008)ereas the
GOOD-S field spectroscopic redshifts are taken from the FIRIRKS compilation
(Wuytset al. 2008). In the full GNS sample, there are 537 spectroscopshitd for
sources in GOODS-N and 369 in GOODS-S. In the massive gatarpke used in this

chapter there are however only six galaxies with spectppsgedshifts.
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Photometric redshifts are therefore crucial for this sttidese photo-zs were obtained
by fitting template spectra to the BaH photometric data points using the HYPERZ
code (Bolzonella, Miralles & P&l 2000). The method is described in more detail in
Grutzbauclet al.(2011). The synthetic spectra used by HYPERZ are construgtad
the Bruzual& Charlot evolutionary code (Bruzual A. & Charlot 1993) represen
roughly the different morphological types of galaxies fdumthe local universe. Five
template spectra are used corresponding to the spected tffE, Sa, Sc and Im, as
well as a single starburst scenario. The reddening law isntdfom Calzettiet al.
(2000). HYPERZ computes the most likely redshift solutiothie parameter space of
age, metallicity and reddening. The best fit redshift andesponding probability are
then output together with the best fit parameters of spewfpal, age, metallicityA,

and secondary solutions.

To assess the reliability of our photometric redshifts wenpare them to available
spectroscopic redshifts in the GOODS fields. We matchedwbecatalogues to our
photometric catalogue with a matching radiuarcsec, obtaining 906 secure spec-
troscopic redshifts. Figure 2.1 shows the matched souf¢esteliability of photomet-

ric redshifts measures we use is defined\ay (1+2) = (Zspec — Zphoto) / (1 + Zspec)- IN

the following we compare the median offset from the one#ie-relationship between
photometric and spectroscopic redshiftd,z/(1 + z)), and the RMS scatter around
this relation,oa./14+-) = 0.061. We then investigate the performance of HYPERZ at
different redshifts, at low redshift < 1.5) and atl.5 < z < 3, which is the redshift
range of the galaxy sample we use. For the high redshift cetepbmple we obtain an
average offsetAz/(1 + z)) = 0.06 and a RMS oba./(14.) = 0.1, with a fraction of
catastrophic outliers af0%, where catastrophic outliers are defined as galaxies with
|Az/(1+ z)| > 0.3, which corresponds te- 3 times the RMS scatter. This error has

been folded into the results.

2.2.3 Stellar Masses and e-folding Star formation Timescales

Stellar masses and rest-frame colours of our sample arardeezl from multicolour

stellar population fitting techniques using the same cgtaof five broad band data
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Figure 2.1: Matched photometric redshifts versus spectroscopic ®GNS (906 galaxies). The
dispersionAz/(1 + z), and catastrophic outlier fraction abe6 and20% for galaxies within the
redshift range of studyl(5 < z < 3.0).
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points used to determine photometric redshifts for all GMfuxges. A detailed de-
scription of how stellar masses and rest-frafhe— B) colours are derived can be
found in Bundyet al. (2006), Conselicet al. (2011) and Gitzbauctlet al. (2011), and

is summarised in the following.

To calculate the stellar masses and colours of galaxieslaogmodel spectral energy
distributions (SEDs) are constructed from Bruzual & Chard®Q3) stellar population
synthesis models, assuming a Salpeter initial mass functarying star formation
history, age, metallicity and dust extinction. The stanfation history is characterised

by an exponentially declining model of the form

SFR(t) = SFRy x e /" (2.1)

The parameters in Equation 2.1 are varied over a wide rangalaés within the
ranges;r = 0.01 to 10 Gyr - with values (all in Gyr): 0.01 0.025 0.05 0.08 0.1 0.12
0.651.21 1.37 1.73 1.99 2.52 2.71 2.84 2.99 3.09 3.34 3.74.234.45 4.69 5.16
5.235.47 5.68 5.83 6.21 6.61 6.95 7.03 7.27 7.37 7.95 8.3B&880 8.94 9.57 9.80
9.88, and the time since the onset of star formation rangiogf = 0 to 10 Gyr,
with a condition that ages are not older than the universdf itd the redshift of ob-
servation. The dust content is parametrised by the V-batdadmlepth with values
v = 0.0,0.5, 1,2 and the metallicity ranges from 0.0001 to 0.05 (Bruzual & Gtiarl
2003).

The magnitudes obtained from the model SEDs are fit to theebd@hotometric data
of each galaxy using a Bayesian approach. A grid of modelsnstoacted from the
parameters defined above and the H-band Ly, minimum x? and the probability
that each model accurately describes a given galaxiesdslatéd at each grid point.
The corresponding stellar mass is then determined by sctle/, / Ly ratios to the
H-band luminosity based on the total H-band magnitude adshié of the observed
galaxy. The probabilities are then summed across the gddemed my model stellar
mass, yielding a stellar mass probability distributiondach galaxy. We use the peak
of the distribution as the best estimate, and the unceytathe width. The final error,

as a result of the models used, lie within the range of 0.23aéx.
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We use negative models in this chapter to fit our stellar masses, althougérdtdrms

of the star formation history are included later in the cbapthen considering the
addition of stellar mass, including constant star formatete measures, and an explo-
ration of possible forms of the star formation history, udihg those which are max-
imal and would exceed the observed stellar mass densitytewol(52.5.4.1). While
there is some evidence that the star formation history dgtumreases from = 8 to

z = 3 (e.g., Papoviclet al. 2011), there is also evidence that at redshifts lower than
this, and particularly for high mass galaxies, that the &tanation rate is starting to
decline (e.g., Conseliogt al. 2007, 2011). We investigate this in detail by examining
our sample at a constant co-moving number density, as Rapewval. (2011) does,
and seeing how our star formation rate changes for the sameung density. Do-
ing this, we find that the star formation declines over ourabposing this method,
although the star formation history at redshifts- 3 is more complicated than this.
However, this does show that our valueg-dhat we use here are mimicking the form

of the empirical star formation history.

It is possible that the stellar masses are an over estimadadthe poor treatment
of the TP-AGB phase in a star’s life and due to the effect adrgiremission lines
contaminating the broadband photometry. The effects oftRAGB phase are less
important at the rest frame wavelengths used in this stugyeaally in the infra-
red Higo band. Using newer models by Bruzual & Charlot (2007) which hawe
improved treatment of the TP-AGB phase we find that this Ievike stellar masses
of the massive galaxy sample By 0.07 dex. This effect from the new models is
smaller than the stellar mass error, and the effects of aoganiance, and is therefore

negligible. Table 2.1 contains the full list of values folnariables used in this study.

2.2.4 Star Formation Rates

The star formation rates (SFRs) used in this chapter are mezhBom rest-frame UV
luminosities, using the methods described in Baateal. (2011). The rest-frame UV
provides a direct measurement of ongoing SFR, since the UVhhsity is directly
related to the presence of young and short-lived stellauladipns produced by recent

star formation. However, UV light can be contaminated frddeostellar populations
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(e.g. Helium core burning stars) and is very susceptibleitt extinction and a careful
dust-correction has to be applied. The correction we useibérased on the rest-frame

UV slope. We briefly describe the method in the following.

We determine theS F Ryv, uncorrectea from the observed optical ACSs5p-band flux
density (with a 5 limit of 27.5 in the AB system) spanning wavelengths of 2125 -
34007 for z = 1.5 - 3 galaxies. After applying an SED based k-correction usiiegy
IDL KCORRECT package (Blanton & Roweis 2007, v4.2) this corresponds tota res
frame wavelength of 2800 This is done by using the full SEDs of these galaxies.
The result of this is a k-correction at rest-frame UV waveghais~ 2800A which we

use throughout this chapter.

To measure the SFR we first derive the UV luminosity of the mvaggalaxies, then use
the Kennicutt (1998a) conversion from 2870(wminosity to SFR assuming a Salpeter
IMF:

SFRUV(M@yr_l) =14x 10_28L2800(ergs S_1 HZ_l) (22)

Before dust extinction is taken into account we find a limitis\§y Ryv.ops = 0.3 £
0.1Myyr~' atz = 1.5, and a limiting SF Ryveps = 1.0 £ 0.3Meyr ' atz = 3.
The errors quoted here take into account photometric earmtghe conversion from a
luminosity. The error for individual SFRs are around 30%.sTériror is dominated by
the uncertainty on the measurement of the UV slgpeafnd the conversion to a dust

correction.

We compare our total integrated SFR for each galaxy in tmgo$ato the same sample
used in Baueet al.(2011) which included both SED determined and UV SFR. We find
on average that our total SFRs are slightly higher due to thefuséarger aperture but

within the quoted error.

Several studies (e.g. Bauetral. 2011; Reddyet al. 2012) have found that when com-
paring the IR derived SFRs plus UV derived SFR$'R; ) against dust corrected
UV SFRs GF Ryv.orr) that theSF R, yy IS On average a factor of 3 larger than
SFRyv.orr. This overestimation has been seen in other studies loakihgminous

galaxies (e.g. Papoviatt al. 2007). Results from the Herschel Space Telescope (e.g.
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Elbazet al. 2010; Nordoret al. 2010; Hiltonet al. 2012) suggest that at> 1.5, the
24 um flux may overestimate the true SFR due to a rise in the strasfgbolycyclic

aromatic hydrocarbon (PAH) features, changes in the SEDSGOI contamination.

Recent work on the same sample of massive galaxies used iohiyger by Hilton
et al. (2012) using Herschel Space Telescope data and new fittingoofeof the same
sample of massive galaxies found that the scatter of thesdtsean be reduced to
1o between the IR+UV and UV corrected SFRs by taking into accoewttemplates
in the FIR that account for these issues. We however are tumniately forced to only
use theSF Ry .o in this chapter since th8pitzerR 24,,m andHerschelimages are

not resolved.

2.2.5 Dust Corrections

To obtain reliable star formation rates in the rest-franteaulolet, we need to account
for the obscuration due to dust along the line of sight. Mguteckman & Calzetti
(1999) found a correlation between attenuation due to dusttla@ rest-frame UV
slope,3, for a sample of local starburst galaxies (wh&ke~ \°). More recent studies
of local galaxies using th&alaxy Evolution Explore(GALEX) near-ultraviolet band
show that the UV slope from the local starburst relation canded to recover the dust
attenuation of moderately luminous galaxies at 2 (Buatet al. 2005; Seiberet al.
2005; Reddyet al. 2010).

A method for determining dust extinction uses the reddepargmeter extracted from
the best-fitting SED template as described2.3. We fit sets of template stellar
population synthesis models to derive the stellar masseégZl@uchet al.2011; Con-
seliceet al. 2011). This method has some limitations when using it toesxirior dust
as this approach assumes that the UV slope is due to dust ieddestead of other

sources, such as evolved stellar populationsi{@rauchet al.2011).

We apply a method for determining a UV dust attenuatis, in terms of the UV
slope. The UV slope is determined using an SED-fitting praoedescribed in Bauer
et al.(2011). To summarise, we fit an SED to the multi-wavelengtbeotations from

optical-to-infrared. The SEDs obtained for all sourcesh@ GOODS fields were fit
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with stellar population synthesis models. The best fittergplates were then used to
obtain a synthetic estimate of the UV emission at #6Gtd 280@&. From the model-
derived UV luminosities at 1600 and 280@ we calculate the spectral slope, The
Calzettiet al.(2000) law is then used to derivilgy, from the UV spectral slope, which
we apply to the UV-derived star formation rates. Using thetlmd we find an average

extinction value ofd,g09 = 3.2 + 1.0 magnitudes for our sample.

Baueret al. (2011) find in a comparison between an SED determined, andan o
servationally derivei,5y, that the values obtained from these two methods are in
relatively good agreement fai/, > 10'' M, across the whole redshift range with an
average offset 06 Ayzo9 = 0.86. This corresponds to & 27% error in the average

dust attenuation and this is folded into the following résul

2.3 Stellar Mass Density Profiles

2.3.1 Stellar Mass Radial Density Distributions

We construct our sample galaxy’s stellar mass densityilligions by examining the
distribution of the H,4y, rest-frame optical light profiles for our sample (fob <

z < 3 this corresponds to rest = 640 — 400nm). We base this determination
on the @rsic fits to the light distribution. A detailed descriptioh how the frsic
indices were measured can be found in Buitragal. (2008) and is summarised in the

following.

The Sersic profiles were measured using GALFIT (Pegical., 2002; Peng, 2010).
GALFIT usesr!/™ 2D models of the form (&sic 1968):

E(T> - Ze X eXp(_bn[(R/Re)l/n - 1]) (23)

whereR, is the effective radius of the galaxy, is the surface brightness &%, n is
the Srsic index and,, = 1.9992n — 0.3271. This model is convolved with the Point
Spread Function (PSF) of the images, and GALFIT determimegést fit by compar-

ing the convolved model with the observed galaxy surfaaghbmiess distribution using
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Figure 2.2: Images in theissg band (left) andH 4 band (right) of the 45 massive galaxies in this
study. The ID number of each galaxy is shown in the lower rlggmtd corner of thegs, band
image with the corresponding image of the same region ifthg band to the right. All images
are 2.5 by 2.5 arcsecond cutouts for galaxies betwiegn< =z < 3 centred on thed;4o band
detection. The properties of each galaxy are listed in T2dle
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Figure 2.3: Example rest frame UV surface brightness profiles from Agg-band imaging. (a)
Galaxy ID: 999, Initial stellar masst.5 x 10'! M, Rest frame optical effective radius: 2.0kpc,
Rest frame optical &sic indexi = 1.42, SF growth classification: Inner SF growth. (b) Galaxy
ID: 3629, Stellar mass2.6 x 10*! M, Rest frame optical effective radius: 1.8kpc, Rest frame
optical Srsic indexz = 1.26, SF growth classification: Non-significant SF growth.
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a Levenberg-Marquardt algorithm to minimise theof the fit. We use single 8sic
models to compare our size estimations with previous workighbouring galaxies
are masked out before the fitting, and in the case of ovemgppophotes the objects
are fit simultaneously. Due to variations of the shape of tHeNNDS-3 PSF in our im-
ages, we select five non- saturated bright stars to sampRSRewithin our imaging
and with which to gauge the accuracy of the parameter measmts. The structural
parameters of each galaxy are measured five times for eagbeustar. The uncer-
tainty (1o) on the structural parameters due to changes in the PSF1i8% for the
effective radius-., and~ 20% for the Srsic indexn. We then remove galaxies from
our galaxy sample that are not well constrained aftasig profile fitting i.e. Galaxies
with high uncertainties im or R, or haven < 0.2. Objects withn < 0.2 have been
removed as these objects have non physical profiles andalemiot reached the Chi

global minima due to the fitting constraints and are theeetomreliable.

A concern when measuring sizes ar&t<s$c indices at high redshift is surface bright-
ness dimming which in principal could bias our measured sesvious studies have
examined this issue, and have conducted many simulatiagén to check the impor-
tance of surface brightness dimming in HST observatiorgs (Eujillo et al, 2006a,
2007; Buitrageet al. 2013). In Appendix A of Buitraget al. (2013) one can find the
descriptions of the extensive simulations conducted irotd asses the reliability of
the galaxy structural parameters within GNS. The mediaemable characteristics of
our massive galaxiesd{,z = 22.5, n~2, r. ~2 kpc) allow us to retrieve their structural
properties without any significant bias. However it is wantiting that, for individual
galaxies, the parameters are not as well constrained faxigal which display higher

Sérsic indices.

Using the total stellar mass for the galaxies and the H-bightl (see;2.2.3) we equate
the total stellar mass to the total rest-frame optical ligtwieived from the individual
galaxies. We then convert thé,s-band @rsic profile to a stellar mass profile. The

total initial stellar mass defined by:

M, = p, /O T exp(ba[(R/Ro)Y — 1])2eRdR (2.4)



Evolution of Massive Galaxy Structural Properties and Sizes W Star Formation
In the GOODS NICMOS Survey 39

The radius within which the total stellar mass is containfegd.,,, is taken to be 20kpc

in all cases. R,,... is chosen to be 20kpc as it is approximately 8 times the agerag
effective radius and will encompass more ta0% of the total flux. The effective
radius,R. and Srsic indexy, come from theld4o-band frsic profile as described in
this section. From this, the stellar mass density at the tafeecadiusp, is calculated,

and the full stellar mass density profile is constructed via:

pobserved(R) = Pe X eXp(_bn[(R/Re)l/n - 1]) (25)

with the implicit assumption that the mass to light ratio iss@ant over the galaxy, as

used in other works studying surface brightness profilgs &zomorwet al. 2011).

2.3.2 Stellar Mass Density Added Via Star Formation

We measure star formation profiles for our sample using theFIR@gramellipseby
fitting a series of isophotal ellipses to thg,-band data with thél;4,-band determined
centre of the massive galaxies. This isophotal fitting retuhezg;,-band flux binned
in a series of increasing radii. This is then converted tost dorrected star-formation
rate in each radius bin via the procedure describé@id.5. Examples of such surface

brightness profiles are shown in Figure 2.3.

The total galaxy magnitudes obtained from this isophot@h§tare checked against a
previous catalogue of thgs,-band magnitudes for these galaxies in Baatexl.(2011)

measured with SExtractor (Bertin & Arnouts 1996), and aretbto be consistent.

In order to measure how this star formation affects:the 0 mass density of the galaxy
we simulate the amount of stellar mass added via star foomatieach radius bin by
assuming that the same global star formation history weru§2.2.3 applies through
to = = 0. We also apply several other star formation histories tinegé galaxies could
experience such as constant SFR te 0, constant SFR te = 1.5 and variations on
the derived tau model. These are discusse@ib.4.2. We find very similar results as

discussed below for the tau models.
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ID SF Class SFRy z Mass Asg00 R, n T (yT)
43 oG 126.#434.2 179 11.604 3.8:1.0 1.8:0.3 25:0.8 6.5 x 10°
77 NG 173.846.9 233 11.20.2 3.5:09 3.2£0.1 1.4£0.1 1.2 x 10%
158 NG 28.8-7.8 1.84 11.204 2.0:0.5 1.4:03 2.0:2.0 6.5 x 108
227 NG 23.16.2 248 11.20.3 0.8£0.2 2.H0.1 2.10.1 1.2x 108
840 NG 87.823.7 231 11.103 2406 1.6£0.2 2.3t0.5 1.2 x 10°

856 NG 257.869.6 232 11.20.2 2.6:0.7 1701 3703 1.2x 108
860 oG 367.681.0 179 11203 3.9:1.1 3.8:0.3 3.5:0.6 6.5 x 108
999 IG 672.6:181.6 158 11.20.4 4.0:1.1 2.0:0.1 1.4£0.3 1.4 x 10°
1129 NG 464.#1255 261 11304 5.0:1.3 3.H0.1 0.2:0.1 1.2x 108
1394 NG 208.456.3 229 11503 3.5:09 3.3t0.1 1.10.1 1.2x108
1533 NG 97.4-26.3 245 11603 1.8:05 1.3t0.1 0.9:0.5 6.5 x 108
1666 NG 244.566.0 *1.76 11.904 47413 6.200.1 0.6:0.1 1.2 x 108
1768 NG 314.#85.0 222 11403 3.6:1.0 1.4:0.1 2106 1.2x 108
1888 NG 133.436.0 275 11204 3.5:09 2.0:05 5.0:1.2 1.2x 10%
2083 NG 160.643.4 231 111204 3.5:09 1.2£0.2 1.3t0.6 1.2 x 10%
2411 oG 2417653 2.09 11.80.3 3.8£1.0 5.2£0.1 0.6£0.1 6.5 x 10®
2564 NG 127.8345 210 11203 3.5:09 1.4:0.1 1.8:0.3 1.2 x 108
2667 0oG 284.86769 1.79 11.204 3.5:0.9 2.0£0.1 3.5:0.9 6.5 x 10°
2678 NG 51.&14.0 230 11.20.3 1.2£0.3 1.4£0.1 0.8£0.1 1.2 x 10®
2798 NG 196.253.0 1.72 11.60.3 3.5:09 45:0.6 4.6:0.2 6.5 x 108
3629 NG 140.637.0 217 11.40.2 25:0.7 1.8:0.2 1.3t0.2 6.5 x 108
3766 NG 76.6:20.5 1.87 11.20.2 2.2t0.6 2.8:0.1 1.90.3 1.4 x 10°
3818 NG 255.969.1 182 11504 3.5:09 3.7404 5113 6.5x 108
3822 NG 115.331.1 241 11205 3.5:09 1.9:0.1 2.1H05 1.2x 108
4033 oG 81.522.0 1.72 11.20.3 1.0:03 6.2H0.8 1.2:0.1 1.7 x 10°
4036 oG 134.336.3 172 11.80.3 3.5:09 1.7A404 7520 6.5x 10%
4315 NG 231.462.4 2.85 118604 4.0:1.1 0.9:05 1.8:1.3 1.2x 108
4471 oG 401.¢108.3 *2.29 11.20.4 3.5:09 2.8:0.1 1.4t0.1 6.5 x 108
4557 NG 232.662.8 2.09 11304 3.108 4.6:0.1 1.4:0.1 1.2x 108
4706 NG 236.263.8 *2.35 11.%#0.2 3.4:09 0.9:0.1 17412 1.2x108
4737 NG 34.49.2 252 11603 1.3:04 1.H03 3.3:3.7 1.2x10%
4882 IG 448.4121.1 1.67 11303 4.2t1.1 1.2£0.1 2.2:0.2 6.5 x 10®
5282 IG 276.874.7 164 11.60.3 3.5:09 4.9:0.1 1.1H0.1 2.7x 10°
5764 NG 170.241.6 254 11503 3.5:09 1.740.1 2.9:04 1.2x 108
6035 NG 208.656.3 1.60 11.30.4 3.5:0.9 2.0:0.1 4.2:0.6 6.5 x 108
6114 NG 108.829.2 196 11.30.3 25:0.7 1.5:0.6 0.3t0.3 6.5 x 108
6220 IG 558.3150.7 1.71 11604 5114 3.8:0.1 1.5:0.1 6.5x 108
6267 oG 136.236.8 *1.54 11.40.2 1.6£0.4 2.3t0.1 2.3t05 1.7x 10°
6287 NG 102.927.8 1.84 118604 3.5:09 25:0.1 2.4:04 6.5x 108
6514 NG 199.653.9 249 11203 3.2:09 27402 25:0.1 1.2x 108
6584 NG 180.448.7 1.62 11.20.3 3.5:09 6.2:0.1 1.BH0.1 1.2x108
7072 oG 101.8627.3 174 11.20.2 1.9t05 1.4:£0.1 2.3t0.4 1.4 x 10°
7475 oG 377.9102.0 *1.61 11.20.3 3.5:0.9 4.9:0.2 2.10.2 6.5 x 108
8140 0oG 319.686.3 *1.90 11.404 3.0:0.8 1.8:0.1 2705 6.5x 108
8214 0G 817.84220.6 2.05 11.20.2 3.8:1.0 1.6:0.1 1.740.2 6.5 x 108

Table 2.1: (col. 1) ID number of the galaxy; (col.2) The classificationtloe galaxy based on
the location of the star formation (s€8.3); Non-significant star formation growth (NG), outer
star formation growth (OG) and inner star formation growth)(; (col.3) Total observed UV star
formation rate in solar masses per year ; (col. 4) Best rédsitthe object, spectroscopic redshifts
are denoted by * ; (col. 5) Stellar Mass with error in units of;|) M, calculated from multi
colour stellar population fitting techniques ; (col. £)soo Dust correction and error in magnitudes,
determined from UV slope fitting ; (col. 7) Effective radiusdaerror in units of kpc from &sic
r1/7 2D models fits of theH, 4, band data using GALFIT. ; (col. 8)é&sic index and error from
Sersicr!/™ 2D models fits of the ;0 band data using GALFIT. ; (col. 9) e-folding star formation
time in years calculated from multi-colour stellar popidatfitting techniques (se$2.2.3).
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The exponentially declining model of star formation usesdbhserved dust-corrected
rest-frame UV star formation as the initial ratef’ Ry, and the values of the e-folding
time, 7, which we obtained from th&/, fitting (seet2.2.3). To obtain the total amount
of stellar mass added via star formatiogr, we integrate Equation 2.1 over time
from the total look back time derived from the redshift of tyeaxy, ranging from

~ 9.7 Gyratz = 1.7to ~ 11.5 Gyr atz = 3 to the present day. We experimented
with evolving the massive galaxies only until= 1 but found very similar results
as the evolution ta = 0 as the majority of the evolution in both size and structural
properties of these massive galaxies seems to occur whkiffinrst~ 2 Gyr of our

simulation.

In Figure 2.4 we show the change in the total stellar mass &f e&tte galaxies within
our sample as measured through the SFR. We find that the tltal shass on average
increases byl + 22% via this modelled star formation. The evolved total stellar
masses of our galaxies do not exceed constraints placediuwpobserved total stellar
mass evolution from other studies (e.g. Ceteal. 2001; Bellet al. 2003; Conselice
et al. 2007; Brammeet al. 2011; Mortlocket al. 2011). Brammeet al. (2011) show
that the total stellar mass growth for massive galaxies from2 to 0 is of the order of
100%. We see that there is an anticorrelation between the ofigiaklar mass and the
evolved stellar mass, with some of the lower mass galax@sasing substantially in
stellar mass, while the higher mass galaxies have a muchesrobhnge in mass over
cosmic time. This is a sign of galaxy downsizing (e.g. Coetial. 1996; Bundyet al.
2006), such that the most massive galaxies are less affegtetdr formation at < 3

than the lower mass galaxies.

This total stellar mass added via star formation is condeidea stellar mass projected
density via,psg = Msr/A.., WereA,, is the area of the annulus the star formation is
contained within. From this we construct a new stellar mae§ilp by including the

stellar mass added via star formation to the original proféde

t
M.(R,t) = M,(R,t =0) + SFRy(R) / et dt (2.6)
0

where M, (R,t = 0) is the initial stellar mass at radius, SF Ry(R) is the observed

initial SFR at the same radius and. (R, t) is the stellar mass at radidsafter timet.
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We consider other cases of star formation historiegib.4.

2.3.3 Profiles

In this section we examine the profiles of the stellar massitiedistributions at high
redshift, the stellar mass density added via star forma#od for the combination of
the two - an evolved stellar mass density profile for each ef4h massive galaxies
in our sample. The evolved profiles are then fit with a néss profile. The 8rsic
profiles for the evolved stellar mass profiles are obtainedhleybest fitting 8rsic

(1968) function to the new profile,

p(R) = pe X exp(—bu[(R/Re)"/" —1]) 2.7)

We find that the galaxies in our sample can be classified im@ethistinct groups
based on the location of star formation regions and the effiegthave on our sample

galaxy’s evolved stellar mass density profile.

To examine the results we first divide the galaxies into tvgiares. An inner region, at
R < 1kpc with an observed initial stellar mass density in the imBgron, pobserved, inner
and a stellar mass density added via star formation in ther iregion, psr inner- AN
outer region R > 1kpc with a observed stellar mass densityerved outer aNd a stellar
mass density added via star formation in the outer regi@n,ut... WWe chose 1kpc as
the boundary for our inner region based on stellar surfaigghtiress comparisons at
high and low redshifts (e.g. Hopkirs al. 2009; Carrasco, Conselice & Trujillo 2010;

Szomoruet al.2011). We discuss the three types below.

Non-significant Star Formation Grow{NG) : This category is for galaxies in which

the stellar mass density added via star formation is smtlkan the galaxy’s initial

stellar mass density present over both the inner and oulesN® pobserved,inner >

PSF,inner andpobserved,outer > PSF outer+

Outer Star Formation Grow{{®G) : In this category the stellar mass density added via

star formation is greater than the initial stellar mass gpsesent in the outer region,
but the initial stellar mass density in the inner region isager than the stellar mass

denSity added Via star formatio,nt;bserved,inner > PSF inner bUt Pobserved,outer < PSF,outer
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Figure 2.4: Total stellar mass beforéfiginal M,) and after evolutionivolved M,) from the
derived tau model of star formation evolution. The blackleis represent the non-significant star
formation growth galaxies. The blue squares representntiner istar formation growth galaxies.

The red triangles represent the outer star formation grgatixies (se§2.3.3).
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Type No. of galaxies| % of sample
Non-significant SF Growth (NG 29 64.4737,
Inner SF Growth (IG) 4 8.9732
Outer SF Growth (OG) 12 26.75%1

Table 2.2: Evolved massive galaxies using the derived tau model of $futon separated into
the three classifications. Insignificant Star Formationv@naNG), Inner Star Formation Growth
(IG), Outer Star Formation Growth (OG). We see that nearlfydfehe sample resides in the NG
class with a significant fraction in the OG class.

Inner Star Formation GrowtfiG) : This category is for galaxies in which the stellar

mass added via star formation is greater over both regi@rsttie initial stellar mass

denSity presenbobserved,inner < PSF inner andpobserved,outer < PSF,outer

In Figure 2.5 we show examples of the three different gatagiasses and in Table 2.2

we list the numbers of each class we have in our sample.

2.4 Results

The profiles for the stellar mass already in place at high &d$f2.3.1) and the stel-
lar mass added via star formatio§®(3.2) are combined to give an evolved modelled
stellar mass density profile of the galaxy after evolving4on0 Gyr from z ~ 2.5
until the present day. Using the new stellar mass densitffiggave fit a new 8rsic
profile of the same form as Equation 2.5 to examine how théastelass added via

star formation would change the structure and sizes of ogsivegalaxies over time.

2.4.1 Stellar Mass

Figure 2.4 shows the growth in total stellar mass for all & galaxies within our
sample. As stated before the average growth for the samfletis22%. The evolved
total stellar masses of our sample of galaxies does not examestraints placed upon
the observed total stellar mass evolution from other stu@iey. Conselicet al.2007;
Brammeret al. 2011; Mortlocket al. 2011). This represents the maximal stellar mass
increase, negating the effects of supernova and other typ&dback that would
impede star formation and reduce the total amount of stelkss created. From this

figure we can also see that there is a clear divide betweeht&e tlasses of galaxies
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Figure 2.5: Example of the three star formation growth classificatioadNon-significant star
formation growth (NG) b)Inner star formation growth (IG) @uter star formation growth (OG).
The blue diamonds represent the observed stellar massydprssent at high redshift based on
the Higo-band ®rsic profile. The red squares represent the stellar masstyledded via star
formation toz = 0. The black circles represent the combined (evolved) psofifdboth the stellar
mass density present at high redshift and the stellar masstgadded via star formation to= 0.

The black dotted line is the best fie&ic profile to the evolved stellar mass density profile. The
sub-plot shows the change in the stellar mass density prdfilé, from the stellar mass density
present at high redshift compared (blue diamonds) to thivedstellar mass density profile (black
circles).
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in our sample (se§2.3.3). The NG class galaxies have the smallest changeah tot
stellar mass 022 + 34%, and do not come close to doubling in stellar mass. The IG
class has the largest change in stellar massrof+ 89%, and lie exclusively in the
top region of the figure. The OG class of galaxies in this sarhple an intermediate
mass change dR29 + 90%. This is a clear segregation in stellar mass build up via star
formation between the three classes based upon the staatfomhocations, showing
that the three different classes also have differing spestdiicformation rates, with IG
galaxies having the highest and NG having the lowest. Thisl€liis also present in

all of the other models of SF we applied to this sample.

2.4.2 Structure and Size Evolution

We find from the ®rsic fits to the evolved profiles that the average changeawer
the whole massive galaxy sample is such that teesi§ index goes slightly down,
Nevolved — Noriginal = An = —0.91+0.9. This is consistent with a small change with the

profile shape over time.

In Figure 2.6a we show that the change #&r$Sc indexn differs for the three profile
classifications. The NG galaxies lie nearly completely gltre 1:1 line, denoting a
small change from the observed to the evolwed\n = —0.6 4+ 0.1. This is expected
as these galaxies are classified as having a small amourtlaf shass density added
via star formation compared to the observed stellar massitgerHowever, we note
that the NG galaxies with a high originaldo not fall upon the 1:1 line, and have a

lower n after evolution due to small amounts of star formation indgbeer regions.

Also, we find that all of the OG and IG galaxies lie below thelin&. This reveals that
these galaxies have a lowered/alue after star formation evolution. Over the whole
OG class there is a change &fr = —1.6 +£ 0.4, andAn = —1.1 £ 0.3 for the I1G
class. The result is expected for the OG class as these aredleBngalaxies where
there is a disparity in the amounts of star formation betwikertwo regions, inner and
outer. This disparity results in the outer regions of theggincreasing in stellar mass

density, while the inner region does not.

The small changes inéBsicn after star formation evolution shows that the star forma-
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Figure 2.6: The evolution of the &rsic index (a), and the effective radius (b) via star foramat

to z = 0. The black circles denote galaxies classified as NG. Theriaagles denote galaxies
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in both cases showsla: 1 relation. The typical error bars are shown in the top rightcheorner.
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tion density within these galaxies largely follows the uryiag stellar mass density
profile. In the case of IG galaxies where the stellar massadidestar formation dom-
inates over the entire galaxy, the initial stellar mass dgipsofile is almost completely

negligible after evolution but the new profile retains theneageneral shape.

The effective radiusi,, for our entire sample increases by+ 5% averaged over the
entire sample after our simulation. Separating the gadaixito our different classifi-
cations we find that the NG class has a very minor increaseésit + 3%. We find
the OG class has an increasdinof 37 4+ 12%. This increase in the effective radius is
due to the addition of stellar mass in the outer regions fdtgalaxies. The IG class
has an increase iR, of 36 + 16%. This small increase is most likely related to the

non-changing: we find for this class.

Figure 2.6b shows the evolution of the effective radius ieetnd after star formation
evolution. We find that galaxies in the NG class all lie claséheir original effective
radius with the other two classes having a larger change. $desake that the massive
galaxies with smaller original effective radii have a largeowth in size after star

formation evolution compared to systems with larger oageffective radii.

2.4.3 Stellar Migration

We show above that the star formation within the massivexggdds not sufficient to
produce a large growth in effective radius. We now inveséigaellar migration as a

method that may also be at work.

Recent theoretical work suggests that it may be common fos gianigrate radically
across significant distances within spiral galaxies (Smdlv& Binney 2002, Rékar

et al. 2008). These works showed that stellar migration happempnacesses in the
spiral arms of disk galaxies. However, we cannot relialbdyidguish disk-like galaxies
in our sample using aéssic index cut at = 2.5 because we cannot rule out that some
of the galaxies witm > 2.5 do not have spiral like features (e.g. Buitragjal.2013).
Therefore we add into our evolution models a simple stellgration model to all
the galaxies in the sample in order to gauge the effect thiddvaave on the size and

structural changes of the evolved galaxy profiles.



Evolution of Massive Galaxy Structural Properties and Sizes W Star Formation

In the GOODS NICMOS Survey 49
T T F T T
10" :_ Binned Sersic initiol mass density profile . I 10" :_ Binned Sersic initiol moss density profile . _:
E |Density added via stor formation evolution to z=0 L E |Density added via star formation evolution to 2=0 L] 3
' F Moss density profile ofter evoution to z=0 ° e F Moss density profile ofter evoution to z=0 . 3
o 1l Fitted evolved Sersic profile - o nl Fitted evolved Sersic profile - 1
a 10 F g 10"F
S F - =
= i = R R
SR L 2240, 1 oo T ...... TITON ]
= 3 T T 4944 = 3 T 24444 E
@ F oy % [ - ; 1
o E 1) o E . E
< 103% Tt < 103%_ __
f : ?
_ 100+ —— LT _ 100+ e !5
+ E + E ]
s 10f 1 s 10f M1
a M < |
1 10 1 10
R (Kpc) R (Kpc)
a (b)
T T E
102 Binned Migroted Sersic initiol moss density profile H

Density added via stor formation evolution to z=0

oH e

& Moss density profile ofter evoution to z=0 E
IU 1 Fitted evolved Sersic profile - 7
a 10 F
X E
o ]
2 gL 4o E
> KREEZITIN 3
2 0 '|' 11144 ]
s 10°F Y 4. E
= . 19, 1
10°F -
e . — L L L 4]

l } ¢ E

— 100 T E
+ E
E‘ 10F N
a : _/_.—-—'_'_'_'I_‘_L 3
1 10
R (Kpc)
()

Figure 2.7: Example of the effect of the stellar migration models on oxengple galaxy den-
sity profiles with increasing Gaussian widthscof= (a)0.1kpc, (b) 0.5kpc, (c) 1.0kpc. The non-
-migration profile can be seen in Figure 2.4 (c) which is thiexgawe use in this example. The
sub-plot shows the change in the stellar mass density pfdite the stellar mass density present
at high redshift compared to the evolved stellar mass depsifiile.
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Figure 2.8: The evolution of the &rsic index with due to various stellar migration modelg th
Gaussian form for stellar migration is shown in Equation Z.8e values ob used are (a) 0.1kpc,
(b) 0.5kpc (c) 1.0kpc. The black circles denote galaxiessifeed as NG. The red triangles denote
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Figure 2.9: The evolution of the effective radius due to various steftagration models, the
Gaussian form for stellar migration is shown in Equation Z.8e values ob used are (a) 0.1kpc,
(b) 0.5kpc (c) 1.0kpc. The black circles denote galaxiessifeed as having non-significant star
formation growth (NG). The red triangles denote galaxiessified as having outer star formation
growth (OG) and the blue squares denote galaxies classfibdvéng inner star formation growth
(IG). The typical error bars are shown in the top right hantheo
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In order to simulate this effect on the galaxies in this s&mnwé apply a Gaussian
distribution function centred on each individual radiah lsicross each galaxy in the
sample. This distributes the total stellar mass (the stel@ss added via star forma-
tion and the in situ stellar mass) across the galaxy acogitdithe summed Gaussian

distribution:

Rmax

<R—i)2
M, mi (R, 1) M, (i, t 2.8
s(Rt)= D —e (2.8)

1= len

wherel/, (i, t) is the total stellar mass at radiuand at timeg from Equation 2.6 ane

is the width of the Gaussian distribution. TRg,;, andR,,., are the total range of the
galaxy radial distribution.This is motivated by the workRdSkaret al. (2011). They
show that the stellar migration within a spiral galaxy capragimated by a Gaussian
distribution. Their work also showed that with increasiogniation radius the peak
of the migration distribution becomes increasingly offgem the formation radius.
However, this offset in the distribution only affects stbsamed at radii greater than
10kpc. As all of the objects in this study have sizes much lem#ie effect of this
offset will be negligible to this work and is therefore notimded. Simulations from
RoSkaret al. (2011) showed that the radial migration of stars in a Milky Wwigye disk
can change by several kpc over the lifetime of the galaxy.ifwlgste this with some
scatter we run a series of different widths to represent @ wadge of migrations with,
0.01kpe < o < 1.0kpc. The new stellar mass distribution is then fit with a nesvsic
profile. Figure 2.7 shows the effect of increasing levels ellat migration upon one

galaxy at different levels.

As expected, we find that larger levels of migration have aneiasing stronger effect
on the effective radius. The maximal effect on the radiusiefgalaxy is for the largest
width Gaussian we applied,0kpc. This level of migration is of the same order as the
effective radii for the galaxies in our sample. Therefortegi maximal size growth we
use a 1.0kpc migration from this point on. Itis quite possihiat stellar migration may
happen on a larger scale and we experimented with wider Gaudgstributions but
found that we could no longer accurately simulate the gaésotution due to losing
stellar mass outside the confines of the simulation. From thec Gaussian we find

the effective radius grows byt + 19% of the original effective radius. This represents
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an evolved effective radius 3.4 times larger than with just the star formation evolu-
tion alone. The effect of this migration on thérSic indices on average is consistent
with a small change, witl\n = —1.1 4+ 1.3, similar to the non migration case. This
is similar to the insignificant change inwe found in the profiles without the stellar

migration.

In Figure 2.8 we show how theéSsic index changes using different stellar migration
models. When this is applied to our different galaxy classesfind that the NG

galaxies have a increased effective radiugtof- 7% over the initial effective radius.

The IG galaxies show an increase in the effective radiussot 15%. Compared
to the increased radii from star formation alone this is al.5 times larger result.
OG galaxies have an effective radius the largest increatbermigration of71 + 18%.
This increase in effective radius s 1.9 times larger than the non-migration case for
the OG class of galaxies in this sample. This is likely duénese galaxies producing
more stellar mass in the outer regions than the other clagsdsfinition, and therefore

having a larger amount of stellar mass already at large t@adnove during migration.

In Figure 2.9 we show how the effective radius changes dueet@ddition of the star
formation and stellar migration. The galaxy classes theg tlae highest star formation
rates are affected the most by stellar migration due to Igawiore new stellar mass
to migrate, with the non-changing, non-significant stanfation galaxies lying close
to the non-changing line and the outer and inner star foonarowth galaxies lying

above.

2.5 Discussion

2.5.1 Size Evolution

As stated previously, recent studies over the last few yieawe found evidence for a
dramatic size evolution of massive galaxies over the padtillion years (e.g Daddi
et al.2005; Trujilloet al.2007; van Dokkunet al.2010; Buitragcet al.2008). Current
estimates for this growth in the effective radius argue thassive galaxies may grow

in size on average up to a factor of 3 for disk-like galaxiekjlevfor spheroid-like
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objects this evolution reaches even a factor of 5 sinee3 (Buitragoet al. 2008).

In this chapter we have shown that the effective radius ofsimagjalaxies is altered
by the star formation present, growing on averagd b®y- 5% from z = 3to z = 0.
This value is only~ 3 — 5% of the total increase in the size of massive galaxies from
observational studies (e.g. Buitragbal. 2008). This indicates that the star formation

has a very minor contribution to the observable overall sizdution at: < 3.

When we apply a simple model of stellar migration to the newsastenass created
via star formation to the present day we find that the size @¢hmassive galaxies is
influenced to a greater extent. The effective radius ine®bgr4+19%. This increase
would represent1 — 18% of the total size evolution that massive galaxies undergo
between: > 1 and 0. This result shows that the effects of stellar mass addestar
formation, and any subsequent stellar migration, playsreomile in massive galaxy
size evolution and only contributes roughly a tenth of thtaltsize growth needed
to explain the observed size evolution. This implies thaeoevolution mechanisms
must also be at work to produce the remainiag80% of the observed size growth
over cosmic time. From also examining the total size growtthe other models of
evolution (seg2.5.4.1) we also find that the maximal size increase we caairoban

only produce~ 54% of the total observed size growth.

Recent studies have found that minor and major mergers hargaihfluence on the
size evolution of massive galaxies. These mergers coulthiexine majority of the
remaining~ 80% of the observed size growth unaccounted for by the SF vieasing
the total stellar mass of the galaxies (Blwtkal.2011). Our results are consistent with
this view that something other than SF produces the changeeisizes of massive

galaxies.

2.5.2 Structural Properties

Recent studies have shown that the massive galaxy popuédtion 1.5 is dominated
by disk like galaxy morphologies with < 2 (e.g., Weinzirlet al. 2011; Buitragcet al.
2013;). This is in contrast to the local universe where thesiva galaxy population

is almost entirely dominated by spheroids (e.g. Balelrgl. 2004; Conselice 2006b).
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This transformation is also seen through changes in &nsiSindex of these galaxies

from a low value ofn atz > 1 to a high value oh atz < 1.

In this study we show that due to the star formation presethimvihe massive galaxies

at = > 1.5 the Srsic index has an insignificant change over cosmic tithe, =
—0.9 + 0.9. When we introduce the effects of stellar migration to the naagked via
star formation the change iregic index is again negligible over cosmic time with,
An = —1.1 + 1.3. In the other methods of SF evolution we find that the change in
n is very similar. This implies that with both star formationdastellar migration the
change to the &sic index is minimal. Also, this does not agree with obagons

of the general increase of over time. Therefore SF alone cannot account for the
observed morphological change which appear to showrthatincreasing over time
(e.g Buitrageet al. 2013).

2.5.3 Spatial Location of Star Formation

In this study we find that the structural properties of our nvasgalaxies remain
largely unchanged after evolution via star formation. Tim€hanging: shows that
the location and magnitude of star formation within masgiakaxies largely follows
the observed initial stellar mass density profile. This ishpsonounced in the case of
the inner growth (IG) galaxies. In this class of galaxy theeed stellar mass profile
is much smaller than the stellar mass profile added via stardton. Therefore, for
this class of galaxy to retain its originaé&ic index the stellar mass produced via star
formation over evolution to the present day would have to tw&lypced in amounts
which largely reflect the already present stellar densgtyhigh density regions would
have a higher star formation rates than lower density regidris was also seen in
other ways in Truijilloet al. (2007), Buitrageet al. (2008) and (Cassatt al., 2010,
2011).

The measured- 16% growth of the effective radii of our massive galaxies due & st
formation alone, without any stellar migration, revealattthere is star formation lo-
cated in the outer regions of our massive galaxies. This & pronounced in the OG
galaxies by definition. In these galaxies the surface steiass density of the inner

region remains roughly constant over star formation evahuvith the outer regions
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increasing in stellar mass density. Thus in our simulataedfstmation evolution the
observed high redshift galaxy would become surrounded Bnaelope of new stellar
material over time. With the addition of stellar migratidnst effect becomes more
pronounced with newly created stellar mass migrating outszaRecent work exam-
ining the stellar mass density profiles of high redshift; 2, and low redshift; = 0,
massive galaxies has shown that the density in the corerregiow redshift galaxies
is comparable to the density of the compact high redshiébges (Hopkingt al.2009;
van Dokkumet al.2010; Carrasco, Conselice & Trujillo 2010). The compact hagh r
shift galaxies have become surrounded by an envelope of ld@resity material from

z > 2100. This is similar to what we find in the OG class of galaxies.

The models that we use in this study do not account for any @ewh@at can be accreted
at later times, at < 1.5, and at early times at > 3 where we also do not observe our
sample. This new gas and possible new star formation iyltkdiave a different radial
distribution from the current in situ gas, with most of thewgas being at larger radii
(Keres et al. 2005; Dekel, Sari & Ceverino 2009). Therefore the distrituitof star
formation that we observe at high redshift is mostly likdig tesult of previous events
of gas accretion (see Conselieeal. 2013). However, not all the gas accreted may
convert into stars immediately, and this gas may remainerotliter portions of these
galaxies and may form into stars at an epoch later than owaradsons at: < 1.5,
which in principle may increase the sizes of these systeradadér time, or alter their

Sérsic indices.

2.5.4 Model Limitations

In this study we have taken a snapshot of our massive galaxylsaver 2 Gyr in time,
and derived the resulting evolution based on a derived stardtion model. Thus we
do not take into account any post-observation star forma@nts in our basic model.
However this is likely a fair assumption due to observatioithe majority of massive
galaxies at: < 1.4 having old stellar populations and red colours (e.g. McGarth
et al. 2004; Daddiet al. 2005; Saraccet al. 2005; Bundyet al. 2006; Lablé et al.
2006; Conselicest al. 2007; Mortlocket al. 2011; Giitzbauchet al. 2011). This

would imply that the SF we observeat> 1.5 is the last major burst of SF in massive
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galaxies. The effect of new star formation events wouldaase the total amount of
stellar mass added to the host galaxy. The galaxy’s straighuoperties and size could
also be affected by these events, depending on the locattbmagnitude of this star

formation as discussed in the previous section.

Conversely, we also do not take into account any feedback anésrhs that would
negatively affect star formation rates. Examples of sudtgsses are AGN and su-
pernovae feedback. Massive galaxies can spend up to 1/8iofitetimes in an AGN
phase (Hickoxet al. 2009; Blucket al. 2011). This phase introduces energy into the
interstellar gas and can expel it from the host galaxy (Sahekiet al. 2006), or heat
it such that it cannot cool. Also ongoing star formation tessim the creation of many
high mass stars which can lose mass during evolution anecgubstly die in super-
novae, thereby lowering the total stellar mass of the galagen many supernovae
are present in a short time the created shock waves introchsteamounts of energy
into interstellar gas. The gas can then can be heated oedj&cm the host galaxy
(e.g. Bertone, De Lucia & Thomas 2007). The result of thesdifeek mechanisms
would be a reduction of the star formation rate, and the st&lar mass within the
galaxy would be lower. This decreased amount of stellar radded via SF would
also result in the stellar mass added via star formatiomigearidecreased effect on the

total size growth and morphological change.

We also use a very simple model to describe the stellar ngrahat is limited to
the extent of thexgs, band profiles. This means that we can not accurately measure
how large values of stellar migration would affect the siaed structural properties of
our massive galaxies. However even though we cannot aetyratasure theésic
index or the effective radius of the simulated galaxies \Watiger values of the stellar
migration, we find that the stellar mass begins to be digehevenly over all radii,
with increasing amounts of stellar mass lost outside thdimes of the simulation.
The amount of stellar mass added via star formation movedigyation is constant
for each galaxy but is distributed over wider areas for lavgdéues of stellar migration.
This results in the stellar mass density added via star foom#o individual regions
of the massive galaxies dropping to increasingly smallénes This implies that

with larger values of stellar migration, the stellar masssiky added via star forma-
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tion would have an increasingly smaller effect on the tatellar mass density profile.
Therefore even if larger values of stellar migration couddsbmulated in this study the
change in 8rsic index and effective radius after star formation etiofuand migration

would be negligible.

Stellar migration has also been found, in simulations, torost affected by spiral
arms in galaxies (R&karet al. 2011). 73% of the sample of massive galaxies have a
low Sérsic indexy < 2.5, implying a disk-like morphology. Within these galaxies we
may assume therefore that stellar migration via disk festoray take place, but this is
far from certain. A few of the galaxies in our sample have &l8grsic indexy > 2.5,
implying an early-type morphology, and within these gadaxstellar migration is less
understood. This does not imply that stellar migration doeistake place in these
galaxies but it must occur by other processes than thosédvingodisks. Also, as
stated ing2.4.3 we cannot reliably distinguish disk-like galaxie®ur sample using a
Sérsic index cut because we cannot rule out that some of tlagigalwithn > 2.5 do

not have spiral like features (e.g. Buitragoal. 2013; Mortlocket al. 2013).

2.5.4.1 Evolutionary models

In this chapter we extrapolate the star formation evolutisimg an exponentially de-
clining star formation model based on SED derive¢hlues. This value can be uncer-
tain so we explore different models of evolution that the &tamation could follow
down toz = 0. Firstly we do not investigate an exponentially increaSidr evolution
model because previous studies (e.g. Papaeieth. 2011) show that galaxies at< 3
are not well described by this SF history. Therefore we ingatt the SF evolution
models of: constant SFR to= 0, constant SFR te = 1.5, maximum valid tau and

minimum valid tau.

e ConstantSFR, to z = 0: This model of evolution assumes that the massive
galaxies we observe at> 1.5 have a very large reservoir of gas and can con-
tinue the observed SFR over the next 10Gyr. This evolutiomeathod produces
galaxies in the local universe with very high star formatiates compared to the

galaxies we observe (e.g. Conselateal. 2007). This combined with the fact
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that over the course of their evolution these galaxies vellehaccumulated sig-
nificant amounts of stellar mass with the average massiaxgah this sample
increasing its total stellar mass by 1500%. This large amount of stellar mass
added to the galaxies increases the valuB.0by 80 + 20%. This is an increase
of a factor of 5 over the derived tau model in effective radjuswth, but still
only 16 — 27% of the observed size evolution. This model of evolution ghihy
unlikely due to the many features of this model that we do rsteove in the
local universe, such as very large stellar mass growth megaidi very massive
galaxies with stellar masses ovr'* M, (e.g. Brammeet al. 2011; Conselice
etal.2011; Mortlocket al.2011, all find that the stellar mass growth at the mas-
sive end of the luminosity function is on the order206)% from = > 1.5 to 0)

and very high star formation rates of 100’s of solar masseygqsat

e ConstanSFR, to z = 1.5: This model of SF evolution is based on the observa-
tion that the majority of massive galaxieszat 1.4 have old stellar populations
and red colours (e.g. Conseliegal. 2007: Mortlocket al. 2011, Giitzbauch
etal.2011). This would imply that these galaxies have turned&irtSF before
z = 1.5. To model this we employed a constant observed SFR untill.5 at
which point the SFR is reduced to 0. In this evolution scentre total stellar
mass of the massive galaxies is increasediy+ 20%. The effective radii in
this model are increased on averagesby- 19%. This is a factor ofv 2.5 larger
than the increase from the derived tau model. This is s8lginificant compared
to the total observed size increase. This model has a veilasieffect on the

change im, An = —1.1 + 1.1, as the derived tau model.

e Maximum valid tau toz = 0: In this model of evolution we use the largest
value of tau derived for our galaxy sample= 2.71 x 10°yr. We apply this
exponentially declining rate to all the galaxies in the sEmjm this scenario we
obtain a large average increase in total stellar mass of thpleaf377 4+ 172%.
The change in the effective radii of this model is on aver&ge= 57 + 33%

a factor of~ 3.8 larger than the derived tau model of evolution. This inceeas
in effective radius is still only~ 11 — 19% of the observed size evolution. The

change im for this model An = —1.5+ 1.7 is similar to change for the derived



Evolution of Massive Galaxy Structural Properties and Sizes W Star Formation
In the GOODS NICMOS Survey 60

tau model.

e Minimum valid tau toz = 0: This model is similar to the previous model, except
that the minimum valid tau; = 1.2 x 10%yr, is used to extrapolate the SF. This
would give the shortest time scale that the SF would occuthisimodel the
average galaxy in the sample increases its stellar masslpy~oni7%. This
very small increase in mass is accompanied by an equallyl shreahge inR,,
averageA R, = 3 + 1%, andn, An = —0.4 + 0.6.

From this investigation of different models of SF evolutton: = 0 we find that the
value in the increase of the effective radii of the massivexgak can at no point fully
explain the total observed size increase. The valid mode&Foevolution that we
applied can only produce a factor ef 3.8 times larger than the size increased we
obtained from using the derived tau model at maximum. Thaghan Srsic index in

all the models are within the error consistent with the am&k¢ained from the derived

tau model used in this chapter.

2.5.4.2 Dust Gradients

In this chapter we assume that the dust obscuration is gurstaoss the radius of
individual galaxies. From studies of local and distant &sdhis may not be the case.
Colour gradients in the local universe have been shown t@spond to age and dust

gradients (e.g. Boquieet al. 2011; Smithet al. 2012).

We apply a dust gradient to our sample of massive galaxiestioais the attenuation
due to dust to vary within the given error across each galdyis is done in two

ways. A positive dust gradient with higher attenuation tasahe outer regions of the
galaxy, and a negative dust gradient with higher dust a#tigom towards the central

regions of the galaxy.

In the positive gradient case we find that the average inergathe effective radius
was68 + 36% larger than the original measured effective radius. This fiactor of
~ 4.5 larger change than the growth . we obtain from using a radially constant

dust correction. From this gradient the change: iis largely the same as before but
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with a much larger scatteAn = —0.9 + 2.0. The positive gradient could contribute a

maximum of~ 23% to the300 — 500% size growth.

In the negative gradient case we find that the average incireasas minimal, AR, =

7 + 3%. This small increase in the effective radius is accompahied change im
that is very similar to most other casesy = —1.0 + 1.0. This negative gradient case
would seem to produce a very small increase in the effectidé of our sample and

only contribute a maximum of 2% to the total observed size growth.

Neither of the gradient cases that we applied to the samelalde to fully explain the

observed size growth or observed changeérst index.

2.6 Summary

We investigate the resolved star formation properties aname of 45 massive galax-
ies (M, > 10 M) within a redshift range of.5 < 2 < 3 detected in the GOODS
NICMOS Survey, a HSTH,4y-band imaging survey. We derive the star formation rate
as a function of radius using rest frame UV data from degpACS imaging. The star
formation present at high redshift is then extrapolated te 0, and we examine the
stellar mass produced in individual regions within eaclaggl We also construct new
stellar mass profiles of the in situ stellar mass at high riétdsbm Sérsic fits to rest-
frame optical,H4-band, data. We combine the two stellar mass profiles to pedu

an evolved stellar mass profile.

We then fit a new &rsic profile to the evolved profile, from which we examine wéfat
fect the resulting stellar mass distribution added viafstanation has on the structure

and size of each individual galaxy. In summary:

o We find three different profiles of star formation within thessive galaxies in
this sample, Non-significant Star Formation Growth (NG)i&d&tar Formation
Growth (OG) and Inner Star Formation Growth (IG) ($e3.3). With most
of this sample of massive galaxies falling in to NG class gighe derived tau

model of evolution.

e We find that the star formation we observe at high redshift, its effects on
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galaxy sizes, is not large enough to fully explain the obsésize evolution of
effective radius of~ 300 — 500%. Star formation alone can only produce an
increase in effective radius on the order-ofl 6% over the whole sample. This
value can vary as much as a factor of 4.5 by using differenluéen mecha-

nisms but is always insufficient to fully explain the obseiwas.

e We find that over the whole sample of massive galaxies thiastalhss added
via star formation has a slight effect on therSic index of the evolved galaxy
profile such that they decrease. This indicates that théstaation within these
galaxies follows the same radial distribution as the oagstellar mass profile.
This also implies that star formation evolution has a midiefgect on structural

evolution between ~ 3 and the present day.

e Theincrease in effective radius can be enhanced by addthg effects of stellar
migration to the stellar mass created via star formations irftreases the total
effective radius growth te- 55%, which is still however much smaller than the

total observed size increase.

We conclude that due to the lack of sufficient size growth aadig evolution by star
formation and stellar migration other mechanisms mustrdmrie a large proportion

to account for the observed structural evolution from 1 to the present day. Recent
studies by Blucket al. 2011) have found that minor and major mergers have a large
influence on the size of massive galaxies possibly contnguhe remainingg0% of

size growth needed to explain the observed trends. Largeysisuch as CANDELS
and future telescopes such as JWST and E-ELT will provide tiadity of data that

is required to explore the star formation locations of loweass galaxies and probe

resolved star formation at higher redshifts for similarlgssive galaxies.



Chapter 3

Minor vs Major Mergers: The Stellar
Mass Growth of Massive Galaxies
from z=3 using Number Density

Selection Techniques

3.1 Introduction

The main process by which galaxies acquire their stellar rmadgyas is still an open
guestion in galaxy formation. We know from galaxy stellarssméunctions that galax-
ies increase in stellar mass over time (e.g. Galal. 2001, FRerez-Gonalezet al.
2008b, llbertet al. 2010, Mortlocket al. 2011, Muzzinet al. 2013). We also know
that there are at least two primary processes via which gaa@an increase their stel-
lar mass; star formation and merging of pre-existing galsxiHowever, it has been
very difficult to disentangle these two processes primaxdyt is challenging to link

descendants and progenitors of galaxies at different rsish

A common solution for linking galaxies at different redskifs to examine galaxies
at a fixed stellar mass. This is however only truly effectiveelecting galaxies that
have undergone passive evolution over the examined rédshde, e.g. luminous red

galaxies (e.g. Waket al. 2006) assuming there are no mergers. However the general
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population of galaxies at high redshift are not passivelyhaag but show signs of
recent large amounts of star formation (e.g. Daeldal. 2007, Baueret al. 2011,
Ownsworthet al. 2012 , van Dokkunet al. 2013) and mergers (e.g. Conselice 2006D,
Bluck et al. 2009, 2012).

Recent studies (e.g. van Dokkueh al. 2010, Papovictet al. 2011, Conselicet al.
2013, Marchesingt al.2014, Lundgreret al.2014) introduced a new approach to help
solve this problem by tracing galaxies at a constant numéesity. This approach as-
sumes that the relative number density of the most massiagiga does not evolve i.e.
they undergo very few mergers with galaxies of similar atethass over the redshift
range studied. This technique has been used to examinedhgien of a number of
galaxy properties e.g. star formation histories at 3 (Papovichet al. 2011, Salmon
et al. in prep), as well as structural parameters and stelées (van Dokkunet al.
2010, Patekt al. 2013, Conselicet al. 2013). Semi-analytical methods have shown
the constant number density selection to be a consideratgeovement in tracking
the evolution of an individual galaxy population ovex z < 3 compared to previous

mass selection techniques (Leja, van Dokkum & Franx 2013).

Using a constant number density selection to trace galapylpton however does
have its limitations. For example, Behroadti al. (2013) and Leja, van Dokkum &
Franx (2013) find that a constant number density selecti@emi-analytical models
over the redshift range of = 0 to z = 3.0 could only reproduce the median stellar
mass growth of descendants of the most massive galaxiesiimwD% of the “true”
value in the model. This offset can be reduced to 12% whennilmsber density is
adjusted for the galaxies destroyed via mergers. In pebtievever, we are just now
starting to measure the merger history with any accuracymake further progress
with tracing galaxy populations through time the numbersitgnselection must be

adjusted at each redshift to account for major mergers ttwatravithin this population.

Mergers are of course important in themselves, as in thaitaieical picture of galaxy
formation massive objects form by the merging together adlEemobjects. As such,
galaxies will be undergoing mergers at all redshifts. Overnde range of redshifts
(0 < z < 3) close pair and morphological methods find a positive euatuof the

major merger fraction with redshift (e.g. Bluek al. 2009, 2012, Bridge, Carlberg &
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Sullivan 2010). From a theoretical perspective, in th€old Dark Matter paradigm
dark matter halos form from the bottom up, with larger halesated at later times
(e.g. Lacey & Cole 1993b, Springet al. 2005). As galaxies lie inside these haloes
they trace the underlying dark matter distribution, anddfere we expect these to
undergo hierarchical growth as well. However, it has beawshthat some massive
galaxies exist and have old stellar populations in placeéght tedshifts (e.g.McCarthy
et al. 2004, Daddiet al. 2005, Baueet al. 2011, Mortlocket al. 2011, Hartleyet al.
2013). This implies that these galaxies must undergo ramtlBon at early times in

the universe, or that some distant mergers are 'dry’.

Galaxy formation is likely driven, at least in part, by megeBut there are other pro-
cesses that account for the build up of stellar mass, mostesly the star formation
rate. The peak in the volume averaged star formation ratelfgalaxies in the Uni-
verse occurs in the redshift rangelof < 2 < 2.5 (e.g. Madatet al. 1996, Hopkins
& Beacom 2006, Tresset al. 2007, Wilkins, Trentham & Hopkins 2008, Behroozi,
Wechsler & Conroy 2013). Within this epoch, the star formatiate in typical galax-
ies is an order of magnitude higher than in the local univéesg. Reddy & Steidel
2009). Studies of massive galaxies show a similar trend eldyeat high redshift they
experience high star formation rates (SFRs) that decreaseds lower redshifts (e.g.
Daddiet al. 2007, van Dokkunet al. 2010, Baueet al. 2011 Ownsworttet al. 2012).
However, the SFRs of the most massive galaxies in the Uniypsaks earlier than the
total galaxy population at around~ 3 (Papovichet al. 2011). This reveals that the
galaxy population is experiencing the effects of downgjzimherein the most massive

galaxies shut off their star formation before lower mas®cisj.

There also exists a tight correlation and a low scatter betvw&FRs and stellar mass
over a large range of redshifts for star forming galaxiesddat al. 2007, Noeske

et al. 2007, Pannellat al. 2009, Magdiset al. 2010). These studies suggest that mas-
sive galaxies at high redshift sustain high levels of stemfition for extended amounts
of time. The high star formation rates (SFRs) experienced dysime galaxies are fu-
elled by the large cold gas fraction found in galaxies at mggshift compared to low
redshift (e.g. Taccoret al. 2010). The high levels of star formation in massive galax-

ies would however exhaust these gas reservoirs on very simeriscalesc~ 500Myr
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(Conseliceet al. 2013). Therefore it can be inferred that the difference betwthe
integrated SFR and the total stellar mass must correspaihe tstellar mass acquired

via mergers ove.3 < z < 3.0.

We present a study of the stellar mass growth of the progsrofdocal massive galax-
ies at a number density of < 1 x 10~* Mpc~? in the redshift rang®.3 < » < 3.0
by examining all of their processes. We indirectly measheeminor merger rates of
the progenitors of local massive galaxies at early cosmrmediusing a major merger
adjusted number density technique. From this we measuresthigve contributions
of star formation, major, and minor merger to the total atethass growth of these
progenitor galaxies. This will help us understand how an@mwthe most massive

galaxies in the universe assembled their stellar mass.

The chapter is set out as follow§3.2 discusses the Ultra Deep Survey and how the
data used in this chapter was obtained including the reidsisiellar masses and star
formation rates.§3.3 discusses the galaxy number density selection methGdé.1
presents the results of the stellar mass growth of the prmgsrof massive galaxies
from z = 3.0. §3.4.2 presents the star formation history of the progesibdmassive
galaxies from the two selection methods. §B14.3 we calculate the contribution of
minor mergers to the total stellar mass growB.4.4 examines the contributions of all
stellar mass growth processes over the redshift rangesof z < 3.0. In §3.4.5 we
use the results from this chapter to examine the implicatfonthe cold gas accretion
rate from the intergalactic medium of the progenitors oélenassive galaxies. Finally

§3.5 summarises our findings.

Throughout this chapter we assufdg = 0.3, Q2 = 0.7 andH, = 70 km s ! Mpc~.

AB magnitudes and a Chabrier IMF are used throughout.

3.2 Data and Analysis

3.2.1 The UDS

This work is based on the 8th data release (DR8) of the Ultra [3eepey (UDS;
Almaini et alin prep.), which is the deepest of the UKIRT (United Kingdarfra-Red
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Telescope) Infra-Red Deep Sky Survey (UKIDSS; Lawrestcd. 2007) projects. The
UDS covers 0.77 dégn J, H, K and the limiting magnitudes (AB), within an aperture
of 2 arcsec and at asblevel, are 24.9, 24.2, 24.6 in J, H, K respectively. It is the
deepest infra-red survey ever undertaken over such an lrdeenefits from an array
of ancillary multi-wavelength data: U-band data from CFHTddeam (Foucoud et
al. in prep); B,V, R,1and Z -band data from the Subaru-XMM Deep Survey (SXDS;
Furusaweet al. 2008); infrared data from the Spitzer Legacy Program (SpJUBIS
Dunlop). All of these are fundamental for the computatioraofurate photometric
redshifts, stellar masses and rest-frame magnitudes. dlagygcatalogue employed in
this work is K-band selected and contains approximately)96falaxies. This survey
reaches a depth of Ks=24.4, which was determined from simulations and guarantee

a 99% completeness level. See Haréewl. (2013) for more details.

The depth and wavelength of the UDS allows us to study themtidtniverse with
fewer biases against red and dusty galaxies, which couldnetbe be completely

missed in ultraviolet and optical surveys.

3.2.2 Redshifts

Photometric redshifts are determined by fitting templa&cspa to photometry from
the following bands: U, B, V, R/iZ, J, H, K, 3.um and 4..xm, with a K-band
apparent magnitude prior. The package employed for thelteenfitting waseAzy
(Brammer, van Dokkum & Coppi, 2008). The template fitting makes of the stan-
dard sixeazy templates and an extra one, a combination of the blEwesY template
with a small amount SMC-like extinction (Prevet al., 1984). Furthermore;-1500
spectroscopic redshifts from the UDSz programme (an ES@elarogramme; P1 Al-
maini) are also used to train the fitting procedure. Follgnime comparison to spec-
troscopic redshifts from the UDSz programme, antD00 archival spectroscopic red-
shifts, and the removal of obvious AGN and catastrophidenstldz/(1 + z) > 0.15),
the dispersion between the photometric and the spectrizsEgshifts is measured as

0z/(1+ z) ~ 0.031 (Hartleyet al.2013).
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3.2.3 Stellar Masses & SED fitting

The stellar masses and rest-frame colours of our sample @asured using a multi-
colour stellar population fitting technique. For a full degton see Mortlocket al.
(2013) and Hartleyet al. (2013). Synthetic spectral energy distributions (SED$)-co
structed are from the stellar populations models of Bruzu&l&arlot (2003) to the
U,B,V, R, 1, Z, J, H, K bands and IRAC Channels 1 and 2, assuming a Chabrier
initial mass function. The star formation history is chaesised by an exponentially

declining model with various ages, metallicity and dustteanof the form
SFR(t) = SFRy x exp(—t/7) (3.1)

wherer ranges between 0.01 and 13.7 Gyr and the age of the onset édrsteation
ranges from 0.001 to 13.7 Gyr. Templates that are older thamge of the Universe
at the redshift of the galaxy being fit are excluded. The reitglranges from 0.0001
to 0.1 solar, and the dust content is parametrised, follgu@harlot & Fall (2000), by
T., the effective V-band optical depth, ranges from 0.0 to 2.5 with a constant inter-
stellar medium fraction of 0.3. The Charlot & Fall (2000) dosidel dust attenuation
is proportional to\=%7 the normalization of the curve is lowered typically by a Gact
of 3 after107 yr to account for the dispersal of the birth clouds. To fit theDS they
are first scaled in the observed frame to the K-band magndtide galaxy. Then they
are fit to each scaled model template in the grid of SEDs to tha&sored photometry
of each individual galaxy. The calculated values for each template are used to
select the best fitting template, obtaining a corresponsiafigr mass and rest-frame
luminosities. Hartleyet al. (2013), following the method from Pozzett al. (2010),
found thed5% mass completeness limit bfg (M, ) = 8.27+0.81z—0.07z%. Galaxies

that fall below);,,, are not used in the subsequent analysis.

3.2.4 Galaxy Structural Parameters

The structural parameters are measured on ground based Ui®d&Kimages using
GALAPAGOS (Galaxy Analysis over Large Area: Parameter AssessmeglyiTing
Objects from SKTRACTOR; Bardenet al. 2012). This program uses SERACTOR
and GALFIT to fit Sérsic light profiles (8rsic 1968) to objects in the UDS field. A
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Sérsic light profile is given by the following equation:

@) e

WhereX(R) is the surface brightness as a function of the radiisy.. is the sur-

Y(R) = X, X exp (—bn

face brightness at the effective radiug,; n is the Srsic index and,, is a function
dependent on theé&ssic index. The sizes (effective radius) are calibrateti galaxy
sizes derived from the UDS area from the Hubble Space Tgled¢¢ST) Cosmic As-
sembly Near-infrared Deep Extragalactic Legacy Survey (DENS) (Groginet al.
2011, Koekemoeet al. 2011) by van der Wegt al. (2012). For a full description of
this method see Largt al. (2013). Laniet al. (2013) show that the ground based size
measurements are reliable for galaxies with< 22 in the UDS. In Sections 3.4.5 and

3.4.6 galaxies that fall below < 22 are not used in the subsequent analysis.

3.2.5 Star Formation Rates

We determine the star formation rates within galaxies okerredshift rang®.3 <

z < 3. Determining the star formation activity at these redshgthowever not trivial.
Infra-red observations are useful indicators of dust ngatiue to star formation, but
the Spitzer Space Telescope observations are not deeptetmagcurately detect a
full mass selected sample of galaxies as only a small numbei0{s) of the whole
sample are detectedat;m above a flux limit oB00uJy (Conseliceet al. 2013, Hilton
et al.2012).

The SED fitting procedure described§8.2.3 also cannot be used to retrieve a value
for the 24m flux for our sample due to the lack of constraints from photrimelata
points in this part of the spectrum. However the photomddainds used in the SED
fitting correspond to the rest-frame UV, optical and neamaiteéd wavelengths over the
redshift range of this survey and therefore this part of tleespm is well constrained.
This enables us to use the dust corrected rest frame UV asdarator of the star

formation rate of these galaxies.
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3.25.1 UV SFRs

The rest-frame UV light traces the presence of young and4iied stellar popula-

tions produced by recent star formation. The star formataias can be calculated
from scaling factors applied to the luminosities. Thesdisgdactors are dependent
on the assumed IMF (Kennicutt 1983). However, UV light isyweusceptible to dust
extinction and a careful dust correction has to be applidek dorrection we use here

is based on the rest frame UV slope as explained in the fatigwection.

The raw 2808 NUV star formation rates {F' Rys00,sep) Used in this chapter are
obtained from the rest-frame near UV luminosities meastraa the best fit SED

model found in the stellar mass fitting. We determine the -dusbrrected SFRs,
SF Rg00.8ED uncorrs fOr 2 = 0.5 — 3 galaxies from applying th&alaxy Evolution Ex-

plorer (GALEX) NUYV filter to the best fit individual galaxy SED.

To measure the SFR we first derive the UV luminosity of the gakin our sample,
then use the Kennicutt (1998a) conversion from 2800minosity to SFR assuming a
Chabrier IMF:

SFRyy(Maoyr™') = 8.24 x 10 Loggg(ergs s+ Hz 1) (3.3)

This however does not account for dust obscuration whichsggmificantly influence

the measured SFR.

3.2.5.2 Dust Corrections

To obtain reliable star formation rates in the rest-frameaulolet, we need to account
for the obscuration due to dust along the line of sight. FroenSED fitting in§3.2.3,
we obtain the best fitting value of the dust content of indngldgalaxies from a course
binning of dust values that are allowed to take values up,te= 5. However, to
derive accurate SFR’s from the UV luminosity a more preciseevaf the dust content
is required. We therefore calculated the UV dust attennatedue from a different
method based on the shape of the UV region of a galaxy’s spactvleurer, Heckman

& Calzetti (1999) found a correlation between attenuatioa tudust and the rest-
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frame UV slope, for a sample of local starburst galaxies

fr~ N (3.4)

wheref) is the flux density per wavelength interval akis the central rest wavelength.
Using the ten UV windows defined by Calzetti, Kinney & Stor&@rgmann (1994)
we measures values from the best fitting SED template. This can be dondas t
redshift range we examine has well calibrated UV SED fits duaany of the input
photometric bands lying in the UV part of the spectrum. Thislue is then converted

to a UV dust correction using the Fischera & Dopita (2005) @e)pdust model.

However, recent work by Wijesinghet al. (2010, 2012) on local galaxies using the
GALEX probe has shown that a FD05 dust model with the Z2®@ature removed is
a better correction to the general population of galaxies tihe Calzetti (2001) dust
model, which is mainly applied to only highly star formingsggms. We note that at
the wavelength range we examine in this chapter there islitdeydifference in the

dust correction given by the two models.

Using the Meurer, Heckman & Calzetti (1999) description ef étenuation, and con-

verting it to attenuation at 28(50using the FDO5 dust model, we derive the equation:

One caveat in correcting for the dust extinction in this wayhiat thes parameter is
also affected by the age of the stellar population. A galaxhan old and passive
stellar population will, in the UV part of the spectrum, log&ry similar to a very
highly dust extincted young and star forming galaxy popafatThis is a problem that
can cause massive galaxies to artificially appear to haveyahigh dust content and

thus high star formation rates.

This problem can be corrected via selecting out the galdkegsare passive via other
methods. For these galaxies we can assumg therameter will be driven by the old
stellar populations, not dust attenuation. The selectiemse is based on the U, V and
J Bessel band rest frame luminosities. These were used bkt al. (2009) to
select evolved stellar populations from those with rectartfermation at: < 2. This
technique is also used in Hartley al. (2013) to extend the passive galaxy selection

out to higher redshifts. The selection criteria for pasgiakaxies are as follows:
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U—-V>08xV —J+0.69(z <0.5) (3.6)
U—-V>08xV —J+0.590.5 < z < 1.0) (3.7)
U-V>08xV —J+049(z > 1.0) (3.8)

with U — V > 1.3 andV — J < 1.6 in all cases. The objects that are selected via
this method are assigned to a passive category of galaxmesddst correction derived

from thes parameter therefore is not used when calculating the SFRdge systems.

To determine the dust content of passive galaxies we refexcent studies from the
Herschel space mission. Bouraal. (2012) show from stacking that star forming and
passive galaxies have similar dust masses. This possthtaites that both populations
have a similar average UV dust correction. Therefore withgiven redshift bin we
use the average dust attenuation from star forming galaWtbssimilar stellar masses
as the dust attenuation for passive galaxies. However if wanas these galaxies
contain no dust and therefore require no dust correctiam the star formation rates
for the passive galaxies are on average a factor of lower than the average dust
corrected star formation rates. The effect of changing tist dorrection is discussed
in sections 3.4.2, 3.4.3 and 3.4.4, but this does not sigmifig affect the conclusions
of this chapter. The true dust correction may lie betweenethe® corrections we
apply here, implying that the two sets of SFRs for passive ggdawe present are

upper and lower bounds.

Although these criteria efficiently select galaxies witl stellar populations, there is a
possibility that the sample could still be contaminated bgtd star forming galaxies,
edge on disks or AGN. We minimise this contamination by usirggwealth of multi-
wavelength data that is available in the UDS field. We croskimaur sample with

surveys on the UDS field taken at X-ray and radio wavelengths.

For the X-ray we use data from the Subaru/XMM-Newton Deep8uf{Uedaet al.
2008) which covers the UDS field over the energy range of 0.5 tkeY0 keV. For
the radio we use Simpsaat al. (2006) which utilises VLA 1.4 GHz data. We remove
any galaxies that have either a detection in the X-ray ororéalclean this sample of

AGN. This data will only effectively select out AGN at< 1 due to the limits of these
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surveys, and will only be able to select the most radio loudl Ty active AGN at

higher redshifts.

Furthermore the4um data from the SpUDS provides a way to identify red objects tha
harbour dust-enshrouded star formation. Therefore argctbjvith a824,:m detection
(300udy, 150) are assumed to be dusty star forming objects. Any galaxyistio be
passive via the UVJ selection criteria, but which h&4am source associated with it
will be reassigned to the star forming population and havelldJV dust correction
applied. In totak 2% of objects selected via the UVJ criteria were reassigneldo t

star-forming sample through this method.

Figure 3.1 shows SFR versus the stellar mass for all galaxtee UDS galaxy sample
separated into redshift bins. The black points show gadatkiat have been classified as
passive via the UVJ selection criteria, and blue points sth@vemaining star forming
galaxies. The dotted lines show the stellar mass limitsesponding to the number
density selection described in the following section degtifrom the integrated stellar
mass functions of the different galaxy selections. The eddmes show relations
between the SFR and stellar mass of star forming galaxiesifoy Daddiet al. (2007)
atl.4 < z < 2.5, Whitakeret al. (2012b) at) < z < 2.5 and Baueeet al. (2011) at

1.5 < z < 3.0. OurSFRag are in good agreement with these relations.

3.3 Sample Selection

In this study we use two selection methods, a constant andgemadjusted galaxy
number density selection. The constant galaxy number tyesedection uses the num-
ber density of the most massive galaxies in the local universelect the direct pro-
genitors of the most massive galaxies at higher redshitie. mierger adjusted galaxy
number density selection is a relatively new method thabriparates the measured
major merger rate of massive galaxies over the redshifteatgdied. This method
selects all of the progenitors of the most massive galagied,all major merger pro-
genitor galaxies. This selection method allows us to desmyie between the stellar
mass growth of major and minor mergers. In the following isestwe describe these

two selection methods.
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Figure 3.1: The dust corrected UV star formation rates for all galaxieshe UDS sample as
a function of stellar mass. The black points show individgalaxies in the total UDS galaxy

catalogue that have been classified as passive using therit&tiacdescribed i183.5.2. The blue

points show individual star forming galaxies in the UDS gglleatalogue. The red and green dotted
vertical lines show the stellar mass limits given in Table&hd 3.3 denoting the stellar mass limits
of the constant number density (red) and major merger adjusimber density (green) selections.
The blue dot dashed line is the relation found in Daddi et2007) denoting the relation between

the total stellar mass and star formation rate for star fogngalaxies betweeh4d < z < 2.5.

The purple dashed line is the SFR stellar mass relation froritakér et al. (2012) using IR+UV
SFRS. The yellow treble dot dashed line is the SFR stellasmeation from Bauer et al. (2011).
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3.3.1 Constant Galaxy Number Density (C-GaND)

A few studies to date have examined galaxy formation andugenol using galaxy
number density as a method of selecting galaxies over a fedghift range (e.g. van
Dokkumet al. 2010, Papoviclet al.2011, Conselicet al.2013). Several studies have
shown that this method of selecting galaxies has severalaages. In the absence of
major mergers, or extreme changes of star formation, thebeutensity of galaxies
above a given density threshold is invariant with time. TEhgalaxies will grow in
stellar mass through star formation and minor mergers,Hait humber density will

stay constant.

In principle, selecting galaxies at a constant number dewisiectly tracks the pro-
genitors and descendants of massive galaxies at all résiskifstudy by Leja, van
Dokkum & Franx (2013) showed that this technique is robudin&ing descendant
and progenitor galaxies over cosmic time when applied to-sealytic models that

trace individual galaxies evolving over the last elevefidnlyears.

In this study we select and compare galaxies at constantaxdgh number density
values ofn = 5 x 107*Mpc™3,n = 1 x 107*Mpc~3, andn = 0.4 x 1074 Mpc™3

at redshifts0.3 < z < 3. We chose these number densities as a trade-off between
having a robust number of galaxies in the analysis at eadhidand retaining a mass
complete sample at the highest redshifts. This number tyeragige is comparable to
number densities used in other similar studies (e.g. Pap@tial. 2011 Conselice

et al.2013).

We select our sample based on the integrated mass funcfitims DS field over the
redshift range ot = 0.3 to 3.0 from Mortlock et al (2014, in prep). Table 3.1 shows
the Schechter function fitted parameters. Figure 3.2 (ayslibe integrated mass
functions from Mortlock et al. (2014, in prep) and the lowegllsir mass limits for
the constant number density selection. The values for thigsliare listed in Table 3.2.
The arrows in the top left hand corner of Figure 3.2 show hawghlaxy stellar mass
functions will change due to the two processes of stellarsrgaswth explored in this
chapter. Figure 3.3 shows, in green, the galaxies seledetthig selection compared

to the whole galaxy sample over the redshift range in thidystu
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Figure 3.2: The integrated stellar mass functions fram= 0.3 to z = 3 from Mortlock et al.
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(2014, in prep). These integrated stellar mass functiomssgis the co-moving number density
of all galaxies more massive than a given stellar mass. Tge lapen black arrows indicate the
expected evolution due to star formation, minor mergers raagbr mergers. (a) We compare

galaxies at a constant number density by selecting galakiesch redshift at limits of(> M..) =

1 x 107*Mpc—3. The black dashed vertical line denotes the constant nuahesity of1 x

10~*Mpc—3. The coloured arrows indicate the values\éf that correspond to this number density
for each integrated stellar mass fraction. (b) The galalactien using an evolving number density
based on the major merger rate from Bluck et al. (2012). 3csielg galaxies at each redshift such
thatn(> M, ) equals the values for each redshift given in Table 3.3. Theuced dashed lines

denote the number density selection for each redshift. dloiced arrows indicate the valués,
that correspond to this number density for each integrathsmass function.
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Figure 3.3: Stellar mass versus photometric redshift for the UDS gafstgnt sample. The blue

dashed line is a second order polynomial fit to #36; mass completeness limit at that redshift
(Hartley et al. 2013). The green points indicate the gakasgiglected via the constant number
density selection, and the red and green points combines #i®galaxies statistically selected

via the evolving number density selection.
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Table 3.1: Stellar mass function Schechter function fitted paramédtera Mortlock et al (2014,
in prep).

2 log(M,)(Mg) | ®*(x107%) o
0.3—-0.5 11.2+£0.1 7T+3 —1.4+0.1
0.5—-1.0 11.1+£0.1 8+3 —1.3+£0.1
1.0—-1.5 11.0+£ 0.1 8+2 —1.3+£0.1
1.5—-2.0 11.0+£ 0.1 242 —-1.5+£0.2
2.0-2.5 11.0+£ 0.1 242 —1.5+£0.2
2.5-3.0 11.1+£04 1+1 —1.84+0.2

Table 3.2: C-GaND stellar mass limits for a constant number densityctetl sample taken from
the integrated mass functions shown in Figure 2.2 from Moktet al (2014, in prep).

2 log n(< Mg)(Mpc=3) | Stellar Mass limit (log/1.)
0.3—-0.5 -4.00 11.24 £0.07
0.5—-1.0 -4.00 11.24 £ 0.04
1.0—-1.5 -4.00 11.11 £0.04
1.5—-2.0 -4.00 10.86 £ 0.05
2.0—-25 -4.00 10.75 £ 0.07
2.5—-3.0 -4.00 10.54 £+ 0.09

3.3.2 Merger Adjusted Galaxy Number Density (M-GaND)

Many studies to date have investigated the average numbegijof mergers (1:4 mass
ratio or greater) a massive galaxy experiences over cosme (e.g. Blucket al.
2009, Bundyet al. 2009, de Raveét al. 2011, Lopez-Sanjuart al. 2012, Xuet al.
2012, Ruiz, Trujillo & Marmol-Queralb 2013). Figure 3.4 shows the observed pair
fractions in the literature that investigated the majorgeerates of massive galaxies
using similar methods. Using these merger fractions we cpustitie number density
selection to study the contribution of major mergers to titaltstellar mass growth.
Using both the C-GaND and M-GaND selections we can separatstéilar mass
growth due to major mergers, star formation and indirectiganmergers from the
total stellar mass growth. We do this using a number densigcton that changes
due to the rate of major mergers that are occurring betwedshii bins. From the
best fitting power law to the data shown in Figure 3.4 we qipatiie fraction of major

merger events as:

fn = (0.009 £ 0.002)(1 + 2)>9%0-2 (3.9)
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where f,, is the fraction of major merger events at redshiffThis relation is derived
using galaxies with stellar masses greater thafM) > 11.0 at all redshifts. Bluck
et al.(2012) shows that the merger fraction relation with redstoks not change over

the stellar mass range of interest in this chapter.

In previous works the merger fraction has been convertedigialaxy merger fraction,
fsm- The galaxy merger fraction measures the fraction of gataixi a population un-
dergoing a merger, The merger fraction measures the fracfimerger events within
a galaxy population. Using the galaxy merger fraction israppate when examining
the merger rates within a population. Using Mortlaetkal. (2011) we calculate that
galaxies below the C-GaND stellar mass limits which are la@m@ugh to constitute a
1:4 stellar mass merger ratio are five times more numerousgalarxies larger than

the C-GaND stellar mass limits. Thus we calculate the numberagor mergers using
Jm-

From this we calculate the average time between mergera thalbixy experiences at

a given redshift]", as:
I'=7n/fm (3.10)

wherer,, is a merger time-scale for for galaxy close pairs. We adoptna-scale

over which merging is occurring for galaxy close pairs in 4 dr less mass ratio of
mm = 0.4 + 0.2 Gyr derived from simulation results of Lo&t al. (2008). We use the
I value to calculate the average number of mergers betweshifelins using the

equation:

ot 21t dz

w= 5= taai e 54
wherez; andz, are the redshift limits of interesty is the Hubble time and(z) =
[Qn(1 4+ 2)% + (1 + 2)2 + Q]7Y2 = H(z)~'. Calculating this fromz = 3.0 to
z = 0.3 we obtain/V,, = 1.2 + 0.5 as the average number of major mergers that the
galaxies selected via the C-GaND selection will undergo. érner on/V,, is derived
from Monte Carlo techniques incorporating the errorrgnand f,,. N-body simula-
tions from Wetzelet al. (2008) suggest that pair fraction methods may overestimate
the number of true major mergers, as massive galaxies paiyshave high relative
velocities. However, also in Wetzet al. (2008) they find that pair fraction can under-

estimate the number of true major mergers due to pairs aehggparations may also
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merge. If these are true, it suggests that the error on ougenénactions and merger

time-scales may be underestimated.

Using Equation 3.11 we calculate the average number of maaogers in each redshift

bin. We then compute the major merger adjusted number genaithe equation:
(1) = Na(0) * (1.0 + Ninyo-1)) (3.12)

wheren. ) is the co-moving number density of the massive galaxies ahitid (0).
The valuen. ;) is the number density of the progenitors of the galaxiesctiét »(0)

at z(1), wherez(1) > z(0). Nu,0-1) i the average number of major mergers the
progenitor galaxies will experience betwesi) andz(0). Using this we find that the
number density of all the major merger progenitors of locasgive galaxies increases
with look-back time by a factor o2.2 + 0.5 by redshiftz = 3.0. The exact values
of the evolving number densities can be found in Table 3.3yui@ 3.2 (b) shows
the integrated galaxy mass functions and lower limit stettass cuts based on the
evolving number density. Figure 3.3 furthermore plots th&axjes selected via this
method in green and red compared to the total UDS galaxy ptpal Figure 3.5

shows the mean number of progenitor galaxies at each rédshif

Using a major merger adjusted number density selectionadedte in theory obtain
close to a complete sample of the major progenitors of locatgive galaxies, in-
cluding the less massive galaxies that have merged duringj@ mmerger event with
the direct central progenitors over the redshift rafge< = < 3.0. This selection
method also allows us to examine and disentangle the catitnis to the total stel-
lar mass growth from major and minor mergers. We achieveltpiexamining how
the stellar mass density of the M-GaND sample evolves wishi#t compared to the
C-GaND sample. The stellar mass density of the M-GaND sangitams both the
stellar mass of the progenitors of local massive galaxidgtamstellar mass of the total
major merger progenitors. When examining other properti@sassive galaxies, e.g.
size, across a large redshift range methods that selecttwntyirect progenitors of the

local massive galaxies are appropriate.
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Figure 3.4: Observed galaxy pair fractions in the literature. Blwatkal. (2009) calculate the
merger fraction down to a stellar mass ratio of 1:4 for gaaxvithlog(M,) > 11.0 using close
pairs within 30kpc. Bundgt al. (2009) calculate the merger fraction down to a stellar mass r
of 1:4 for galaxies witHog(M..) > 11.0 using close pairs within 20kpc. de Rawtlal. (2011)
calculate the merger fraction of galaxies wiitly(M..) > 11.0 using close pairs within 30kpc and
AB < 1.5. Lopez-Sanjuaet al. (2012) calculate the merger fraction down to a stellar mass r
of 1:4 for galaxies witHog(M.) > 11 using close pairs within 30kpc. Xet al. (2012) calculate
the merger fraction down to a stellar mass ratio of 1:3 of)gakwithlog(M..) > 10.6 using close
pairs within 20kpc. Ruiz, Trujillo & Marmol-Queralb (2013) calculate the merger fraction down
to a stellar mass ratio of 1:5 for galaxies withg(M,.) > 11.3 using close pairs within 100kpc.
The Ruiz, Trujillo & Marmol-Queralh (2013) point has been modified to compensate for the large
close pair search radius. The dashed line is the best fit poats with the fornf,, = A x (1+2z)"
with A = 0.009 + 0.002 andB = 2.9 + 0.2.
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Figure 3.5: The mean number of major merger progenitor galaxies agesdshift for galaxies
with n = 1 x 10~*Mpc~2 atz = 0.3. The solid black line is derived from equation 3.12. The
black hashed area shows the 1 sigma uncertainty on thigoreldthe y axis on the right hand side
shows how the number density of the major merger progerétwaskes with this relation.
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Figure 3.6: The mean stellar mass evolution of the modelled galaxiggreishows how well star

formation and major mergers within a given galaxy poputai®able to account for the change
in stellar mass. The blue dot dash line shows the best fit texbkition of the mean stellar mass
of the C-GaND selected sample with= 1 x 10~*Mpc~2. The blue hashed region shows the 1
sigma uncertainty on this relation. See Section 3.4.1 farendetails. The green solid lines show
the evolution of the mean stellar mass of the galaxies witldefied stellar mass growth. The

green hashed regions show the standard error on the meagsefrésults. The stellar mass growth
modelling is described in Section 3.3.2.
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3.3.3 Limitations of the Method

One caveat of selecting galaxies using cuts in stellar nsagstamination from lower
mass galaxies entering the sample at lower redshifts oxigalaropping out due to
guenching. This arises due to galaxies below the stellar selsstion limit growing
in stellar mass between redshift bins via star formation medgers. We model this
contamination using our knowledge of star formation rate$ major merger rates.
The stellar mass of each individual galaxy is evolved to teet towest redshift bin
by modelling the star formation histories and major mergé&tse stellar mass added
via star formation is modelled by integrating the fitted d@og ~ model derived from
SED fitting for each individual galaxy. The stellar mass atlde major mergers is
modelled by assigning each galaxy a probability that it wildergo a major merger
between redshift bins with a merger ratio between 1:1 andviti#the likelihood of
each merger ratio defined by the galaxy stellar mass funcfidre probability of a
major merger is then converted to a number of merger evetitsrva redshift bin by

using a Monte Carlo technique.

Adding together these two stellar mass evolution procesgesalculate the evolved
stellar mass for each galaxy. We do not take into accountffeetef minor merg-
ers as we do not fully understand the full influence these tevieave on the stellar
mass growth. Figure 3.6 shows how the mean stellar mass gfalhgies we evolve
compares to the evolution of the C-GaND sample. We find thaigdt tedshifts the
modelling appears to more accurately trace the stellar enasstion of the C-GaND
population than at lower redshifts. This could be due to &dligmportance of mi-
nor mergers at lower redshifts. From this modelling we firat the number density
selection techniques used here has betwegh-a 30% contamination rate per red-
shift bin. However the contamination is, on average, thireeg lower than a constant
mass selection technique. We also note that the galaxibghéthighest probability of
contaminating the sample arise from galaxies within 0.D5lwdow the stellar mass

limits.

When using a merger adjusted number density selection, et stellar mass of the
smaller galaxy within a major merger is unknown as it coulabg galaxy within the

mass ratio of 1:4. The selection we use here to construct t&aMD sample provides
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Table 3.3: M-GaND stellar mass limits for the evolving number densiynple taken from the
integrated mass functions shown in Figure 2.2 from Mortletlal (2014, in prep). Starting at
log(n)= —4.0 inthez = 0.3 — 0.5 redshift bin.

z log n(< Mg) | Stellar Mass limit (log/1)
0.3—-0.5 —4.00 11.24 + 0.07
0.5—1.0| —3.96 +0.01 11.22 £ 0.04
1.0—-1.5 | =3.87+0.02 11.05 £0.05
1.5—-2.0| —3.78 = 0.03 10.73 +0.05
20—-251| —3.72+0.04 10.56 + 0.09
2.5 —3.0| —3.65+0.05 10.27 £ 0.10

a hard upper limit on the amount of stellar mass that can benased via major
mergers. This is because we select the most massive gathatell below the C-
GaND selection limit at each redshift. However, constngthe M-GaND sample this
way does result in an apparently sequential merger proaesteiss massive satellites
merge first. This is counter to recent findings (e.gpkz-Sanjuapt al.2012, Xuet al.
2012). The stellar mass accretion rates calculated by tbik are derived from the
total stellar mass densities of both samples, the exaceseguof mergers therefore

does not affect the results.

3.4 Results

3.4.1 Stellar Mass Growth

Figure 3.7 shows the evolving mean stellar mass per pragehoit both the C-GaND
and M-GaND selected galaxies as a function of redshift ao# lwack time. This
represents for the M-GaND sample the total stellar masstdmalready been created,
but is in disparate objects. Figure 3.5 shows the mean nuafltsparate objects per

z = 0.3 galaxy at this redshift. The blue squares show the C-GaNxteglesample
with n = 1 x 10~*Mpc—3 and the black circles show the M-GaND selected sample
starting atz = 0.3 with n = 1 x 10~*Mpc~2. The blue dot dashed line shows the best
simple linear fit to the C-GaND data with the form:

M., (2) = 11.56 £ 0.13 — (0.26 & 0.03)z (3.13)
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The hashed area denotes the 1 sigma errors on this fit. Thetig 6-GaND implies
that the direct progenitors of local massive galaxies witllat masses ofv 4 x
101 M, assembled5 + 9% of their stellar mass dt.3 < z < 3.0. This is consistent
with stellar mass growth rates found in other number derstiigdies (e.g., Lundgren
et al.2014, Marchesinet al. 2014)

3.4.2 Star formation history of massive galaxies fronz = 3 t0 0.3

Using the average SFRs of the two galaxy populations we iigastthe average star
formation history of the massive galaxies over the rahge< = < 3.0. Figure 3.8
shows the evolution of the dust corrected average SFR of tGalb and M-GaND
galaxy populations. We observe that there is very littléedénce in the mean SFRs of
the two samples, and there is a smooth decrease in the SFR:frer to 0.3. This

decline can be fit by an exponentially declining model of tbwerf:
SFR(t) = SFRy x exp(—t/7) (3.14)

with 7 = 2.3+0.6 Gyr for the C-GaND sample and= 2.3+0.6 Gyr for the M-GaND
sample. This in contrast to the SFRs of massive galaxiesaB which appear to be
best fit with an increasing SFR model peaking at 3.0 (e.g. Papoviclet al. 2011).
We compare the star formation history for both galaxy samjadbe star formation
histories obtained for the same galaxies derived from SEDdi{see;3.2.3). We find
that the average star formation history from SED fittingsp = 2.3+ 0.9 Gyr, is very
similar but with a larger error. We also examine how the stamftion history of a

population of galaxies varies as a function of the galaxy Inemnadensity.

We examine the star formation histories within a range of Inentdensities from. =
5 x 10~*Mpc® to 4 x 10~°Mpc—°. We observe a slight change in thealues within
the number density selected samples. The C-GaND selectoanraaging from2.4 +
0.5 Gyratn = 5 x 107*Mpc > t02.2 + 0.5 Gyr atn = 0.4 x 10~*Mpc®. The
M-GaND sample cannot be examined over the same range due galhxy sample
dropping below the mass completeness limits at number Gendower thann =
1 x 10~*Mpc 2. Therefore we examine it over a smaller range in number tefieim

the studiedh = 1 x 10~*Mpc > t0 0.4 x 10~*Mpc 2. The value forr obtained from
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Figure 3.7: The mean stellar mass of galaxies per progenitor selecied tne two number density
selections as a function of redshift. The blue squares degalaxies selected via the constant
galaxy number density selection, and the black circles @eti® major merger adjusted number
density selected galaxies. This represents for the M-Ga&tbpge the total stellar mass that has
already been created, but is in disparate objects. The ldudashed line shows the best simple
linear fit to the C-GaND data with the blue hashed region shgwie 1 sigma uncertainty. The
error bars are derived from Monte Carlo analyses incorpaydie errors on stellar masses, redshift
and number density. The red squares show the integrated S#iR €-GaND sample. This is
calculated from the average galaxy SFR in each redshiftiuinracorporates stellar mass loss due
to stellar evolution derived from BC03 Chabrier model witlbssolar metallicity. The integrated
SFRs are best fit by a power law shown in Equation 3.16.
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Figure 3.8: The average SFR of galaxies selected at a constant numbsitydefin = 1 x

10~*Mpc~? (Blue squares) and galaxies selected using the major meogescted number den-
sity as a function of redshift (Black circles). The SFRs ageiviéd from the dust corrected UV
luminosities. The average SFRs are fit with an exponentallining model star formation his-
tory from z = 3.0 to 0.3. The blue and black dotted lines show the best fits tb data set. The
average SFRs are fit with an exponentially declining modelfstrmation history fromx = 3.0 to

0.3.
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the best fit to the SFRs at = 0.4 x 10~*Mpc®, is T = 2.3 & 0.6 Gyr, showing
the same trend as the C-GaND sample. We also fit this relaticlidirg the point
atz = 3.0 as it appears that galaxies possibly depart from the exp@atigrdeclining
model of SF at this redshift (Papoviet al. 2011). We find that even with excluding

this redshift bin we recover essentially the same result.

From Section 3.2.5.2 if we assume zero dust correction fosipagalaxies the star
formation history for the: = 1 x 10~*Mpc > C-GaND sample changes 19,4y =
1.7 + 0.7 Gyr, within the error of the full dust correction sample. 38 also a hard

lower limit on the star formation history due to the dust ection applied.

Using the average SFRs of the C-GaND sample we examine thar stelss contribu-
tion of the SFR to the direct progenitors of massive galagies time. We study this
directly by integrating the average SFRs frorf < z < 3.0 to obtain a total stellar
mass added via SF. As the time scales involved within thegiattion are much larger
than the main sequence lifetimes of high mass stars we nemmhsider the effect of

the loss in stellar mass that will occur due to stellar evotut

To do this we used Bruzual & Charlot (2003) stellar populatioodeis with vary-
ing metallicity from1/50th solar, to solar, to estimate the fraction of the stellassna

created via SF that will be lost between integration steps.

We do this by integrating the average star formation historgach redshift bin to
yield the stellar mass added via star formation between eighift interval. We then
model the added stellar mass within each redshift bin asaag single stellar pop-
ulation and evolve it with time accordingly with the Bruzual@harlot (2003) stellar
population model. The fraction of stellar mass that is lagt tb stellar evolution, dic-
tated by the stellar population model, is removed from thdeddstellar mass. As an
example, these models show that afté€yr of stellar evolution for d /2 solar metal-
licity system,~ 35% of the stellar mass produced at © has been lost due to stellar

evolution processes.

In the previous sections we examine the average total stebas growth of the se-
lected massive galaxy populations seen in Figure 3.7. Adeigure 3.7 we plot the
integrated SFR of the C-GaND sample against redshift. Frem3.0 the integrated

SFR is fitted using a power law of the form:
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log(Mspr(z)) = a—bx* (1 + 2)° (3.15)

We find the best fit to all the free parameters for the= 1 x 10~*Mpc > C-GaND
sampleisia = 11.2 4+ 0.1,b = 2+ 1 x 1072 andc = 3 &+ 1. We find that between
1.5 < z < 3.0 the stellar mass produced via the integrated SF can accouati&rge
fraction,~ 60%, of the total stellar mass growth over this redshift rangas Thplies
that SF is the dominant stellar mass growth process at thdsahifts, and consequently

the stellar mass growth from mergers must be smaller in casgaatl.5 < z < 3.0.

At lower redshifts,0.3 < z < 1.5, the SF only accounts for 0.1 dex of stellar
mass growth, wherein at the same redshift the total steléesngrows by~ 0.5 dex.
Using the results of this stellar mass build up in the C-GaNiDa we calculate the
stellar mass added to the progenitor galaxies via all mergenoss the redshift range
0.3 < z < 3.0. The total mass deficit between the total stellar mass anihtibxgrated
SFR atz = 0.3 is AM, = (1.3 £ 0.6) x 10"'M,. As the integrated SFR at low
redshift cannot account for the total stellar mass growtrgars must be taking over
as the dominant process of formation for the progenitor®cdll massive galaxies at
z = 1.5. In the next section we use these results, plus the resalts thhe M-GaND

selected galaxies to calculate the stellar mass added wier rmiergers.

3.4.3 Galaxy Formation From Minor Mergers

As discussed before i§3.1 the main two methods for increasing a galaxy’s stellar
mass are star formation and mergers. Therefore the grovitreddtellar mass density
(p+) of a number density selected sample can be written as:
2 2
plea) = o)+ [ psen(z)dzt [ pu(z)a (3.16)
20 20

wherep.(z) andp.(z;) is the stellar mass density of the sample at different rédshi
wherez; > 2, andpspr(2) is the star formation rate density of the sample corrected
for stellar evolution. This is integrated over the redstafige of interest to give a total
stellar mass density added via star formation betwgen z;. The valuep,,(z) is the

stellar mass of all galaxy mergers, both major and minor ersyger unit volume of
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Figure 3.9: The total, minor and major merger accretion rate as a funaifaedshift in units of
Mgyr~!. This is calculated from the deficit between the integratE® &nd the observed mass
growth shown in Figure 3.7. The errors are calculated frormtddCarlo analyses incorporating
the errors on the redshift, total stellar mass and the stardtion rate. The black squares show
the total merger rate, the blue upward pointing trianglesstine minor merger rate and the purple
downward pointing triangles show the major merger rate.
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Figure 3.10: Growth rate of the number density selected galaxies as difuncf redshift. The
total growth rate is derived from the total stellar mass @etioh shown in Figure 3.7. The black
solid line shows the total stellar mass growth rate of thedNB sample. The hashed region
around the line show the 4 uncertainty of the stellar mass growth rates derived from\donte
Carlo analysis. The red circles show the average SFR of tBalPb sample. The black squares
show the calculated total merger rate for the C-GaND sanijile.blue upward pointing triangles
show the minor merger rate and the purple downward pointiagdles show the major merger
rate. Seg3.4.3 for full details on how these are derived. All errordar this figure are derived
from Monte Carlo analysis incorporating the errors of astethasses, redshifts, selection criteria
and SFRs.
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the sample, which can also be integrated over the redshier#o yield a total stellar

mass density added via mergers.

As we are selecting galaxies above a number density thigbsti@ total stellar mass
density added via mergers cannot be due to mergers withiseleeted population.
Within the M-GaND selection the stellar mass of all major gegs that are likely to
happen betweef.3 < z < 3.0 are already contained within the sample. Therefore
stellar mass density increase from the M-GaND sample muatided from galaxies

at higher number densities, or rather lower galaxy stell@ssi{minor mergers).

The three variables. (z = 0.3), p.(z = 3.0) andpsrr (z) are known from the previous
sections in this study (s&8.4.1 anc;3.4.2 respectively). From this we calculate, using
a rearranged Equation 3.16, that the total stellar masstgeatkied via mergers over
the redshift range = 0.3 — 3.0 for the two samples are:

3.0
/ Pm.C—cann(2) dz = 13.9 4 2.4 x 10° My Mpc ™ (3.17)
0

3

3.0
/ PmM-_GanD(2) dz = 10.2 4+ 2.3 x 10° My Mpe ™ (3.18)
0

3
The C-GaND selection result gives the total stellar mass teadded via all mergers,
and M-GaND selection result gives the total stellar massitieadded via only minor
mergers due to the selection encompassing all major merggepitors. Therefore we
can write these values as:

3.0 3.0
/ P (2) dz — / P (2) dz (3.19)
0

3 0.3

3.0 3.0
/ P () 2 = / Pt (2) dz (3.20)
0

3 0.3
From these values we also calculate the total stellar massitgdeadded via major

mergers to the C-GaND sample using the follow equation:
/pm,major(z) dz = /pm,total(z) dz — /pm,minor(z) dz (321)

3.0
/ prmajor(7) dz = 3.7 £ 3.3 x 10° MgMpc™® (3.22)
0

3
If we assume that the total merger rate has been constanttiugeredshift range

this equates to an average change in the stellar mass densitio major mergers
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Of pmmajor = 4.6 £4.1 x 107*MyMpc~3yr~!, and an average change in the stellar
mass density due to minor mergergf inor = 12.9 £2.9 x 10~*M,Mpc3yr~! over
0.3 < z < 3.0. Factoring in the number density of these objects implies e total
stellar mass accretion rate per galaxy from major mergebstist M, yr—* and the
total stellar mass accretion rate per galaxy from minor eerg13 &3 Moyr~!. The
large uncertainties on these results are due in the unartan the minor merger rate
at high redshifts. This can be improved by better knowledgh@major merger rates
and stellar mass functions. However it is clear from obgeyma that the major merger
rate is not constant across this redshift range but it nothgetr from observations if
the minor merger rate changes with redshift (e.g. Blathkl.2012). We also note
that the definition in terms of stellar mass for what is clisdias a major and a minor

merger changes with redshift.

The results of Bluclet al. (2012), Lopez-Sanjuaet al. (2012), Xuet al. (2012), sug-
gest that the average satellite in a major merger is 0.5 tihnegentral galaxy stel-
lar mass. Therefore, an alternative estimate for the eggaotcrease in stellar mass
density due to major mergers is approximately x N,, X p,.c-canp. When ap-
plying this method we obtain a stellar mass density increlaseto major mergers of
5.6 & 1.0 x 10°M,Mpc—2, which is broadly consistent with method of choice for this

work.

In the previous section we studied the difference in thegateed SFR and observed
stellar mass growth of massive galaxies as a function of timthis section we calcu-
late the stellar mass deficit between the two relations addakethe total stellar mass
accreted ove0.3 < z < 3.0 via mergers for the C-GaND samp& )M, = M,, tota =

1.4 4 0.6 x 101 M. Therefore50 4= 20% of the stellar mass of a massive galaxy at
z = 0.3 Is accreted via merger accretion events sinee3.0. Dividing this figure into
minor and major merger events} + 14% of the total stellar mass of a massive galaxy
atz = 0.3 is accreted from minor merger events arct- 15% is accreted from ma-
jor merger events. If we examine each redshift bin indivijuae can measure how
the stellar mass accretion rate has changed due to variocegses across the redshift

range of this study.

In Figure 3.9 we show the calculated minor merger stellar raasgetion rate from
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Figure 3.11: The fraction of the total stellar mass created via SF sinee3 (red) and the stellar
mass accreted from major mergers siace 3 (purple) and the stellar mass accreted from minor
mergers since = 3 (blue) for the direct progenitors of localg M. > 11.24 massive galaxies
corresponding tdog n = —4.0 (C-GaND selected sample). (a) shows the total stellar masgly
and (b) shows the growth as a fraction of the total stellarsmaggach redshift including the in-situ
stellar mass at = 3.0 (black). Uncertainties on the fractions are shown in Figufe.
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the stellar mass density equations above applied to eaahifedin. Figure 3.10

shows the calculated minor merger rate compared to the S&Rtaltar mass growth
rate. As before the total merger rate is derived from the C{Gadmple, and the
minor merger rate from the M-GaND sample. The two highestm#tlbins have large

uncertainties due to the SFR dominating at these redshifteés does not rule out
mergers at high redshift, but the effect caused via mergest be small compared to
the SFR at the same redshift. By examining the major mergefsae¢hat the major

merger accretion rate decreases towards lower redshiftsiglre 3.10 we also find
that the major merger rate in all of our redshift bins is lowean the SFR, therefore
this implies that the major merger rate is at no point the aami form of stellar mass

growth between.3 < z < 3.0.

The minor merger rate however increases towards lower ifeglsim the highest red-
shift bins the minor merger rate is within the error consistégth zero but this again is
due to the stellar mass added via the SFR being more sigriicmese times. Unlike
the major merger rate in Figure 3.10 we see that the minor eneede does become
larger than the SFR at around= 1.0. Consequently the minor merger rate alone is
the dominant form of stellar mass growth in the progenitdriecal massive galaxies

atz < 1.

3.4.4 Relative contributions to the stellar mass

We compare the different stellar mass growth rates in masgglaxies for both selec-
tion criteria in Figure 3.10. The total stellar mass grovaterfor the C-GaND sample
is derived from the best fit to the total stellar mass growtbmshin Figure 3.7. We
see that the total stellar mass growth rate for massive igal&vas been declining since
z = 3.0. The blue points show the calculated minor merger rate asrsho Figure
3.9.

We convert the values of the SFR, major and minor merger rateshe total amount
of stellar mass created via these processes as a functi@dsthift shown in Figure
3.11. In Figure 3.11 (a) we see the contribution of the thnexgsses to the total
stellar mass growth since= 3.0. Figure 3.11 (b) shows the fractional contributions

of in-situ stellar mass at = 3.0 (black), Integrated SFR (red), major mergers (purple)
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and minor mergers (blue) to the total stellar mass as a fumafi redshift. Figure 3.12

shows the errors on the fraction contributions derived fMante Carlo analysis.

At our lowest redshift { = 0.3) the in-situ stellar mass at = 3.0 accounts for only
25 + 2% of the total galaxy stellar mass. The stellar mass addedtaiaf@mation
accounts fok4 + 10%, and hencé1 + 20% of the total galaxy stellar mass has been
accreted via minor and major mergers. Therefore half of tekbas mass in local
massive galaxies is not created within the galaxy, but hasdd in other galaxies
and has later been accreted. This is assuming that the celthgefuels the ongoing
SFR originates from within the host progenitor galaxy, hesvethis cold gas could
also be accreted from the merger events or from the inter@@laedium, which we
investigate in the next section. Within the mass obtaineslih mergersl7 +15% of

the total stellar mass has been accreted via major mergettharemaining4 + 14%

via minor mergers. This implies that all three processetritrte approximately equal
amounts of stellar mass to the total stellar mass of locabivagalaxies from =

3 to 0.3. Our work would seem to be in agreement with recent work by &eé
(2013) that showed, using merger tree simulations, thamth&t massive galaxies can
obtain up t070% of their low redshift total stellar mass from mergers and etion
events. van Dokkuret al. (2010) using a different constant number density technique
than used in this chapter show thi@% of the total stellar mass of massive galaxies
(log(M,) > 11.45) at z=0 was added through mergers aath through star formation
betweer) < z < 2. Over the same redshift range this work finds that1% of the
total stellar mass of massive galaxies is added via all merged~ 16% is added
via star formation. Conversely to the study, previous woekg.(Lopez-Sanjuaet al.
2012 Ferrerast al. 2013 Ruiz, Trujillo & Marmol-Queralh 2013) have suggested that
major mergers may play a more prominent role with upt60% of a massive galaxies

stellar mass growth at < 2 arising from major merger events.

If we assume that galaxies selected as passive via the Usisel technique have no
dust correction to their SFRs (sg&.2.5) these results change slightly. The fraction of
stellar mass created via star formation decreases #010%, A factor of two smaller
but within the errors quoted. Therefore the fraction oflatetnass accreted via all

mergers increases td + 15% this breaks down td1 + 10% via minor mergers and
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20 + 10% via major mergers. The major merger fraction increases altiect objects

within the M-GaND sample being less affected by the changkigt correction.

3.4.5 Implications for gas accretion

In this section we use our measured evolution in the tothast@ass, SFR and mergers
to predict the evolution in the total cold gas mass in the eniigrs of local massive
galaxies. We derive the cold gas mass surface density byg tisenglobal Schmidt-
-Kennicutt relation calibrated for nearby star formingagaés. The relation takes the

form of:

ZgaLs.
1 M@pc_2

whereXspr is the surface density of star formation, ang, is the surface density

of cold gas (Schmidt 1959, Kennicutt 1998b). We calculate dtar formation sur-

1.4+0.15
Ysrr=1.7+£05x 107* ( ) Maoyr~kpe 2 (3.23)

face density for each galaxy based on the effective radiuspbtained fromGALFIT
fitting Sérsic light profiles to the UDS K-band images ($8e2.4). At high redshift
Ownsworthet al. (2012) showed that the rest frame optical light profile is adjo
tracer for the profile of SF within massive galaxies. Using bathe measured SFR
and effective radius we obtain the gas mass surface dersitg a rearranged form
of Equation 3.23, to obtain the surface density of cold gasonFthe surface den-
sity of cold gas we calculate the total cold gas masses cwdtavithin these galaxies

assuming a spherical geometry.

We can then express how the cold gas mass changes over time as:
Mg(t) - Mg(o) + Mg,M( + MgA /MSFR + g,recy. (324)

This is similar to Conselicet al. (2013), where we have an expression for the total
gas mass of the galaxy at t=t/,(¢), in terms of the total gas mass of the galaxy

at t=0, M, (0), the total gas mass accreted onto the galaxy via galaxy nsefigen

t =tytot =ty, M, m(t), the total amount of gas accreted onto the galaxy from the
intergalactic medium i.e. with no corresponding increamsstellar mass from = ¢,

tot = ty, My a(t), as well as the amount of gas that is converted within the galax
into stars,— | Msrr, and the amount of stellar mass that is returned to the tetkns

medium via stellar evolution}/g ;e .
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Figure 3.12: Errors on the fractional contributions to the total steftzass derived from a Monte
Carlo analysis. The stellar mass created via SF sinee3.0 (red), the total stellar mass accreted
via all mergers since = 3.0 (blue) and the in-situ stellar masszat 3.0 (black). The thin dotted
lines show the fractional contribution of the major mergg@isrple) and minor mergers (blue).
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As we do not know the SFR of the galaxies that constitute tim@nmergers we cannot
calculate the exact total cold gas mass added via minor msefgethese systems.
Utilising other studies, Conseliag al. (2013) calculated the average stellar mass to
cold gas mass ratio of all galaxies frabd, = 10'8M., down to M, = 10%5M,, as

Jz = 1.03. Using this information we calculate cold gas accretiondegleacross the
redshift range).3 < z < 3.0. We also know that cold gas can be ejected from the
galaxy in winds from stellar or AGN sources. We account fa skellar outflows by
assuming that the gas outflow rate is proportional to the SF&R (Erb 2008, Weiner

et al.2009, Bradshawt al.2013). Therefore we add an extra term to Equation 3.25 of
M, ouinow Which we set equal td/s . Therefore we modify Equation 3.24 to account

for this, and rearrange fav/, A (¢):
Mg a(t) = Mg(t) — Mg(0) — Mg m(t) +2 X /Msm — My recy (3.25)

Figure 3.13 shows how the derived cold gas accretion rategesawith redshift. We
see that the cold gas accretion rate has been in decline sirc.5. At z = 2.5

the progenitors of massive galaxies were accretion cold\gidisan average rate of

97 £ 49Myyr~t. Fromz = 2.0 the cold gas accretion rate has undergone a decline
to lower redshift ¢ = 0.3). In fact atz = 0.3 massive galaxies in the C-GaND
sample appear to have begun to have a negative gas acceBOM/f A (z = 0.3) =

—4 £ 15Mgyyr~—t. This is consistent with zero cold gas accretion, howeveatiee
cold gas accretion rates could occur due to processes lgatixeelling gas from the

host galaxy such as AGN.

We compare this work with Conselieg al. (2013) which also constrained the cold
gas accretion rate within the redshift rangeldf < z < 3.0. They found that within
the redshift range of.5 < z < 3.0 massive galaxiesldg(M,) > 11.0My) have

an average cold gas accretion rate96f+ 26 Moyr—!. In the same redshift range
we find that the progenitors of the local massive galaxie® leavaverage cold gas
accretion rate of6 + 32 M, yr—!. When we take into account the differences between
the two works such as IMF and method of calculated SFR the tgurds quoted
are in agreement. We also examined different methods otilegilcg the cold gas
outflow rate from massive galaxies (e.g. Weieerl. 2009) and found that the cold

gas accretion rate derived using these methods are withiartbr of the method used
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3.5 Summary

In this chapter we investigate the role of star formation @ ws major and minor
mergers in relation to the total stellar mass growth of a @rnstumber density se-
lected galaxy sample within the redshift rangedaf < z < 3.0. We use data from
the UKIDSS UDS DR8, a deep near infra-red survey covetingsquare degree. We
derive UV star formation rates for all the galaxies withirstredshift range using SED

fitted rest frame UV photometry accounting for dust and oddlat populations.

We select the sample of massive galaxies using two numbesitgdenethods; a con-
stant number density selection (C-GaND) and a major mergesi@d number density
selection (M-GaND). The major merger adjusted number dgssiection uses a se-
lection that changes with time due to the rate of major mergfeat occur over the
redshift range studied. This selection traces the direxjgmitor galaxies and the less
massive galaxies that will merge with the direct progergfiaxies at higher redshift.
We use these selections to examine the average stellar mua#h @f the progenitors
of the most massive galaxies from= 3.0 to z = 0.3 and disentangle the contributions

of different processes of stellar mass growth.

First we test the contamination of selecting progenitoagials using number density
techniques using knowledge of the major merger rates andataation histories.
Contamination arises from lower mass galaxies enteringah®ke at lower redshifts
via extreme star formation or high mass galaxies quenchidguadergoing mergers.
We find that the average contamination rate per redshiftdaif - 30%. We find that
number density techniques are a factoBdfetter at tracing progenitor than using a

constant stellar mass selection technique. Our majorteesrd:

e Local massive galaxies, wittog M, > 11.24 M., assembl&’5 + 9% of their

z = 0.3 total stellar mass betwedn3 < z < 3.0.

e Stellar mass created in star formation over the redshifjeaf0.3 < z < 3.0

comprises24 + 8% of the total stellar mass of massive galaxies:at 0.3.
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Figure 3.13: Cold gas accretion rate from the intergalactic medium of@h@aND galaxy sam-
ple. Error bars denote the 1 sigma error on the cold gas @meneite derived from Monte Carlo
methods.
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Examining the stellar mass contribution from total merdergveen).3 < z <
3.0 we find that the stellar mass added via mergers comp5ises20% of the
total stellar mass of massive galaxieszat= 0.3. We also find that the star
formation history of the direct progenitors of the massiaagies atz: = 0.3

can be defined by a decliningmodel witht = 2.4 £+ 0.6 Gyr—*.

e Star formation is the dominant process of stellar mass draith the progenitor

galaxies at > 1.5.

e Total mergers (major and minor mergers combined) take ovéreadominant

process of stellar mass growth:zat 1.5.

Using the M-GaND galaxy sample we separate the contribsittdrmajor and minor

mergers to the total stellar mass growth.

e We find that the minor merger rate of the progenitors of masgalaxies has

been increasing with time sinee= 3.0 down toz = 0.3.

e Minor mergers become the dominant form of stellar mass drawthe progen-

itor galaxies at < 1.0.

e The contribution from all minor mergers betwe@f < z < 3.0 is 34 + 14% of
the z = 0.3 total galaxy stellar mass. All major mergers betwéen< z < 3.0

contribute17 + 15% of the z = 0.3 total galaxy stellar mass.

e Major mergers are not the dominant form of stellar mass drawthe progenitor

galaxies at any time betwe@r8 < z < 3.0.

Using the merger rate, SFR and stellar mass growth infoamate also investigate the
cold gas accretion rate between < z < 3.0. We use the global Schmidt-Kennicutt
relation combined with work from Conselied al. (2013) to calculate the cold gas

mass content of the progenitor galaxies at each redshift.

e We find that the cold gas accretion rate of the progenitorxidaat: = 3.0 is
97 £49Moyr.

e This cold gas accretion rate decreases with redshift urtil0.3.
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To further this work large surveys such as the HSC survey anud telescopes such
as JWST, E-ELT and Euclid will provide better constrainedlatenass functions that

are required to explore these trends to a much higher poecisi



Chapter 4

The Evolution of the Progenitors of

Local Massive Galaxies

4.1 Introduction

In the local Universe, the most massive galaxigs (> 10'2*My, ) are a nearly
homogeneous population. They have early-type morphdogesl rest-frame optical
colours and low star formation rates (Bower, Lucey & Ellis 29%auffmannet al.
2003, Gallazziet al. 2005, Baldryet al. 2006, Conselice 2006b, Gizbauchet al.
2011, Ownsworthet al. 2012, Mortlocket al. 2013). How have massive galaxies

evolved over cosmic time to become this population?

Over the last few decades there has been much researchendgdtution of massive
galaxies. These studies have shown that the more massigalthey is today, the ear-
lier its star formation must have started and subsided Regzini 2006, van Dokkum
et al.2010). This is often related to the process of “Downsizing'which the largest
objects seem to be in place and stop star forming first in aarapgly anti-hierarchical
manner. In the introduction to this thesis we talk about tlagsmhis process can be
reconciled with the\CDM, including longer merger time scales for massive dark mat
ter haloes and the hot halo model of strangling a massivexgalastar formation

fuel.

At high redshift, massive galaxies have been observed talieutheir present day
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counterparts. The population displays evidence of beingidated by low $rsic
index, and having high star formation rates (e.g. Daatdal. 2007, Buitragoet al.
2013, Mortlocket al. 2013).

Various theoretical galaxy evolution models (e.g. Faiel.2007) have suggested the
the formation of the local massive red sequence galaxiedvies early mass assembly
and star formation, with the progenitors living on the blleud. This early assembly
is followed by quenching and dry merging which migrates tragpnitors onto the red

sequence and grows them in size into the massive galaxiesanedsy.

However, many other studies that investigate the stellasrhanctions of red sequence
galaxies fromz = 1 to the present day show that the massive galaxies have not sig
nificantly grown in stellar mass over this time (e.g. Cowteal. 1996, Cimattiet al.
2008). Recent measurements of the stellar mass functioriadiga out to: = 4 (e.g.
Muzzin et al. 2013, Duncaret al. 2014) show evidence that massive galaxies exist at
very early cosmic times and their number densities evolvg Mtle in the following

4Gyr fromz =4toz = 1.

Although the stellar mass function of galaxies provides a wasneasure the abun-
dance of a population and its overall growth as a functioriroét it does not tell us
how individual galaxies have assembled and evolved. Uteijawe would like to
be able to connect local massive “red and dead” galaxieseio pinogenitors at early
cosmic times and examine how they evolved and changed. Madyes have ex-
amined the properties of massive galaxies out into themistaiverse using various
selection methods, However now using number density setettchniques we can
select a more complete and clean sample of the progenitdosalfmassive galaxies.
With this selection we can examine the evolutionary pathallmassive galaxies have
travelled to become the homogeneous population we see.tvd#ly number density
selection methods we can begin to answer the questions ahd3sive galaxies form
in extreme star formation episodes in the early universe®fst cosmic epoch to they
stop forming stars? Do they evolve from the blue cloud to dtksequence? How has

their structure changed from high redshift?

Recent work has begun to investigate the evolution of thegstigs of massive galax-

ies using number density techniques (e.g. Papoeichl. 2011, Patekt al. 2013,
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Marchesiniet al. 2014).Marchesinet al. (2014) showed using number density selec-
tions the progenitors of ultra massive galaxies (Idg)¢, 11.8) appear to have réd-V/
colours and host large amounts of star formation (SSER~ 10 yr—!) atz > 3. There-
fore they find that the progenitors of ultra massive galgxireduding the star forming
objects, have never lived on the blue star-forming cloudhelast 11.4Gyr of cosmic
history. Thus suggesting an alternative path for the folonaif massive galaxies than

proposed by Fabeat al. (2007). However, is this true for lower stellar mass objects

In this chapter we investigate the evolution with cosmicgtiof the progenitors of local
massive lpog(M,) > 11.24) galaxies fromz = 3. The progenitors are selected using
a constant number density technique. The evolution of tlgeitor population is
examined as a function of redshift. We investigate the awmiiof their colours, stellar
masses, star formation rates, passivity and structurahpeters over the redshift range

of 0.3 < z < 3.0.

Throughout this paper we assufflg; = 0.3, Q2 = 0.7 and H, = 70 km s™* Mpc™.

AB magnitudes and a Chabrier IMF are used throughout.

4.2 Data and Analysis

4.2.1 The UDS

This work is based on the 8th data release (DR8) of the UltrgpC&evey (UDS;
Almaini et al in prep.), which is the deepest of the UKIRT (téwi Kingdom Infra-Red
Telescope) Infra-Red Deep Sky Survey (UKIDSS; Lawrestca. (2007)) projects. In
this chapter we use the photometric redshifts and stellases colours, star formation
rates and structural parameters derived from ground bafxl data as described in

Section 3.2 in the previous chapter.
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4.3 Selection

4.3.1 Constant Galaxy Number Density

We define our galaxy sample in the same way as in the previageh using a con-
stant galaxy number density selection (C-GaND). In thisystud select and compare
galaxies at constant co-moving number density values-efl x 10~* Mpc—3, at red-
shifts0.3 < z < 3. We then select our sample based on the integrated massofsct
of the UDS field over the redshift range of= 0.3 to 3.0 from Mortlock et al (2014,
in prep). Using this selection technique we obtain a samptheoprogenitors of the
local massive galaxies in which we can study the evolutioa @ériety of properties

across 11 billion years.

4.4 Results

4.4.1 Colour Evolution

The rest-framé/ — V vs V' — J diagram is a powerful tool to separate quiescent and
star forming galaxies. It has become commonly used due tbitgy to distinguish
between truly quiescent objects and dust reddened syseegidNilliamset al. 2009).
Figure 4.1 shows th&V J diagram for the constant number density selected sample
in different redshift bins. The red box region plotted in tig 4.1 is from Williams

et al.(2009) and denotes the passive galaxy selection (see 88c&®.2 for fulllU'V J
selection details). Red points show galaxies that are selext passive and blue points
show galaxies that are selected as star forming. The laggs @n each redshift plot
denotes the median value for the whole progenitor populatithin each redshift bin.
The greyscale shows the total population selected aboveg¥e stellar mass com-
pleteness limit stated in section 3.2 in the previous chiaptany alternative methods
exist to separate a galaxy population into star forming as$pe objects using broad-
band photometry e.g. g-r colour (Bedt al. 2003), u-r colour (Baldryet al. 2004),
U-B colour (Peng 2010) ang8z K colours (Daddet al. 2004) see Tayloet al. (2014)

for a comparison of these techniques. We Lis&J colour selection in this chapter to
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Figure 4.1: Rest framd/ — V' versusV’ — J diagram in redshift bins between= 0.3 andz = 3.0

of the C-GaND selected sample with= 1 x 10~*Mpc—3. Red dashed line denot&d/ J passive
selection. Red circles show the progenitors of massivexgadahat are selected as passive via
the UV J method. Blue circles show the progenitors of massive gesattiat are selected as star
forming via theUV'J method an@4um criteria (see Section 3.2.5.2). The black cross shows the
median colour and standard deviation for the progenitorpdanim each redshift bin. Greyscale
shows total population selected above the 95% completdimeissvithin each redshift bin (see
Figure 3.3). The colour evolution tracks from Bruzual & Cb&i(2003) SSP models are also
shown. The light blue line shows a constant star formatigtony with no dust and the yellow
line shows an exponentially declining star formation mgtaith 7 = 0.1 Gyr. The open stars
represent that model colours at the specified ages, giveryin The colour evolution tracks are
plotted up to the age of the Universe in each redshift bin.
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Figure 4.2: Similar to Figure 4.1 Rest framé — V' versusV’ — J diagram in redshift bins between
z = 0.3 andz = 3.0 of the C-GaND selected sample with= 1 x 10~*Mpc—3. Coloured circles
show the progenitors of massive galaxies with the colourasgnting the UV dust attenuation as
shown by the colour bar on the right hand side.
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compare to previous work.

Within the lowest redshift bin the massive galaxy populatimnstitutes a homoge-
neous population with extremely réd— 1/ colours with very little scatter. Moving to
higher redshifts the scatter increases and the populagionrbes more diverse in both
U — V andV — J colours. However, as this population diversifies toward#ér red-
shifts we find that the mediali}’.J colour remains at all redshifts within the passive
region. This indicates that the average progenitor of lotassive galaxies have had
red rest frame colours sinee= 3. Examining the individual systems we find that the
fraction of galaxies classified as passive via thé.J selection alone decreases from
100 + 4% atz < 0.5 to 55 + 8% atz > 2.5. This is slightly converse to the findings
of Marchesiniet al. (2014), who find that the progenitors of the local ultra-nmaess
galaxies (withlog(M, /M) = 11.8) have blue average rest frame colours and only

~ 17% are selected as passivezat 2.5.

Also in Figure 4.1 we have plotted the evolutionary trackstfe two colours from
Bruzual & Charlot (2003) single stellar population models.eTight blue line is a
constant star formation history with no dust (CSFH) and thiowels an exponentially
declining star formation history (DSFH) with = 0.1 Gyr and zero dust attenuation.
From these models we find that at< 0.5 the progenitors of local massive galaxies
harbour old (ages older than 5 Gyr) stellar populations.ntimang the progenitors at
higher redshifts, the mediaiil”J colours within the error is always consistent with
the DSFH showing that a large fraction of this populationdasgvely evolving. If we
consider the effect of dust the average age of the stellanlptpns would decrease
with increasing dust attenuation. As we move to higher rggie CSFH evolution
track with zero dust does not accurately trace the wholdataring population there-
fore this clearly indicates that the star forming progenmsitmontain significant amounts

of dust.

In Figure 4.2 we examine the dust extinction properties efgfogenitor galaxy sam-
ple. In Figure 4.2 the progenitor galaxies are colour codecepresent their dust
extinction a2800 A (A2800) measured from the UV slope. The uniformity of the-pas
sive objects in Figure 4.2 arises from the method we usedreatkthe dust correction

for these objects (see section 3.2.5.2). Of the objectsatieaselected as star forming
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systems we find that at > 1.5 there is a wide population of objects from dust poor
objects lying towards the bottom left hand corner to highlgtdattenuated systems
lying towards the top right hand corner as expectedifdf./ colour selection. The
total star forming population at > 1.5 has an averagBOO(A) dust correction 08.7

mag.

Of the dust poor objects we see a marked evolution over trghittdange ofl.5 <

z < 3.0, with these systems being abundant at 2.5, with 28 + 4% of star forming
galaxies withl” — J < 1.0, and decreasing towards= 1.5, where only6 4+ 2% of star
forming galaxies hav®” — J < 1.0. We also find that a small populatiot) + 4% , of

the star forming progenitors show rest-frafie- V' colours redder than the quiescent
progenitors and at > 2.5 these objects span a wide range of rest frame colour values.
Examining the UV slope derived dust corrections for the &ieming population we
find that the fraction of highly dust attenuated systemseases with redshift, similar
to the result beforeb + 3% of the star forming population at = 3 have Axggg > 5
mag increasing td4 + 4 atz = 1.5. This is accompanied by a decrease in the low
dust attenuated systems, with + 3% of the star forming population withl ;g0 < 2
mag atz = 3 decreasing t@ + 2% at = = 1.5. This suggests that the star forming
progenitors at this redshift contain a wide range of duststadformation properties
unlike their low redshift descendants (see also Whitadteal. 2012a, Kavirajet al.

2013). We explore this in more detail in relation to the stethass of these systems.

4.4.2 Evolution in Colour vs Stellar Mass

As highlighted in the previous section, the progenitorsaafal massive galaxies at
low redshift have similar colours, typical of quiescent adl stellar populations. As
we look towards higher redshifts, some of the progenitotob®e star forming. We
find that some of the star forming progenitors exhibit a wigiege ofU — V' colours.
We examine this result in a different way in Figure 4.3 using¥ — V' rest frame
colour versus stellar mass. Figure 4.3 shows the star fgriad quiescent samples
selected in the same way as in Figure 4.1. The red dashedavesghe9d5% stellar
mass completeness limit within each redshift interval. Bhe points show the star

forming progenitors with the median of this population e@nted by the black plus



The Evolution of the Progenitors of Local Massive Galaxies 113
- ol ]
o)

0.3-0.5
2.5 f Lanme f . J
I . I e
| s o s | AN
2.0 | r%@;‘k: 1 -
VAN o 0";;.‘..‘
W B -3 | R
> 1.5 el ° I tvl— -
! [} . | {.'.".-r :
) u -
,‘.O I | - ' "?. -
0.5 1 1 anle ]
1.5-2 ! -2.5 2.5-3
I L L L I L L L
9 10 11 12 9 10 11 12 9 10 11 12

Stellar Mass log(Mg)

Stellar Mass log(Mg)

Stellar Mass log(Mg)

Figure 4.3: Stellar mass versus rest frartie— V' colour for all galaxies selected via the C-GaND

selected sample with = 1 x 10~*Mpc~3.

The red circles show the progenitors of massive

galaxies that are selected as passive vidihe/ method. The blue circles show the progenitors of
massive galaxies that are selected as star forming vi& ihé method. The black "X” shows the
medianU — V colour for the passive population and the black plus signvshtbe media/ — V'
colour for the star forming population. The greyscale shthwesvhole UDS galaxy sample within
each redshift bin. The red dashed line shows the 95% ste#las wompleteness limit.
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Figure 4.4: Median Rest-fram& — V colour versus redshift of the C-GaND selected sample. The
black squares show the evolution of the mediar V' colour of the whole progenitor population.
The red and the blue circles show the evolution of the melianV” colour of the passive and star
forming samples respectively. Also shown is the colour etioh tracks from Bruzual & Charlot
(2003) models. The black dashed lines show the colour a@volaf a declining star formation
history and varying formation redshifts from the beginnafghe Universe (Max) t&orm = 2.

The light blue dotted line shows the colour evolution of astant star formation history and
A, = 2 mag of dust extinction. This level of dust extinction is e@lént to the average dust
correction of the star forming progenitors.
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sign. The red points show the quiescent progenitors witrtbéian of this population
represented by the black X. The greyscale show the totatgalapulation within each

redshift interval.

We find that the lowest redshift population of massive galpsggenitors have very
small scatter in both colour{ 0.08 mag) and stellar mass, with the scatter increasing
to higher redshifts. However the median points for both the forming and passive
population do not show a large evolution, with the median- V' colour of the star
forming progenitors increasing loy7 + 0.6 mag and the median colour for the passive
progenitors increasing by.5 + 0.2 mag. Figure 4.3 demonstrates that the average
star forming progenitor has a similar optical colour as aspasprogenitor at the same
redshift. Figure 4.3 also shows that the average star fgrmpiogenitor has not lived

in the blue star forming cloud at least since- 3.0.

However, upon examining the population of star forming ertprs in more detail
we find,27% at z = 3.0 display blue,U — V' < 1.0, colours comparable to galaxies
living on thez = 3.0 blue cloud. Conversel24% of the star forming progenitors at
z = 3.0 also have extreme red, — V' > 2.0, colours. Of all the progenitor galaxies
z = 3.0 that have extreme red colours the star forming progenittaxgss are more
numerous than passivél’ J selected progenitors by a ratio®f 1. The larger scatter
in U —V colours of the star forming progenitors is more pronounbed in the passive
progenitors i.e.0.6 mag for star forming an@.2 mag for passive at = 3.0. The
evolution in scatter between low and high redshift showstti@local red sequence is

in the process of assembly betweeh < z < 3.0.

In Figure 4.4 we show how the mediadhn— V' colours for the total (black squares), star
forming (blue circles) and, passive (red circles) evolvehwedshift. Also plotted are
theU — V colour evolution tracks derived from Bruzual & Charlot (20G8P models
with DSFH as shown in Figure 4.1 plotted in black dashed |a&s$ one with CSFH
with A, = 2 mag of dust extinction, comparable to the average dust ctwreof the
star forming population, shown by the light blue dotted lifi&e tracks shown are of
varying formation redshift from the beginning of the Unise(Max) toZ¢,,., = 2. The
total population progenitors show a gradual evolution @irth/ — V' colours towards

redder colours at lower redshifts, indicative of an ageietiatpopulation that formed



The Evolution of the Progenitors of Local Massive Galaxies 116

at, from the evolution tracks, redshifts ef> 4. Dividing the population into star
forming and passive we find that the passive populationviotlee passively evolving
colour tracks with hints that they may have stopped actif@igning stars by: = 5.
The effect of increasing dust extinction would be to decedhg formation redshift.
While the star forming population appears to be followingdeelining star formation
history colour evolution tracks, they are also consisteitih Whe dust reddened con-
stant star formation history colour evolution track. Hoeevrom Figure 4.1 we see
that they are not consistent with the DSFH when examined mmb@eation with other

colours.

This result hints that this population has formed the mgjaof their = = 3 stellar
mass (on average lag. = 10.85) within the first Gyr of cosmic time. Is this plausible
given our knowledge of the global cosmic star formationdrig? If we assume these
objects formed their = 3 stellar masses over the redshift rarige: z < 9 (~ 0.6
Gyr) via star formation, the average SFR this implieslig M.yr—!. Incorporating
the number density of the progenitor galaxies= 1 x 10~*Mpc~3, gives a SFR
density of these objects ofrr progenitors = 0.01 Mgyr~*Mpc 3. From various works
(e.g. Duncaret al. 2014, McLureet al. 2013) the global cosmic SFR density over
the redshift rangé < 2 < 9 varies frompser cosmic = 0.05 £ 0.03 Mgyr~*Mpc ™
atz = 510 psrR cosmic = 0.02 £ 0.06 Mgyr—'Mpc~ atz = 9. As the global cosmic
SFR density is larger than the SFR density inferred for tlog@nitor galaxies, it is
therefore possible for these objects to form via star folwnatvithin the first Gyr of

cosmic time.

4.4.3 Star Formation History

Using our knowledge from the previous sections we now exarhow and when the

progenitors of the local massive galaxies became the qenésbjects we see today.

Figure 4.5 shows the average specific star formation ratfeRsSF R/ M.,.) of the total,
star forming and, passive progenitor galaxies have evdingd = = 3.0. The blue
circles show the median sSFR of thd’.J selected star forming progenitor galaxies,
the red circles show the median sSFR of thé.J selected passive progenitor galaxies

and, the black squares show how the median sSFR of the whpldgtimn evolves
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Figure 4.5: sSFR versus redshift for all galaxies selected via the CIabdlected sample with

n = 1 x 10~*Mpc—3. Black squares show the evolution of the whole populatiord Bircles
show galaxies that are selected as passive vid/ttid method. Blue circles show galaxies that
are selected as star forming via thé”J method. The dot-dashed line represents a stellar mass
doubling time equal to the age of the universe at 0. The dashed line represents a stellar mass
doubling time equal to the age of the universe.athe solid red, blue and black lines show the best
fit exponentially declining star formation histories foetpassive, star forming and total progenitor
population respectively. The errors of the fractions amévdd from Monte Carlo analysis.
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Figure 4.6: Histograms of the sSFRs of tHéV'J defined passive and star forming progenitor
galaxies over the redshift range3 < z < 3.0 split into six redshift bins. The red histogram shows
the sSFRs of the progenitors of local massive galaxies teadefined as passive vidV’.J colour
selection and blue shows those that are classified as stainfprBoth the passive and star forming
histograms are normalised to the number of objects in edebt&m.
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Figure 4.7: Star formation density versus redshift for all galaxiegestdd via the C-GaND selected
sample withn = 1 x 10~*Mpc~3. The black squares show the evolution of the whole galaxy
sample and red and blue circles show the evolution of thé@taration density of the passive and
star forming populations selected Vi§8/.J colours. The errors of the densities are derived from
Monte Carlo analysis. The dotted line shows the global stanétion history from Hopkins &
Beacom (2006) modified by 1.5 dex for clarity. The solid black line represents the besbfihie
star formation density evolution of the total progenitolagg population.
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across this redshift range. Also shown in Figure 4.5 are lilgemting different stellar
mass doubling times, i.e. the time it to takes for ongoing 8F#ouble the stellar mass
of a given galaxy. The dot-dashed line denotes a doubling &qual to the age of the
Universe atz: = 0, a passivity selection made in the local Universe. The dakhed
shows a doubling time equal to the age of the Universe ®ie note that the doubling
time equal to the age of the Universezaappears to be a good dividing line between
UV J passive and star forming systems. We find that the evolutidheosSFRs of
the passive progenitor galaxies is more apparent than dof@tming systems. The
passive progenitor galaxies median sSFR decreases wishifiedy 1.5 + 0.3 dex
from z = 3.0. The star forming progenitor galaxies median SSFR alscedsess over
the same time interval by only.8 + 0.4 dex. If we examine the divide between the
two populations, at low redshifts the difference in SSFR @empronounced than at
higher redshifts, withAsSFR = 1.2 + 0.2 dex atz = 0.3 andAsSFR = 0.5+ 0.4
dex atz = 3.0. We quantify the sSFR histories of the progenitor galaxieBtbng an

exponentially declining model of the form:
sSFR(t) = sSFRy x exp(—t/7) (4.1)

with 7 = 1.9 + 0.8 Gyr for the total progenitor galaxy population= 2.1 + 0.4 Gyr
for the passive objects and= 4.7 + 0.5 Gyr for the star forming objects. The larger
value of7 for the star forming sample, compared to the passive ohjscis expected

for a star forming population.

Using our knowledge of the sSFRs of the progenitor galaxi€sguare 4.6 we examine
validity of the UV J colour selection. Figure 4.6 shows the normalised histograf
the passive and star forming populations as defined viaJttig colour selections
across the redshift range we study. We find that both popula@ppear to be single
peaked distributions across the redshift range studidd initreasing overlap towards
higher redshifts. Therefore, due to the lack of a sSFR biritgdsignature in the
histograms of both populations at all redshifts thE€.J colour selection appears to be

an effective measure in separating the two populations.

We also examine the evolution of the SFR density of the privggesnof local massive
galaxies. Figure 4.7 shows the evolution of the SFR dengity redshift. The black

squares show the evolution of the total progenitor popaatind the red and blue
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circles show the passive and star forming objects resmgtilso shown in Figure
4.7 is the global SFR history (SFH) from Hopkins & Beacom (200#h the form of
Coleet al. (2001),p(t) = (a + bz)h/(1 + (2/c)?) with a = 0.017, b = 0.13, ¢ = 3.3,

d = 5.3. The solid black line shows the best fit to the total progerptpulation with
the same form as the global SFH. We do not fit the SFR densitytswo of the passive
and star forming populations as their evolution is driventHgir individual abundances
as well as their star formation history. Therefore, the @tfoh of the passive and star
forming SFR densities will not trace the same objects atetlbhifts. We find that
the progenitors of local massive galaxies appear to undesj@rper decrease in their
SFR density than the global galaxy population SFH. Theystieov evidence that their
SFH peaks at a higher redshift than the global galaxy popul&FH. Both of theses

findings are evidence for the downsizing scenario of galaryétion.

4.4.4 Passive Fraction Evolution

In Figure 4.8 we show evolution of tliél” J defined passive fraction of the progenitors
of local massive galaxies. The black circles shows the ibaadf galaxies that are
selected as passive via this work. The black dashed lineeibéist fit to the fraction
with the form:

Fpassive = 1.0 —0.02 x t?** (42)

We find that the passive fraction of progenitor galaxies ugaoles a significant evolu-
tion over the redshift range 6f3 < z < 3.0. Within our lowest redshift bif4 +8% of

the progenitor galaxies are passive, much like their lonalarse descendants. In our
highest redshift bis7 + 7% of the progenitor galaxies are passive. This implies that
over half of the progenitors of todays massive galaxies heghdy stopped actively

star forming byz = 3.0.

The observed weakening of the colour-density relation at 2 (e.g. Chuteret al.
2011, Giitzbauchet al. 2011) implies that the environments of galaxies have not
been fully established at high redshift. Therefore, the aiflenvironmental quench-
ing mechanisms, such as ram pressure stripping, may noggdayninant role in the
guenching of the progenitors of local massive galaxies idy easmic times. The re-

sult that we present here shows that a large fraction of gedate already passive by
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Figure 4.8: Passive fraction of the C-GaND selected sample with 1 x 10~*Mpc 2 vs redshift.
Black circles denote the fraction of galaxies selected asipa via the UVJ method. The black
dashed line is the best fit to the passive fractions with thegon: Fa.ssive = 1.0 — 0.025
EXP(1.2 % z). The errors of the fractions are derived from Monte Carldysis
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Table 4.1: C-GaND average galaxy effective radius. Local ETG sizevedrifrom Shen et al.
(2003) at the same stellar mass.

z Average size (kpc) Local ETG size/Average size
0.3—0.5 6.7+ 1.1 1.24+702
0.5—1.0 5.6+ 1.0 1.4+£703
1.0-1.5 3.8+0.9 1.8+703
1.5—2.0 3.2+0.9 174137
2.0—2.5 2.9+ 0.9 1.6+10%
2.5—30 925409 1.64++09

z = 3.0 and implies that internal quenching mechanisms, such asahlealo model,

could be responsible.

4.4.5 Structural Parameter Evolution

In this section we investigate various structural param@tgperties and their evolution
over time of the progenitors of local massive galaxies usimgber density selection

techniques.

4.45.1 Galaxy Size

Many papers examining the sizes of high redshift massivexgzd have found that on
average their sizes are smaller, by a factor of betweerni, than present day galaxies
of equal mass (e.g.Daddt al. 2005, Trujilloet al.2007, Buitragaet al. 2008, Cimatti
et al. 2008, van Dokkunet al. 2008, 2010, Franet al. 2008, van der Weét al. 2008,
Damjanovet al. 2009, Carrasco, Conselice & Trujillo 2010, Newmenal. 2010,
Szomoruet al. 2011, Weinzirlet al. 2011, Laniet al. 2013). This size evolution has
been found to be most pronounced when linking high redshgsjye massive galaxies
to the passive massive galaxies in the local universe. Tssmwed size evolution could
be produced through various processes such as AGN feedbackHaret al. 2008),
mergers (e.g. Khochfar & Silk 2006), and star formation.(®&gkel, Sari & Ceverino
2009, Ownswortltet al. 2012, Ownswortlet al. 2014). Another possible suggestion
is that there is an inherent bias in the selection methodd msprevious works that
could enhance apparent observable size growth. It has begested that number

density selection techniques could be a solution to thiblpro (e.g. Poggiantt al.
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Figure 4.9: Galaxy size (effective radius) versus total stellar masti®progenitor galaxy sample.
The black line denotes the local early type galaxy relatiodifired from Shen et al. (2003). Within
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each redshift bin are plotted all the galaxies that residleimthat redshift range (small circles) and

the average stellar mass and size (large circle) with edeniged from Monte Carlo analysis within

each redshift bin.
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2013). For example van Dokkust al. (2010) investigated the size evolution within a
constant number density selection over the range = < 2, finding that the average

galaxy size still increases by a factor of four.

Most of these studies have examined size evolution usingia galaxy stellar mass in
order to link galaxies across redshift. This method doesioobunt for the stellar mass
growth of galaxies that are below the stellar mass selectibrat high redshift. The
number density selection techniques employed in this enaggmpensates for this,
and can give us a cleaner sample of the progenitors of locssiregalaxies. Using
this sample of progenitor galaxies we can examine the sizleitgon in a more robust

way.

Using the direct progenitor galaxy sample we investigageeiolution of the sizes of
the progenitors of massive galaxies fram-= 3.0 to z = 0.3. We do this by applying
no passivity or morphological selection criteria to the plerand measure the size
evolution of all the progenitor galaxies. As shown from tiwisrk a large fraction of
the progenitors of local massive galaxies are highly stamiiog at high redshift and
also appear to undergo a morphological change from disktdilspheroid-like systems

within the redshift range studied (Buitragbal. 2013, Mortlocket al. 2013).

Figure 4.9 shows the effective radius versus total stel@ssf the whole progenitor
galaxy sample split up into six redshift bins. In each bin Wa fhe galaxies that lie
within the bin (small circles) and the average of the samplbath stellar mass and
size (large circle with error bars). The solid back line desahe local early type
galaxy relation modified from Shest al. (2003). We compare the average galaxy size
at each redshift to the local early type galaxy relation. \Wéhis as the majority of the
most massive galaxies lie on this relation in the local ursige When we compare the
average points in each redshift bin to the local relation we that all the progenitor
galaxies are smaller than equal mass early type galaxiégilotal universe, ranging

from a factor of 1.8 to 1.2 over the redshift range studied.

Table 4.1 lists the average sizes of the progenitor galaxdghe ratio of the local size
of an early type galaxy of the same stellar mass to the avesiagén each redshift bin.
This would seem to be in disagreement with van Dokketral. (2010), however this

could be due to differences between the selection techsigsed. We find that the
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size evolution of a galaxy sample selected this way is onaaeeslightly lower than
the findings of other investigations into the size evolutidrmassive galaxies which
have found that they grow in size by a factorof 4 from redshiftz = 3.0 to the

present day.

4.45.2 SrsicIndex

The present day massive galaxy population is dominated @Bctsbwith early-type
morphologies and high &sic indices (e.g. Baldrgt al. 2004, Conselice 2006b,
Buitragoet al. 2013). Examining similar stellar mass objectszat- 2 studies have
found this not to be the case (Mortloek al. 2013, Buitragecet al. 2013, Bruceet al.

2014). However, this has not been examined using a numbsitgeelected sample.

In Figure 4.10 (a) we show the evolution of thérSic indices of the progenitors of
local massive galaxies. The progenitor galaxies have beknirgp high and low
Sérsic index systems with a dividing line at = 2.5. The value ofn = 2.5 has
been used in many studies as a quantitative way to segregiatedn early and late
type galaxies, with early type galaxies havimg> 2.5 (e.g. Sheret al. 2003, Barden
et al. 2005, Mcintoshet al. 2005, Buitragcet al. 2013). The fraction of progenitors
with high Sersic indices is represented by green rectangles and ttigofravith low
Sérsic indices is represented by black circles. Figure 4a)Clearly indicates that
the fraction of the progenitors of local massive galaxiethuwiwer Srsic indices has
greatly increased with redshift, eifht 5% of the progenitor galaxies at= 0.3 with

low Seérsic indices increasing & + 7% atz = 3.

If we take the assumption that objects with lowrSic indices have a disk-like, late-
type morphology this result implies that the progenitoragads at high redshift are
mostly disky galaxies. However, this assumption breaksddwe consider the effect
of galaxies with disturbed and irregular morphologies. Bsiftragoet al. (2013) and
Mortlock et al. (2013) showed that galaxies at high redshift with loarsic indices
also display disturbed morphologies when examined usisggViclassification. These
studies also showed that the number of galaxies with distustisual morphologies
increases dramatically with redshift, with 40% of massive galaxies showing a dis-
turbed morphology at = 3. This increase in the number of galaxies with disturbed

morphologies could be linked to the increase in the impagasf major mergers with
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Figure 4.10: Fraction of the progenitors of local massive galaxies witthin > 2.5) and low
(n < 2.5) Sérsic indices. Figure (a) show the evolution of the wholegprator sample with, green
rectangles showing the fraction of progenitors with loérssic index and, black circles showing
progenitors with high &rsic light profiles as a function of redshift. Error bars degived using
Monte Carlo analysis. Figure (b) shows the high and I@s populations split into star forming
and passive systems.
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redshift as explored in the previous chapter. Thereformgusist the ®rsic profile

information we cannot determine if the progenitor galaxpydation we present here
are true disk or, disturbed galaxies. Using methods thainaeathe asymmetry in
systems (e.g. CAS Conselice 2006a) could help disentanglelagsl from true disk

galaxies at high redshift (see Mortloekal.2013 for more discussion).

Also from Figure 4.10 (a) we find that the redshift where theggnitor galaxies tran-
sition into the high $rsic index dominated population we see in the local Univiesrse
betweenl.5 < z < 2.0. This is in agreement with previous studies that have exadin
the morphological change of galaxies with similar stellasses as our sample (e.qg.
Mortlock et al. 2013).

We further divide the high and lowé&ssic progenitor samples into star forming and
passive systems using our UVJ selection and present thésrasurigure 4.10 (b).
This figure shows the clear dominancezak 1.7 of the passive high &sic index
systems that we associate with massive galaxies in the lbuaérse. The population
of high SErsic index galaxies is, at all redshifts examined in thislgt dominated by
the passive population. The star forming higér$Sc index systems are most abun-
dant atz = 3.0 however, only constituté + 3% of the total progenitor population.
Examining the low $rsic index systems we find that these objects are dominated a
almost all redshifts by passive systems much like the higyisi€ index population. At

z = 3.0, 41 £+ 4% of the progenitor galaxies are passive and have lévsif indices
and23 + 3% of the progenitor galaxies are star forming and have I@nsi8 indices.
This result implies that passive love&ic index systems out number star forming low
Sérsic index systems by nearly a factor of two within the pragemmassive galaxy
population. This result is surprising as the morpholodied tonstitute the low&sic
index population are generally thought to be star formingweler, this result is in
agreement with recent work by Bruegal. (2014) using two component light profile
fitting which has shown that a large fractior, 38% of passive massive galaxies at

z > 1.5 are disk-like dominated systems.
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4.5 Summary

In this chapter we present a study of the evolution of a cohstamber density se-
lected sample of the progenitors of today’s massive gadaower the redshift range of
0.3 < z < 3.0. We examine the evolution of the properties of galaxy cqlmgation

on the colour-stellar mass diagram, passivity and, stratparameters. We find the

following:

e We find that the averagé — V andV — J colours of the progenitors of local
massive galaxies have been located within the UVJ definedvpasgion since
at leastz = 3.0. However the progenitors that are classified as star forming
have a large scatter in both colours and in some case showrrediburs than
the passive galaxies at the same epoch. If we examine thiseegausing the
colour-stellar mass diagram we also find that the averaggepitor of local
massive galaxies has not lived on the blue cloud sinee 3.0. Using stellar
population models we find that the passive progenitor gatakave old stellar
ages (age> 5 Gyr) and appear to show hints that they have been passively

evolving sincez = 5.

e We examine how the the progenitor population becomes thévpgsspulation
we see today over this redshift range. We find that the pa$siedon of the
progenitor galaxies undergoes significant evolution from- 3.0, increasing
from 56 + 7% atz = 3.0 t0 94 + 8% atz = 0.3. This implies that over half of
the population of the progenitors of local massive galakesge already stopped
forming stars by: = 3.0. Also the star formation density of the progenitors

shows signs of galaxy formation downsizing.

e We also investigate the size evolution of the constant nurdbasity selected
sample using no passivity cuts and find that the sizes of thgemitors of mas-
sive galaxies range from a factor o8 to 1.2 smaller than local early type galax-
ies of similar mass over the redshift range studied. Thisaler than previous

studies have found, quoting size evolution factors of twinto.

e The morphological evolution of the progenitor galaxies sgrobed using the

evolution of the $rsic indices within the sample. We find that these galaxies
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are dominated at high redshifts by loverSic index ¢ < 2.5) light profiles
and evolve to be come highe&ic index ¢ > 2.5) dominated objects by =
1.7. We further split the high and lowésic populations into star forming and
passive systems. We find that passive higisi& index systems are the most
abundant objects at < 1.7, equivalent to their descendants at low redshift.
There exists a small population of star forming higdrsic index objects at high
redshift but they rapidly decrease towards low redshift.alde find thatt1 +4%

of the population within the highest redshift bin are pasdow Srsic index
objects. This could imply that a significant proportion af fhrogenitor galaxies
were passive disk-like systems at early times. Howeves, [tw Srsic index
trend could be being driven by the increase in the abundanoeghologically

disturbed systems at higher redshifts.

To further this work large surveys such as the Hyper Supr€ar@-survey and future
telescopes such as JWST, E-ELT and Euclid will be able to pus$ettrends out to

higher redshifts and be able to investigate the full histiripcal massive galaxies.



Chapter 5

Conclusions

At the beginning of this thesis we highlighted some of therogaeestions in astron-
omy. This thesis aimed to address some of these questiorthislnhapter, we will
summarise and discuss what we can conclude from this worlitabe evolution of

massive galaxies.

5.1 Structural Evolution

In Chapters 2 and 4 we investigate the evolution of the stracparameters of massive

galaxies.

5.1.1 Size

We show that the star formation distribution we observegt hedshift within massive
galaxies, and its effects on galaxy light profiles, is noyjéaenough to fully explain
the observed galaxy size growth. The in-situ star formatiistribution observed in
these galaxies can only produce a small increase in thegeveféective radius. This
increase can vary by using different evolution mechanidmsjs always insufficient

to fully explain the observed evolution.

To further investigate this we explore the effect of stefttagration on the stellar mass

profiles of massive galaxies, and find that this effect canes®e the total effective
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radius growth. However, this result is still unable to agtdor the total observed size
evolution over the same epoch. From this we conclude thatialthe lack of sufficient
size growth by star formation and stellar migration, othechanisms must also be at

work to account for the observed structural evolution from 1 to the present day.

In Chapter 4, we investigate the size evolution of the connstamber density selected
sample and find that the size evolution of the progenitors asive galaxies is less
pronounced than previous studies have found. This hintstleaobserved size evo-
lution might not be as extreme as previously reported. Algiothe size evolution
of massive galaxies might be milder, the contribution froar $brmation and stellar

migration is still not large enough to reproduce the result.

5.1.2 Sersic index

In Chapter 2, we explored the effect in-situ star formation tvashe shape of mas-
sive galaxy light profiles. We find that theeic index of the galaxy light profiles
is marginally affected by the in-situ star formation, andttbn average: decreases
with redshift. This indicates that the star formation digttion present within massive
galaxies at high redshift must follow a similar radial distition as the stellar mass
at high redshift. This also implies that star formation etion has a minimal effect
on structural evolution of massive galaxies between 3 and the present day. How-
ever, in Chapter 4 the full morphological evolution of thegeaitors of local massive
galaxies is probed using the evolution of therSc indices within a constant number
density selected sample. We find that the progenitor gadaatie dominated at high
redshifts by low ®rsic index { < 2.5) light profiles and evolve to become higbrSic
index (» > 2.5) dominated objects by ~ 1.7. Therefore, we must conclude similarly
to the previous section, that star formation cannot fullyodpce the observed change

in the profiles of massive galaxies from= 3 to the local universe.

To further investigate this evolution in Chapter 4 we spli thigh and low $rsic
populations into star forming and passive systems. We fiat ghssive high &sic
index systems are the most abundant objects within the pitogeyalaxy sample at
z < 1.7. This shows that the local massive galaxies already regethblr massive

galaxy descendants at low redshift by~ 1.7. There also exists a small population
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of star forming high $rsic index objects at high redshift but their number rapidl
decrease towards low redshift. We also find that a largeifmaaif the population
within our highest redshift bin are passive lo@rSic index objects. This could imply
that a significant proportion of the progenitor galaxiesevagassive disk-like systems
at early times. However, this lowéssic index trend could be driven by the increase in
the abundance of morphologically disturbed systems atehigédshifts as shown by

previous studies.

5.2 Stellar Mass Evolution

In Chapter 3 we investigate the roles of star formation, maod minor mergers in
relation to the total stellar mass growth of a constant nurdeesity selected galaxy

sample within the redshift range 0f3 < z < 3.0.

We find that massive galaxies in the local universe asserhblmgjority of their total
present day stellar mass betwees < z < 3.0. This stellar mass is built up mainly
through merger events. More precisely, over half of thel wtiglar mass of massive
galaxies at = (.3 arises from merger events and a quarter arises from staafmnm
betweern).3 < z < 3.0. This result implies that at least half of the total stellars® of

local massive galaxies is formed externally and then aedrat later times.

5.2.1 Merger Rates

Using previous research in the major merger rates of maggsilaxies in the high
redshift universe, we disentangle the two merger procedseajor and minor mergers
to the total stellar mass growth. From this we find that theammerger rate of the
progenitors of local massive galaxies has been increasitigtime sincez = 3.0.
Minor mergers from: = 3.0 contribute34% of the total stellar mass of local massive
galaxies whereas, major mergers only contribtt#. This is converse to what other
studies have implied, finding that major mergers could berthen contributor to the
stellar mass growth of massive galaxies over this red<miye. \We examine the two

merger rates across the redshift range.8f< = < 3.0. We find that minor mergers are
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the dominant form of stellar mass growthzat 1.0 and, major mergers are at no point
the dominant form of stellar mass growth betwé®eh < = < 3.0. This is due to the
increasing importance of the stellar mass added via stardbon as we look back in
time, which is the dominant form of stellar mass growth fa& pinogenitors of massive
galaxies at > 2. This is important from the perspective of the size growtarsied
earlier as minor mergers are the current favoured mechatois®plain galaxy size

evolution.

From these results we explored the implications of theasteflass growth on the cold
gas accretion rate. We use the global Schimidt-Kenniclatiom to show that the cold
gas accretion history of the progenitor galaxies decreast@scosmic time from an
high average cold gas accretion rate otat 3.0 to negative accretion rates in the
lowest redshifts investigated. This negative accretiaroissistent with zero cold gas
accretion, however negative cold gas accretion rates auddto processes actively

expelling gas from the host galaxy such as AGN.

5.3 Colour Evolution

In Chapter 4 we explore the evolution of the properties of astamt number density
selected sample of the progenitors of today’s massive geaver the redshift range
of 0.3 < z < 3.0.

We find that the average progenitor of local massive galehaeelU — V andV — J
colours consistent with them being passive since at leasB.0. This result can also
be seen if we examine the passive fraction of the sample ashdver half are passive at
z = 3.0, increasing towards lower redshifts. Therefore, the niigjof the progenitors
of local massive galaxies must have undergone some formesfafung at: > 3.0. If
we examine the progenitor galaxies using the colour-steikss diagram we also find
that the average progenitor of local massive galaxies hatved on the blue cloud
sincez = 3.0. This suggests that massive galaxies must form quickly enetérly
Universe. With the observed weakening of environmentalagigres towards higher
redshifts, this result could imply that that internal queing mechanisms, such as the

hot halo model or AGN feedback, could be responsible for gherg the progenitors
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of local massive galaxies at early cosmic times.

Splitting the progenitor galaxy sample into passive andfstaning using theit/'V'.J
colours we still find the same results with both populatidtewever, a small fraction
of the star forming progenitors do show colours consistettt wbjects on the blue
cloud within the same redshift interval. There also exigi®pulation of star forming
progenitors that exhibit reddér — V' colours than the passive progenitor population.
This hints that the star forming progenitors of local masgalaxies at high redshift
have a wide range of dust, star formation and stellar pojppulg@roperties, unlike their
low redshift descendants. This indicates that a wide rargleeoproperties of local

massive galaxies must under go drastic evolution over stellabillion years.

5.4 Future Work

Needless to say, this work needs to be extended to earliericdisnes to investigate
the properties of the progenitorszat- 3. With astronomy entering an era where deep,
large volume extragalactic surveys are routinely obtgirileelse trends can begin to
be probed at even earlier cosmic times. Several studiesdlez@dy given us hints
at how galaxies form and evolve in the early universe (e.gpotiah et al. 2011,
McLure et al. 2013, Bowleret al. 2014, Duncan et al. 2014 Submitted) allowing us to
begin to explore the stellar mass growth and star formatbesrof massive galaxies
at early cosmic times. With these and future studies thexgalamber statistics at
high redshift are constantly increasing thus making it geso further examine and
constrain the galaxy evolutionary paths. This will be gseahhanced by the next

generation of ground and space based telescopes, suchl Ay #ie

With the advent of Integral Field Units (IFUs) and adaptiygics on large ground
based telescopes we can begin to observe the internal kilesnod galaxies. The
data IFUs provide can measure the rotational and the vegldigpersion support for
a galaxy, and thus provide us information on both baryonit derk matter compo-
nents, as well as the presence of rotation. This allows usldoeas the question of
how morphology and galaxy assembly are linked. In the lovsh&tuniverse large
IFU surveys such as the SAURON survey (de Zeetal. 2002) and the ATLAS 3D
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survey (Cappellaret al. 2011) have opened a new perspective on the kinematics of
local massive galaxies, with a significant fraction of edylge galaxies found to host
large angular momentum supported disk-like componergs Keajnovi et al. 2013).
Could this be a link to their high redshift progenitors thatChapter 4, we find appear

to have low @rsic indices? The future of IFUs on large current and futelescopes,
such as HARMONI on the E-ELT, will allow for deep observatiafamultiple high

redshift objects and begin to answer these questions.
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