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Abstract

We examine a sample of 1495 galaxies in the UDS/CANDELS field to determine the

evolution of two component galaxies, including bulges and discs, within massive galaxies

at the epoch 1 < z < 3 when the Hubble sequence forms. We fit all of our galaxies’

light profiles with a single Sérsic fit, as well as with a combination of exponential and

Sérsic profiles. The latter is done in order to describe a galaxy with an inner and an

outer component, or bulge and disc component. We develop and use three classification

methods (visual, F -test and the RFF ) to separate our sample into 1-component galaxies

(disc/spheroids-like galaxies) and 2-component galaxies (galaxies formed by an ‘inner

part’ or bulge and an ‘outer part’ or disc). We then compare the results from using these

three different ways to classify our galaxies. We find that the fraction of galaxies selected

as 2-component systems increases on average 50% from the lowest mass bin to the most

massive galaxies, and decreases with redshift by a factor of 4 from z = 1 to z = 3. We

find that single Sérsic ‘disc-like’ galaxies have the highest relative number densities at

all redshifts, and that 2-component galaxies have the greatest increase and become at par

with Sérsic discs by z = 1. We also find that the systems we classify as 2-component

galaxies have an increase in the sizes of their outer components, or ‘discs’, by about a

factor of 3 from z = 3 to z = 1.5, while the inner components or ‘bulges’ stay roughly

the same size. This suggests that these systems are growing from the inside out, whilst

the bulges or protobulges are in place early in the history of these galaxies.

We then extend our study to a broader range in wavelength, using all available bands from

the HST in the UDS/CANDELS field (H , J , i and V band) in order to calculate rest-frame

magnitudes, stellar masses and SFRs for each component. We show that galaxies which

are better fit as 2-component systems can have the stellar masses and star formation rates

of their inner and outer components measured accurately. We examine the position of our
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inner/outer components in the UVJ diagram, finding that the majority of both inner and

outer components lie in the star forming region (68% and 90% respectively), but that the

inner portions, the likely forming bulges, are dominated by dusty star formation. Fur-

thermore, we show that the outer components of these forming galaxies have a higher

star formation rate, and the relative star formation rate increases in outer components (or

discs) as redshift decreases. On the other hand, the relative stellar mass of both compo-

nents remains statistically constant at z < 3. This suggests that mass formed in the outer

components of galaxies is being transferred to the inner components. Finally, we find

that the presence of an AGN is more common in both 1-component spheroid-like galaxies

and 2-component systems (13± 3% and 11± 2%) than in 1-component disc-like galaxies

(3 ± 1%), demonstrating that the formation of a central inner component likely triggers

the formation of the central massive black holes in these galaxies.

Lastly we explore the properties of spiral galaxies in UDS, GOODS-S and COSMOS

CANDELS fields. We use the CANDELS Galaxy Zoo classification to select spiral galax-

ies, clumpy spiral and smooth discs. We show that galaxies classified as spirals decrease

with increasing redshift, although part of this trend is due to redshift effects. After cor-

recting such effects, we find that the number density of spirals galaxies increases by a

factor of 14 ± 2 from z = 2.5 to z = 0.5. We find morphological differences between

spiral galaxies and smooth discs, with the former being more ‘disky’ and asymmetric,

and the latter being more centrally concentrated. We show that spiral galaxies, and in

particular clumpy spirals, dominate the star formation at all redshifts, with average SFRs

of SFR = 40 ± 3 M�yr−1 and SFR = 50 ± 7 M�yr−1 respectively, and that there is no

benefit of having a large mass to produce spiral structures.
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Chapter 1

Introduction

The Galaxy we live in, the Milky Way, is just one of the about 2 trillion estimated galaxies

in the observed Universe (Conselice et al. 2016). However, less than a century ago scien-

tists still believed that our Galaxy was the whole Universe. By the end of the eighteenth

century astronomers had already discovered a number of astronomical objects referred

as ‘nebulae’, which differ from stars in being fuzzy and extended. Around 100 of such

objects were first catalogued by Messier between 1771 and 1784. A couple of years later,

Caroline and William Herschel carried out a more detailed search of nebulae. The number

of nebular object was extended by John Herschel to 5079 and published in the General

Catalogue of Nebulae and Clusters of Stars (CG) by 1864. However, the nature of nebu-

lae was controversial for many years, with some scientists arguing that they were objects

within the Milky Way and others advocating for an extragalactic origin, with nebulae be-

ing seen as individual ‘island universe’, just like the Milky Way. The debate continued

until 1925, when Edwin Hubble was able to resolve stars (in particular a class of vari-

able stars called Cepheids) in the spiral nebulae Andromeda, and showed, from distances

estimated form these Cepheids variables, that Andromeda was outside the Milky Way

(Hubble 1925). Hubble’s discovery changed the view of our Universe and marked the

beginning of extragalactic astronomy.
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1.1 Cosmology and our current view of the Universe
The evolution of space-time is governed by the theory of General Relativity (Einstein

1916)

Rab −
1

2
R · gab =

8πG

c4
Tab. (1.1)

where gab is the metric tensor, Rab andR are the Ricci tensor and curvature scalar, respec-

tively, associated with the metric, G the gravitational constant, c the speed of light and

Tab the energy-momentum tensor.

Since Albert Einstein established this theory, scientists have been looking to construct

mathematical models of the Universe as a whole. The current prevailing model is the Big

Bang cosmological model.

The Big Bang theory established that the Universe was once (about 13.7 billion years

ago) very dense and hot, and since then it has expanded becoming less dense, and cooler.

The basic equations for this cosmological model come directly from Einstein’s General

Relativity under two key assumptions: that the distribution of matter and energy in the

Universe is homogeneous, and that the distribution is isotropic – that is, the Universe

looks the same everywhere and in every direction. The combination of these assumptions

is referred to as the ‘cosmological principle’.

In a first instance Einstein assumed that the Universe had to be static. In order to achieve

that he included the additional term Λgab to the Einstein equation, where Λ is known

as the ‘cosmological constant’. Later, Alexander Friedmann (Friedmann 1922) and then

Georges Lemaı̂tre (Lemaı̂tre 1927) realizing that this solution was unstable obtained the

mathematical and physical description of an expanding Universe, in agreement with Gen-

eral Relativity. These theories were endorsed by Hubble’s observations in 1929, when

he noticed that galaxies are moving away from us in all directions. He showed that the

recession velocities of galaxies were proportional to their distance (Hubble 1929; Hubble

& Humason 1931), demonstrating that our Universe is expanding. As the Universe ex-

pands, the light waves are stretched out and the energy is reduced. This makes the light

that reaches us from galaxies to be redshifted. In conclusion, galaxies are simply being

carried along with the expansion of the space between them.
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Since the Universe is expanding, the idea that it must have been denser and also hotter at

earlier times naturally arises. The Big Bang theory does not include the very beginning of

the Universe, it only tracks it back to a point where it was extremely hot and dense. In this

limit, temperatures and densities were high enough that protons and neutrons existed as

free particles, not bound up in atomic nuclei. About 2-3 minutes after the Big Bang the era

of primordial nucleosynthesis started, when the expanding Universe had cooled enough

so that protons and neutrons could fuse, producing mainly helium (3He, 4He), with some

deuterium, lithium and beryllium. The reactions only lasted briefly due to the fact that

the Universe’s temperature and density were dropping rapidly as it expanded, until fusion

was no longer possible. Precise predictions can be made about the relative abundance of

the light elements from the primordial nucleosynthesis: about 24% of the ordinary matter

in the Universe should be helium produced during this epoch, and this is in very good

agreement with observations, providing strong support for the Big Bang theory (Olive &

Skillman 2004).

After the primordial nucleosynthesis, the Big Bang theory predicts that the Universe was

full of a very hot and dense plasma made of free nuclei and electrons. In such an en-

vironment light cannot travel freely as photons are constantly scattering off of charged

particles. As the Universe expanded, it cooled to the point that electrons and nuclei could

form atoms (recombination). Since atoms are electrically neutral and only interact with

photons of a particular energy, most photons were suddenly able to travel much larger

distances without interacting with any matter at all (decoupling of matter and radiation).

The Universe became transparent and photons from that time have been moving freely

through the Universe since. This relic radiation from the early hot Universe is known as

the cosmic microwave background radiation (CMB, Figure 1.1). The CMB was first ob-

served by Penzias and Wilson in 1965. While investigating the properties of atmospheric

noise, they found a uniform background at microwave frequencies which could not be

explained by instrumental noise or any known radio source. The CMB was shown to be

isotropic and to have a temperature of about 2.7K, which is in the range predicted by the

Big Bang theory (Penzias & Wilson 1965; Dicke et al. 1965). The discovery of the CMB

established the Big Bang as the standard cosmological model.

The Big Bang theory became very successful as it predicts and explains many observables

of the primitive Universe. However, there are some limitations, and problems that are
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based solely on this theory cannot be explained, such as the horizon and flatness problem.

The horizon problem arises from the fact that the CMB radiation temperatures throughout

the Universe are almost exactly the same in every direction. Two regions can have the

same conditions if at some point they were close enough for information to be exchanged

between them, so that they can reach an equilibrium. However, distant regions in opposite

directions of the sky are so far apart that, assuming standard Big Bang expansion, they

could never have been in causal contact with each other. This is because the light travel

time between them exceeds the age of the Universe. In fact, some of the regions will be

forever disconnected as evidenced by the emergence of an event horizon in this kind of

universe (Margalef-Bentabol, Margalef-Bentabol & Cepa 2012). Yet when astronomers

look in opposite directions, they see that the microwave background looks the same to

very high precision, which is very difficult to explain without assuming that somehow all

the regions of the known Universe were casually connected once.

The flatness problem refers to observations showing that the geometry of the Universe

is nearly flat, with the density parameter (or flatness parameter) Ω very close to 1. But

under the Big Bang cosmology any curvature (positive or negative) would rapidly grow

with time. Therefore, the fact that the curvature observed today is so close to being flat

implies that in the first seconds of the Big Bang it must have been precisely flat (Ω = 1)

which seems such a rather special case.

Figure 1.1: The anisotropies of the Cosmic Microwave Background (CMB) as observed by Planck.
Credit to ESA and the Planck Collaboration.
http://www.esa.int/spaceinimages/Images/2013/03/Planck CMB
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To address these problems, a mechanism called ‘Inflation’ was introduced by Guth in

1981, although it is still a matter of debate. In the inflationary model (Guth 1981), our

Universe starts out as a rapidly expanding bubble of pure vacuum energy, with no matter

or radiation. It consists of a period that lasted from 10−36 to 10−34 seconds of exponential

expansion, when the Universe grew by a factor of 1043 (Liddle 2003). During inflation the

energy density of the Universe was dominated by vacuum energy that was later converted

into the kinetic energy of matter and radiation that fills the Universe today. After this,

the Universe heated up again and the standard Big Bang process began. An inflation

phase before the Big Bang started would make the Universe flat, which solves the flatness

problem. It also explains the horizon problem. In an inflationary phase, the expansion

of space is accelerated by vacuum pressure, and light can travel effectively faster than it

would in a spacetime filled with matter. Thus, by the end of the inflationary period, light

could have connected the whole Universe.

1.2 Galaxies in the Λ-CDM framework
The current standard model of Big Bang cosmology is known as the Λ-cold dark matter

(Λ-CDM) model, which represents a universe with cold dark matter (CDM) and a param-

eter Λ known as the cosmological constant, associated with dark energy and responsible

for the acceleration of the Universe. According to this model the Universe is made up

roughly of 71% dark energy, 24% dark matter and 4% baryonic matter (Ade et al. 2016).

The existence of dark matter was first proposed by Zwicky (Zwicky 1933). His stud-

ies of galaxy velocities in clusters suggested that there should be more mass present in

clusters than could be accounted for by the visible mass of the galaxies. The existence

of this additional mass was necessary in order to provide sufficient gravitational pull to

keep the clusters from flying apart. Since then, many other studies have corroborated the

existence of dark matter, including measurements of rotational curves for spiral galaxies

(Oort 1940; Rubin, Thonnard & Ford 1978), or the mass inferred from X- ray temperature

observations of elliptical galaxies, or clusters. CDM is a hypothetical form of dark matter

that would be composed of the so called Weak Interacting Massive Particles (WIMPs).

The most likely WIMP candidates are the neutralinos, which are the lightest stable parti-

cle in supersymetric theories. The main characteristic of CMD is that its particles move
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slowly, at non-relativistic velocities, which makes the large-scale structure of the Universe

grow in a bottom-up manner (Peebles 1982; Fantin, Merrifield & Green 2008).

When the CMB was created, superposed upon the smooth background were small fluc-

tuations on density of matter. The constant amplifications of the initially small fluctua-

tions gave rise to the large size structures we observe in the Universe. Regions which

were slightly overdense compared to their surroundings had larger than average gravi-

tational potential and so accreted matter (mostly dark matter as it is far more abundant

than baryonic matter) from their surroundings, becoming in the process more overdense.

Therefore, dark matter halos form first from hierarchical clustering, to create larger halos

through subsequent mergers (Lacey & Cole 1993), and dragging with them baryonic mat-

ter in the form of gas that stars are made from. When sufficient density of this gas was

present, the luminous content of their galaxies formed from the cooling and condensation

of gas within the potential wells of these dark matter halos.

Figure 1.2: Large scale projection through the Illustris volume at z = 0, centered on the most massive
cluster, covering a depth of 15 Mpc/h. The dark matter density is shown overlaid with the gas velocity
field. http://www.illustris-project.org/media/.
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Numerical N-body simulations, such as the Millennium simulation (Springel et al. 2005),

have explored hierarchical formation in great detail, and allow us to visualize the distribu-

tion of matter in the Universe. More recently, hydrodynamical simulations like EAGLE

(Schaye et al. 2015) and Illustris (Vogelsberger et al. 2014) are not only able to trace the

dark matter but also the gas through hydrodynamical prescriptions and subgrid physics

(the main physical processes include in hydrodynamical simulations are gas cooling, star

formation, and stellar and AGN feedback, explained in 1.3). These simulations show a

filament-dominated large scale structure (Figure 1.2), and favour the hierarchical assem-

bly of galaxies. They are able to successfully predict many properties of galaxy popula-

tions, although there are still some unresolved discrepancies with observations, such as

the satellite and the cuspy halo problem.

1.3 Physical processes of galaxy formation
Our current view on galaxy formation is still incomplete. However, thanks to the advance

in numerical and hydrodynamical simulations we have now a better understanding of the

critical processes of galaxy formation, within the Λ-CDM framework. In the following

paragraphs we explain the main processes responsible of galaxy formation that take place

in dark matter halos.

Radiative cooling

Cooling plays a crucial role in galaxy formation, as gas needs to cool in order to collapse

and form a galaxy. The main cooling mechanism relevant for galaxy formation is radiative

cooling, in which gas loses energy through the emission of photons as a consequence of

two body interaction, such as collisional excitation (the impact of a free electron positions

a bound electron into an excited level and, as it decays, it emits a photon), collisional ion-

ization (the impact of a free electron ionizes a bound electron, taking kinetic energy from

the free electron), recombination (a free electron recombines with an ion, and the kinetic

energy of the electron is radiated away) and bremsstrahlung emission (a free electron is

accelerated by an ion, emitting a photon).
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Conservation of angular momentum

Halos acquire angular momentum due to tidal torques from neighbouring overdensities,

as they merge, grow and drag gas. The formation of disc galaxies is the result of the

conservation of the angular momentum of the gas collapsing in the dark matter halos.

Spheroids, on the other hand, can be formed in violent mergers of discs galaxies that

are able to change the ordered motions of discs into random motions. Internal, secular

processes (e.g. bars) can also lead to the formation of spheroids.

Star-formation

Star formation is a critical process in galaxy formation, as galaxies do not exist without

stars. Star formation occurs in giant molecular clouds, which are dense self-gravitating

region of the interstellar medium, with temperatures of about 10K. If the mass of the cloud

is greater than a critical mass, known as the Jean mass, which depends on temperature

and density, then the molecular cloud starts collapsing. Due to initial inhomogeneities,

denser regions of the cloud fragment and collapse locally. A cloud fragment becomes

increasingly denser and hotter, rising its opacity until cooling becomes inefficient and it

is opaque to its own radiation. The temperature keeps on increasing and, eventually, the

central temperature reaches the hydrogen ignition threshold and the start is born. Starts

frequently form in groups, and the distribution of their masses follows and empirical

function known as the initial mass function (distribution of initial masses for a population

of stars). According to this function the majority of newly formed stars are low mass with

fewer high mass stars.

Feedback

There are different processes that can suppress star formation. This can be achieved by

removing gas from a galaxy (e.g. ram pressure striping), stooping the gas from accreting

into the interstellar medium (e.g. strangulation) or by feedback processes, which heat the

gas and thus prevent star formation. Feedback can be produce by stellar winds, in which

case, a massive star loses a substantial amount of mass and transfers kinetic energy into the

surrounding gas. Supernova explosions can also produce an enormous amount of energy
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that heats the gas and prevents further star formation. Another important feedback source

is provided by active galactic nuclei (AGN). There are several mechanisms by which

AGN can release a large amount of energy and momentum into the gas, suppressing

cooling and star formation on the galaxy, such as AGN driven winds originated in the

region surrounding the galaxy (kinematic feedback), or highly collimated and powerful

AGN jets that ionize the gas (radiative feedback).

1.4 Galaxy classification
After the investigation of 400 extragalactic nebulae, Hubble was the first to propose a

morphological classification system of galaxies (Hubble 1926). The Hubble classifica-

tion scheme can be represented in a diagram, sometimes referred to as the ‘tuning fork’

diagram (Figure 1.3). This diagram is composed of two sections, the elliptical galaxies

and the spirals (a few percentage of galaxies were classified by Hubble as irregulars but

he did not include them in the diagram). As seen in Figure 1.3, elliptical galaxies (E)

were subdivided according to their ellipticity ε = (1− b/a) (a and b denote the semima-

jor and semiminor axes respectively), from completely round (E0) to higher ellipticities

(E7). The spirals were further separated into ‘normal’ spirals (S) and barred spirals (SB).

Each of the latter series was subdivided into three sections, according mostly to the tight-

ness of the spiral arms, and designated by the letters a, b, and c. He also introduced the

transition stage of lenticulars (S0/SB0) between ellipticals and spirals.

Figure 1.3: Hubble’s original tuning-fork diagram from Realm of the Nebulae (Hubble 1936).
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The Hubble classification is still widely used, as it is able to represent the vast majority of

galaxies in the local universe. The main properties of these different types of galaxies are

described in the following paragraphs.

Elliptical galaxies They are smooth, round and almost featureless, centrally concen-

trated systems. They have mostly Population II stars and contain little to no gas

or dust. Therefore, they have few young stars, which results in low rates of star

formation. They are generally red in colour due to the dominance of older, cooler

stars, which suggests that most ellipticals formed long ago, which is why they are

also referred as early-type galaxies.

Lenticular galaxies They are a transition type between ellipticals and spirals. They are

smooth and featureless galaxies with a prominent rotating disc in addition to the

central elliptical bulge. The disc lacks any spiral arms and contains no gas, dust or

bright young stars. They consist of mainly old stars, and therefore have little star

formation.

Spiral galaxies These galaxies contain a prominent disc composed of Population I stars,

gas and dust. They may also have a bulge of Population II stars. The disc contains

spiral arms, filaments outlined by clumps of bright hot O and B stars, and the com-

pressed dusty gas out of which these stars form. The spiral arms are sites of ongoing

star formation, and are brighter than the surrounding disc because of the young OB

stars that inhabit them. These stars give the blue colour to the galaxy/disc. Around

2/3 of spirals also have a central bar composed of stars. They are referred as late-

type galaxies.

Peculiar/Irregular galaxies These galaxies do not have a distinctive regular shape and

do not fall into any of the regular classes of the Hubble sequence. Stars, gas and

dust are spread randomly. They are generally small galaxies and have ongoing star

formation in the nearby universe. Some peculiars are ellipticals or spiral galaxies

that have been violently distorted by a recent encounter with a neighbour galaxy.

Some are very young galaxies that have not yet reached a symmetric state.
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1.5 Bimodality of galaxies

1.5.1 Morphology and structure

In the local universe there is a clear bimodality in the distribution of the galaxy’s mor-

phologies, as seen in the Hubble diagram, with most of the galaxies classified as disc-

dominated or elliptical systems. Visual morphology can be quantified with structural

parameters. The most used method for obtaining a parametrization of galaxy morphology

is by fitting the surface brightness of the galaxy to some known function, with the Sérsic

function being the most famous (Sérsic 1968):

Σ(R) = Σe exp

{
−κn

[(
R

Re

)1/n

− 1

]}
, (1.2)

where R is the distance from the centre, the parameter Re is the effective radius, such that

half of the total flux is within Re, and represents a proxy for the size of the galaxy. Σe

is the surface brightness at the effective radius Re. The parameter n is the Sérsic index.

Finally κn is a positive parameter that for a given n, can be determined from the definition

of Re and Σe.

Figure 1.4: The Sérsic profile form given by Equation 1.2, for different values of Sérsic index, n.
http://users.obs.carnegiescience.edu/peng/work/galfit/README.pdf.
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Figure 1.4 shows the Sérsic profile for different values of n. There are two cases of par-

ticular interest, when n = 4 (de Vaucouleurs profile, de Vaucouleurs 1959) and n = 1

(exponential profile), traditionally used to describe respectively the light profile of classi-

cal bulges and discs. The Sérsic index parameter determines the shape of the light profile

and, on broad terms, the morphology of the galaxy. Therefore, the bimodality observed

in morphology is also seen in terms of structural parameters such as Sérsic index. Several

studies (e.g., Ravindranath et al. 2004; Bell et al. 2004; Nair & Abraham 2010; Buitrago

et al. 2013; Mortlock et al. 2013) have shown that galaxies with light profiles best fit with

high Sérsic index (n > 2.5) are often ellipticals whereas galaxies best fit with low Sérsic

index (n < 2.5) are often disc type galaxies.

1.5.2 Colour and star formation history

There is also a clear colour bimodality in the galaxy population in the local universe

(Strateva et al. 2001; Kauffmann et al. 2003; Baldry et al. 2004; Balogh et al. 2004).

The left panel of Figure 1.5 shows this bimodality in the g-r colour distribution for SDSS

galaxies, with a relatively narrow peak at the red end of the distribution and a broader peak

in the blue end. The right panel of Figure 1.5 shows that galaxies populate mainly two

distinct regions in the colour-magnitude diagram: the red sequence and the blue cloud.

Galaxies with red colours populate the red sequence, in the upper part of the diagram and

they follow a tight relation between colour and magnitude. Galaxies with bluer colours

have a weaker correlation and populate what is known as the blue cloud, in the lower

region of the diagram. These two populations of galaxies are not completely separated

in the colour-magnitude diagram, and in between both regions a transition zone is found,

called the green valley.

It has long been established that optical colour is tightly correlated with morphology (de

Vaucouleurs 1961), and even more recent studies showing that the colour bimodality is

linked to the bimodality observed in morphology (e.g., Strateva et al. 2001; Blanton et al.

2003; Wolf, Gray & Meisenheimer 2005; Conselice 2006), with the red sequence being

mainly composed of elliptical/early type galaxies, and the blue cloud consisting of late

type galaxies or discs.

The optical colours that we measure are obtained from the integrated light of all the stars

within a galaxy, and hence reflects the stellar composition of galaxies. Galaxies that
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appear blue in optical wavelengths often host O and B stars or other young stars. These

are hot and young massive stars with relatively short lives. They are very bright in the

blue region of the visible spectrum, and their presence indicates recent or ongoing star

formation. In the absence of OB stars, the visible light of galaxies will be dominated by

older, redder, lower mass stellar populations, and therefore such galaxies will look red in

the optical. Red colour indicates that there has not been star formation activity for some

time, or the presence of dust. Hence, the colour in a galaxy is a proxy for the its star

formation history. The bimodality observed in the colour distribution and in morphology

is therefore linked to a bimodality in star formation activity: disc-dominated galaxies are

mostly blue and star forming, while ellipticals or spheroid-dominated systems have redder

colours and are passive/quiescent galaxies with no signs of recent star formation activity.

Figure 1.5: The probability density of g-r galaxy colours (left) and the colour-magnitude relation
(right) of galaxies in SDSS. The 0.1 present on the axis labels shows that these quantities have been
converted to the same rest-frame bands at z = 1. Image from Mo, van den Bosch & White (2010).

1.6 High redshift universe and galaxy evolution
Galaxies at high redshift look very different to galaxies in the local Universe. We observe

that in the local Universe most massive galaxies are classifiable into Hubble types, i.e.

with a well defined structure, such as spheroids or spirals. However, at higher redshift, a

population of peculiar galaxies dominates in terms of number densities (e.g., Conselice,

Blackburne & Papovich 2005; Mortlock et al. 2013). In particular, it is found that the

majority of galaxies at z > 2 are peculiar with a smaller number of spheroid-like galaxies



Introduction 14

(e.g., Mortlock et al. 2013; Huertas-Company et al. 2016), and with very few traditional

disc galaxies. At lower redshifts we find a gradual transition between peculiar and Hubble

type galaxies with an approximate 50:50 split between peculiars and Hubble types at z ∼
1.5 (Conselice, Blackburne & Papovich 2005; Mortlock et al. 2013; Huertas-Company

et al. 2016).

Thus, during the epoch of 1 < z < 3 galaxies must have undergone a large amount of

evolution which results in morphological transformations. Galaxy structure and morphol-

ogy are important observables in order to both describe galaxies fully, as well as a critical

property for understanding how galaxies form and evolve through cosmic time. One of

the traditional ways to characterize the evolution of galaxies is to examine the effective

radius and Sérsic index of galaxy populations to determine how these parameters have

evolved (e.g., Ferguson et al. 2004; Daddi et al. 2005; Trujillo et al. 2006, 2007; Toft

et al. 2007; Buitrago et al. 2008; van Dokkum et al. 2010; Cassata et al. 2011). For in-

stance, Buitrago et al. (2008) and others studied the size evolution of massive galaxies

showing that, while at z > 1 these galaxies are extremely compact, in the local Universe

we observe that their counterparts are larger, so there must have been a growth in physical

size over cosmic time at a given mass. However, this only tells part of the story, as at the

same time these galaxies grow in size they also become less peculiar, and develop into

bulge+disc systems. This is something that simple Sérsic fitting cannot fully quantify.

These findings have been confirmed and expanded upon in great detail by many others

since with many explanations for the observed evolution (e.g., Bluck et al. 2012; Barro

et al. 2013; van Dokkum et al. 2014; van der Wel et al. 2014).

A correlation is also found between stellar mass and galaxy size (mass-size relation),

with the more massive galaxies having larger sizes on average, both in the local Universe

(Shen et al. 2003; Lange et al. 2015) and at higher redshifts (van der Wel et al. 2014).

This suggests that mass growth is accompanied by size growth. There are several physical

processes that have been proposed to explain this strong size evolution that also increases

the stellar mass, such as gas poor mergers (Khochfar & Silk 2006; Naab, Johansson &

Ostriker 2009) and accretion of cold gas along filaments (Dekel et al. 2009; Conselice

et al. 2013). In these scenarios, galaxies grow in size by adding stellar mass to the outer

regions.
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It appears that the stellar mass of galaxies plays an important role in their evolutionary

path. Therefore, an important question in galaxy evolution is how galaxies assemble their

stellar mass. Mergers are a common way for a galaxy to build up mass. Another method

would be via in-situ star formation. The in-situ star formation is fuelled by hot gas which

cools within the galaxy and forms stars, or which has been brought into the galaxy. These

two process are known to have increasing importance as we look back in time (e.g., Madau

et al. 1996; Dekel, Sari & Ceverino 2009; Bridge, Carlberg & Sullivan 2010; Bluck et al.

2011), but it is uncertain how each process contributes to the growth of stellar mass over

cosmic time.

Star formation activity is another galaxy property linked to stellar mass that evolves with

cosmic time (Daddi et al. 2007; Noeske et al. 2007; Whitaker et al. 2012), in such a way

that galaxies of equal stellar mass were more highly star forming at earlier cosmic times.

This is reflected in the star formation history (SFH) of the Universe. It is widely accepted

that the star formation rate (SFR) density in the Universe peaks at z ∼ 2 and declines

thereafter (Lilly et al. 1996; Madau, Pozzetti & Dickinson 1998; Hopkins & Beacom

2006; Madau & Dickinson 2014, see also Figure 1.6). Hence, at high redshift, galaxies

generally are more star forming.

Figure 1.6: Evolution of SFR density with redshift. This Figure, which gathers results from (Madau
& Dickinson 2014) and references therein, shows the peak of the SFR of the Universe at z ∼ 2.
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The bimodal distribution in colour observed in the local Universe appears to be already

in place by z = 1 − 2. But as redshift decreases, the population of passive galaxies in-

creases due to star-forming galaxies shutting down their star formation while, at the same

time, they change their morphology. Despite the clear link between morphology and star

formation activity, it is not well understood the exact connection between these two pro-

cesses. Different studies have proposed different mechanisms to explain this connection,

such as morphological quenching (Martig et al. 2009), in which a galaxy shuts down its

star formation activity due to a morphological transformation. Another internal cause

linked to galaxy quenching is the presence of an active galactic nuclei (AGN), in which

case AGN feedback can heat the surrounding medium and thus prevent the accretion of

cold gas (Croton et al. 2006; Bluck et al. 2011). However, there are other properties

that may play an important role in the star formation activity or quenching of a galaxy,

such as environment and stellar mass. Galaxies also seem to quench when they reach a

characteristic mass (Peng et al. 2010; Ilbert et al. 2013).

1.7 Bulges and discs
Another paradigm in galaxy formation and evolution is how and when the disc and bulge

component form in a galaxy, and in which way their evolution is connected. These two

dominant galaxy structures have very different properties. Discs are rotationally sup-

ported structures with high gas and dust content, and they show evidence of recent or on-

going star formation. Their surface brightness can be fit by an exponential profile (Free-

man 1970). Within the CDM model, they are formed in dark matter halos which have

acquired enough angular momentum via torques (Peebles 1969; Fall & Efstathiou 1980)

from interacting structures. Bulges are generally divided into two categories: classical

bulges and pseudo-bulges. Classical bulges resemble elliptical galaxies and, like them,

are supported by the velocity dispersion of stars. They have an older stellar population

with not much dust or star-forming regions. Classical bulges are more spherically sym-

metric and their surface brightness is well fit by a Sérsic profile, generally with n > 2.5.

They are thought to be formed via mergers or due to disc instabilities which bring gas

into the central parts. Pseudo-bulges, on the other hand, are characterized by their more

disc-like features (Andredakis & Sanders 1994; Kormendy & Kennicutt 2004) and are

more actively star forming. They are rotationally dominated and have shallower surface
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brightness (n . 2). They are believed to be the product of secular evolution of the disc,

formed from material that moves towards the center due to bars or other nonaxisymme-

tries (Kormendy & Kennicutt 2004).

It is however still unclear how and when these different components form, and how they

are related to each other. To address these problems it is vital to investigate the internal

properties of these individual components at high redshift and to trace the evolution of

their properties through cosmic time. Thanks to the high-resolution images such as WFC3

HST-images it is now possible to separate the surface brightness profiles of high redshift

galaxies into their bulge and disc components (e.g., Bruce et al. 2012, 2014a,b). These

previous works have performed bulge to discs decomposition of massive galaxies at high

redshift, and have looked at the properties of bulges and discs separately. They find that

bulges gradually emerge in bulge+discs system at 1 < z < 3, while pure discs are more

predominant at z > 2. Their findings also favour the formation of bulges as a result

of violent discs instabilities. Nonetheless there is still much uncertainty about which

component forms first and in which way. This thesis will explore these topics, and address

the formation and evolution of bulges and discs separately and how they may be forming

in tandem.

1.8 Aim of the thesis and structure
The aim of this thesis is to investigate when the bulges and discs form and how they evolve

through cosmic time. We also investigate how structure and morphology are linked to star

formation activity, and how stellar mass is assembled into bulge and disc systems. To

this end we use the CANDELS/UDS data. The thesis also aims to study the properties of

spiral galaxies at high redshift.

In Chapter 2 we perform bulge to disc decomposition on the H-band images of a sample

of galaxies with logM∗ > 10 and 1 < z < 3, from the UDS/CANDELS field. We

study some of the ways to classify galaxies as either one component systems (i.e. disc-

like or spheroid-like galaxies) or two component galaxies (with a bulge and a disc). We

explore how the different types of galaxies evolve through cosmic time in terms of number

densities, mass densities and size.
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In Chapter 3 we continue our study by using a broader range of wavelength. We look

where the different types of galaxies and components lie in the UVJ diagram and explore

their SFHs as reflected by their rest-frame U -V colours. We compute stellar masses and

SFRs for the bulge and disc component separately and explore how they evolve with

redshift.

In Chapter 4 we look for spiral structures at high redshift, using the CANDELS Galaxy

Zoo classification. We study the properties of these spiral galaxies and compare them

with smooth discs that do not show any spiral pattern.

In Chapter 5 we summarise the result from previous Chapters and discuss future work.

Throughout this thesis we use AB magnitude units and assume the following cosmology:

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



Chapter 2

The evolution of discs and bulges

2.1 Introduction
In the local Universe galaxies have a well defined structure and can be mostly classified

into disc-dominated, spheroidal systems, or mixed systems with a spheroidal component

surrounded by a disc. On the other hand, at higher redshift (z > 2) the majority of

galaxies are peculiar (Conselice, Blackburne & Papovich 2005; Mortlock et al. 2013;

Huertas-Company et al. 2016). Thus, during the epoch of 1 < z < 3 galaxies must

have undergone a large amount of evolution resulting in, or produced by, morphological

transformations.

To comprehend how galaxies make the transition to become the galaxies we observe in

the nearby Universe, it is especially important to study them at high redshift (z > 1)

when they are undergoing these transformations and, furthermore, to do so in a wave-

length which probes the underlying stellar mass of the system. Since one of the major

hallmarks of the Hubble sequence is the bulge and disc dichotomy, a natural next step in

understanding the evolution of galaxies and their structures is to determine when and how

discs and bulges, and especially disc+bulge systems, first formed.

These higher order structural parameters can be obtained by light decomposition, i.e. by

fitting galaxy surface brightness profiles to well known functions, such as exponential

plus de Vaucouleur light profiles. However, for high redshift galaxies, this is quite a

difficult task, as galaxies are not resolved as well as they are in the local Universe. It is
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thus critically important to understand the effects of redshift on our measurements of the

light decomposition of these galaxies, which we also examine.

Due to the advent of the WFC3 camera on Hubble, we can take advantage of high quality

and high resolution images of high-z galaxies and, instead of just studying them as a

whole, we can perform bulge to disc decomposition with unprecedented accuracy. In

fact, there have been studies at high redshift using light decomposition in two dimensions

using different codes and methods (e.g., Buitrago et al. 2008; van der Wel et al. 2012;

Bruce et al. 2012; Lang et al. 2014) with a variety of results suggesting that galaxies

indeed become more ‘disky’ at high redshift, i.e. massive galaxies contain on average

lower Sérsic indices at high redshift than at lower redshifts (van der Wel et al. 2012).

The bulge-disc decomposition allows us to study properties of these two fundamental

components separately. In these works galaxies are typically fitted using a combination

of a de Vaucouleurs and an exponential profile to describe, respectively, an assumed bulge

and a disc component in each galaxy.

Previously, using bulge and disc decompositions, Bruce et al. (2012) claim that at low

redshift, massive galaxies are bulge-dominated. While at redshifts 1 < z < 2 galaxies

are a mix of bulge+disc systems and by z > 2 they are mostly disc-dominated, up to

z = 3 there are other results showing that stellar mass correlates with the redshift at which

Hubble type galaxies start to dominate over peculiar (Mortlock et al. 2013). Nevertheless,

it remains unclear what causes this transition and when the dominant structures of the

local Universe (bulges and discs) appear as well as if these are related events. In this

Chapter we investigate the structures of these distant galaxies to determine when, and in

what way, discs and spheroids first appear in the massive galaxy population.

We perform one and two component light decompositions using GALFIT (Peng et al.

2002) and GALAPAGOS (Barden et al. 2012) to a mass selected sample of galaxies at

1 < z < 3. We fit the observed two-dimensional surface brightness profiles of galaxies

with several models, the first one being a single Sérsic profile (with free n and Re), and

the second one a combination of Sérsic profile (again with free n) and an exponential

profile. The latter combination describes, respectively, a bulge and a disc. However, it

is important to notice that we do not assume that this dichotomy translates directly and

simply to high redshift systems, where something more complicated, or a transition phase
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are potentially present between peculiar systems and the classic bulge+disc systems we

see in today’s Universe. By allowing the Sérsic index to vary we are considering more

general bulges, in comparison with previous works where bulges are assumed to be the

classical bulge described by a Sérsic law with n = 4. In this Chapter, we also study

a larger sample of galaxies at high redshift than previous works and a wider range in

masses. This can lead to a better interpretation of the role that total stellar mass plays in

the evolution of bulges and discs.

By fitting the surface brightness to such models, we obtain raw structural parameters

for both one and two dimensional fits. Nonetheless, it is important to know whether

an individual galaxy is better fit by a two-component profile (bulge+disc) rather than a

single Sérsic profile, as in the case for pure spheroid-like galaxies and disc-like galaxies.

This is a difficult task and there have been attempts using different methods: Simard

et al. (2011) use the F -test probability to determine the most appropriate model, while

Lang et al. (2014) use both the reduced χ2 of the model fits and the Akaike information

criterion (AIC). In this Chapter we study and combine three different methods: visual

classification, F -test and a method based on the Residual Flux Fraction, RFF (Hoyos

et al. 2012), and explore how each method affects the results.

This Chapter is set out as follow: Section 2.2 is devoted to describing the data we use. In

Section 2.3 we describe how the structural parameters of the galaxies in our sample are

obtained, and explain the different methods used to classify them. In Section 2.4 the main

results are gathered, and in Section 2.5 we discuss and summarize the results.

2.2 Data

2.2.1 Imaging

For this work we examine a sample of 1495 galaxies at redshifts 1 < z < 3 with stel-

lar masses M∗ ≥ 1010M� (see Figure 2.1) from the CANDELS UDS field. CANDELS

(Grogin et al. 2011; Koekemoer et al. 2011) is a Multi Cycle Treasury Program which

images the distant Universe with both the near-infrared Wide Field Camera 3 (WFC3)

and the visible-light Advanced Camera for Surveys (ACS). In total, CANDELS consists

of 902 orbits with the Hubble Space Telescope (HST) and covers 800 arcmin2. The sur-

vey targets five distinct fields (GOODS-N, GOODS-S, EGS, UDS and COSMOS) at two
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distinct depths. The deep portion of the survey is referred to as ‘CANDELS/Deep’, with

exposures in GOODS-N and GOODS-S. ‘CANDELS/Wide’ is the shallow portion and

images all five CANDELS fields. We have used the WFC3 data from the UDS which

comprises 4×11 tiles and covers an area of 187 arcmin2 in the F160 (H-band) filter. The

5σ point-source depth for this filter is H = 27.1 (AB mag).

The CANDELS UDS field is a subset of the larger UDS area which contains data from the

U-Band CHFT, B, V, R, i, z-band SXDS data and J, H and K-band data from UKIDSS.

This includes F606W and F814W imaging ACS,H160, and CANDELS J125-band HST

WFC3 data, Y and Ks bands taken as part of the HAWK-I UDS and GOODS-S survey

(HUGS; VLT large programme ID 186.A-0898, PI: Fontana; Fontana et al. 2014). For the

CANDELS UDS, the 3.6 and 4.5 µm data are taken as part of the Spitzer Extended Deep

Survey (SEDS; PI: Fazio; Ashby et al. 2013). SEDS is deeper than SpUDS, which is used

in the UDS data set, but is only available over a 0.17 deg2 region. Therefore, SEDS is a

more appropriate choice for the smaller CANDELS UDS region. For a detailed discussion

of the CANDELS UDS region photometry see Galametz et al. (2013).

The raw exposures from WFC3 and ACS cameras are processed and reduced by the CAN-

DELS team and combined to create the final science mosaics (as explained in Koekemoer

et al. 2011). First, a bad pixel mask is created, and regions containing bad pixels (such

as satellites trails) are masked where necessary. This task is followed by a bias subtrac-

tion based on the mean value of all the pixels in the ‘overscan region’ at the edge of the

detector at the time of each readout. This region is insensitive to illumination and is used

to measure the bias level of the detector (introduced in order to always keep the signal

positive). In other cases bias frames are acquired by taking zero second exposures with

the camera shutter closed. Images are then corrected for dark current using reference files.

CCD detectors produce a residual ’dark’ current even in the absence of illumination. This

intrinsic charge is generated due to thermal motion and it is, therefore, highly tempera-

ture dependent. To measure the dark current a long exposure is taken with the shutter

closed. Lastly, CCDs do not have a uniform response, and flatfield exposures are used to

correct this pixel-to-pixel sensitivity variation across the CCD. Flatfields are obtained by

uniformly illuminating the CCD, either by taking images of the sky under twilight condi-

tions (sky flats) or by taking images of a reflective smooth screen inside the dome of the
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telescope illuminated by artificial lights (dome flats). The science images are then divided

by the flatfield exposures as the sensitivity variation is a multiplicative effect.

1.0 1.5 2.0 2.5 3.0
z

1010

1011

1012

M
a
ss

(M
¯
)

1.0 1.5 2.0 2.5 3.0
z

0

2

4

6

8

10

12

14

R
e

(K
p
c)

Peculiar/Irregular

Disk

Spheroid

Compact/Unresolved

Unclassifiable

Figure 2.1: The stellar masses (left) and effective radius, Re, from our 1-component fit (right) vs.
redshift for galaxies used in this work. Colours represents the classification from Kartaltepe et al.
(2015). Green triangles are peculiar or irregular galaxies, blue diamonds are disc galaxies, red circles
are spheroids, black stars represent compact or unresolved sources, and yellow squares, unclassifiable
objects.

In Figure 2.1 we show how the stellar mass and effective radii of our galaxies are dis-

tributed with redshift, along with the morphological classification from Kartaltepe et al.

(2015), where galaxies are visually classified into five main morphology classes. Such

classes are based on the Hubble sequence types: discs, spheroids, irregular/peculiar, com-

pact/unresolved and unclassifiable (more than one of these options can be selected for

each galaxy). We divide our sample into star-forming and passive galaxies using the rest-

frame UVJ colours (see Mortlock et al. 2013), where a galaxy is classified as red/passive

if it satisfies the following criteria
(U − V ) > 1.3

(V − J) < 1.6

(U − V ) > 0.88(V − J) + 0.49

(2.1)

and as blue otherwise (see Ownsworth et al. 2016 for more details).

2.2.2 Redshifts and stellar masses

We use a combination of photometric and spectroscopic redshifts as described in Mortlock

et al. (2015) and Hartley et al. (2013). The photometric redshifts and stellar masses we



The evolution of discs and bulges 24

use are described in Mortlock et al. (2013). The photometric redshifts were computed

by fitting template SEDs to the photometric data points described in the previous Section

using the EAZY code (Brammer, van Dokkum & Coppi 2008). The apparent K-band

magnitude is included as a prior. The photometry was fit to the linear combinations of the

six default EAZY templates, and an additional template which is the bluest EAZY template

with a small amount of Small Magellanic Cloud-like extinction added (AV = 0.1). The

redshifts are retrieved from a maximum likelihood analysis. For full details of the fitting

procedure and resulting photometric redshifts see Hartley et al. (2013) and Mortlock et al.

(2015).

A comparison of the photometric redshifts used in this work to spectroscopic redshifts

which are available in the UDS was carried out in Mortlock et al. (2015) where it is

shown the spectroscopic redshifts versus the photometric redshifts for the 285 CANDELS

galaxies with spectroscopic redshifts (see also Galametz et al. 2013, for details). The

dispersion of zphoto. vs. zspec. is δz/(1 + z) = 0.026 for the photometric redshifts, after

removing the 2% of catastrophic outliers. However, note that we have only a small sample

of spectroscopic redshifts to compare to within the CANDELS UDS region.

Stellar masses are obtained by fitting the u′BV Ri′z′JHK bands and IRAC channel 1 and

channel 2 to a large grid of synthetic SEDs created from the stellar population of Bruzual

& Charlot (2003), using a Chabrier Initial Mass Function (IMF) (Chabrier 2003). Dust

is included in the templates using the reddening law of Calzetti et al. (2000). The SFH

is characterized by an exponential declining law with several ages, metallicities and dust

extinctions. The models are parametrized by an age since the onset of star formation, and

by an e-folding time such that

SFR(t) ∝ SFR0 e
−t/τ , (2.2)

where the values of τ ranges between 0.01 to 10.0 Gyr. Age ranges from 0.001 to 13.7

Gyr (templates that are older than the age of the Universe at the redshift of the galaxy

being fit are excluded). The metallicity fraction Z/H range from 0.0001 to 0.05. The

dust content is parametrized, following Charlot & Fall (2000) by τν , the effective V -band

optical depth, with values τν = 0, 0.4, 0.8, 1.0, 1.33, 1.66. 2, 2.5, 5.0. As the UDS

sample is complete down to 109.5M� at 2.5 < z < 3 (see Mortlock et al. 2015), therefore,

our sample of massive galaxies is mass complete. We use as a PSF the combination of
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the TinyTim simulated PSF and a stacked star empirical PSF . The reason for using

this PSF is that the TinyTim PSFs are better in the core region (where empirical PSFs

tend to broaden), while empirical PSFs appear to fit real stars better in the wings.

2.3 Method
We have used GALFIT and GALAPAGOS to perform our morphological analysis on our

sample. GALFIT is a two-dimensional fitting code used to model the surface-brightness

of an object with predefined functions. This program allows the user to fit any num-

ber of components and different light profiles (e.g., Sérsic, Exponential disc, Gaussian,

Moffat, Nuker, etc.) The most used and useful functions to describe galaxies are the Ex-

ponential disc profile and the Sérsic profile (Sérsic 1968) for fitting, respectively, disc and

bulges/spheroids.

The Sérsic profile has the following functional form given by,

Σ(R) = Σe exp

{
−κn

[(
R

Re

)1/n

− 1

]}
, (2.3)

where the parameter Re is the effective radius, such that half of the total flux is within Re.

Σe is the surface brightness at the effective radiusRe. The parameter n is the Sérsic index,

and it determines the shape of the light profile. Finally κn is a positive parameter that for

a given n, can be determined from the definition of Re and Σe. It satisfies the equation

Γ(2n) = 2γ(2n, κn), a non-linear equation which can be solved numerically, where Γ

is the gamma function and γ is the incomplete gamma function (see Graham & Driver

2005). The classic de Vaucouleurs profile that describes spheroids and massive galaxy

bulges is a special case of the Sérsic profile with n = 4 and κ4 = 7.67. The Exponential

disc profile is also a special case of the Sérsic function when n = 1 and κ1 = 1.68. The

best fit model is obtained by χ2-minimisation using a Levenberg-Marquardt algorithm in

GALFIT.

We carry out our fitting with GALAPAGOS and GALFIT. GALAPAGOS is a software that

uses SExtractor (Bertin & Arnouts 1996) to detect and extract sources and performs an

automated Sérsic profile fit using GALFIT. It is divided into four main stages: the first

one detects sources by running SExtractor, the second one cuts out postage stamps for all

detected objects, the third block estimates the sky background, prepares and runs GALFIT,
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and the last stage compiles a catalogue of all galaxies. We then fit all of our sample

galaxies with both 1 and 2 dimensional profiles.

2.3.1 One component model

We run GALAPAGOS on all of our H-band galaxy images to fit our sample galaxies with a

single Sérsic profile, with n as a free parameter as in equation (2.3). GALAPAGOS creates

a mask for each individual postage stamp and decides whether a neighbouring object is

masked or fit simultaneously, taking into account the distance and relative brightness to

the main object. It also calculates the sky value to be used in the fit. As a result we

obtain, for all sources, the following parameters: position of the galaxy within the stamp

(x, y), effective radius Re, Sérsic index n, AB-magnitude m, axis ratio q and position

angle PA. We discard any fitting with unphysical parameters: effective radius smaller

than 0.5 pixels, or larger than the size of the image stamp, q < 0.1, and n < 0.5 or n > 8

(∼ 7% of the objects).

2.3.2 Two component model

After the previous procedure, we then run GALFIT on the same postage stamps and use

the sky value obtained by GALAPAGOS in Section 2.3.1 for the single component fit. We

fit the surface brightness of the main galaxy to a Sérsic (free n) plus an exponential profile

(Sérsic profile with n fixed to n = 1), where the total light distribution (Σ) is the sum of

these two models:

Σ(R) = Σe exp

{
−κn

[(
R

Re

) 1
n

− 1

]}
+ Σe exp

[
−1.68

(
R

Re

− 1

)]
, (2.4)

fitting simultaneously or masking neighbour objects in the same way GALAPAGOS does

for the one component model. We constrain the centre of both components to be the

same. The result is a list of structural parameters for all the sample galaxies: position in

the stamp (x, y), effective radius of bulge and disc components (ReB, ReD), Sérsic index

of the bulge nB, AB-magnitude for bulge and disc (mB,mD), axis ratio of bulge and disc

(qB, qD) and position angle of both components (PAB, PAD). As in the previous model,

we exclude any fitting with unphysical parameters in any component for the effective

radius, axial ratio or Sérsic index (ReB, ReD, qB, qD, nB).



The evolution of discs and bulges 27

Adding an extra component increases the degrees of freedom, hence it is more likely that

the fitting gets trapped in a local minimum of χ2 in the minimisation process. To ensure

that the χ2 obtained from the fitting is the global minimum, we have run GALFIT starting

with different initial values of magnitudes, effective radius and Sérsic index. For the

Sérsic index, we choose alternatively as initial values n = 1, 2.5, 4. The starting values

of the magnitudes of each components are: both equal to a magnitude that corresponds

to half of the total flux obtained from the one component model, one magnitude which

correspond to 80% of the total flux while the other is 20% and vice versa. The starting

values for the effective radius are: both equal to the effective radius obtained from the

one component model, one of the components half the size of that radius while the other

is 20 times larger, and vice versa. We therefore run GALFIT for the 33 = 27 possibilities.

We choose the model that delivers the smallest χ2 and does not have any unphysical

parameters.

We first try to fit all the central components of our galaxies with a free n for the Sérsic

profile (first term of eq. 2.4), but in some cases (∼ 40%) the fitting results in an unrealistic

Sérsic index (either too small or too big). In such cases, we redo the fitting with the Sérsic

index fixed first at n = 4 and then at n = 1 in eq. 2.4, and choose the fitting with the

smallest χ2. In ∼ 73% of these cases, the model prefers n = 1. There are still some

objects (∼ 20%) that do not have any realistic result with two components, those will be

directly classified as 1-component galaxies (if the fitting in this case is considered good)

in all methods. In the end, only about ∼ 8% of the galaxies are not well represented

with either the one or the two component model. These galaxies are either very compact

objects, or considerably faint/small, and have an average redshift of z = 2.

We later discuss in Section 2.4.4 how the ratio of the fluxes in the two components changes

with redshift. Overall we find that there is a fairly broad distribution of the ratio between

the fluxes of the two components. Only about 6% of the galaxies have a second component

which is less than 10% of the total flux. Otherwise, 70% of the sample of 2-component

galaxies are disc-dominated, with B/T < 0.5.

2.3.3 Morphological K-correction

We also investigate whether we should consider the effect of the morphological K-correc-

tion in our study, as the quantitative structure of galaxies changes as a function of wave-
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length (e.g., Taylor-Mager et al. 2007). Using the H-band in the range 1 < z < 3 means

that we are observing and comparing galaxies at a rest-frame wavelength from visible

to near-IR (Conselice et al. 2011). Therefore, the difference in rest-frame wavelength is

smaller than 350 nm at the highest and lowest redshifts. To test whether this difference

can have an effect on the structure and morphology of our galaxies, we select a subsample

with z ∼ 1 and fit their surface brightness to a single Sérsic profile in the J-band. The

observed rest-frame in this case is ∼ 600 nm and by comparing with the same galax-

ies in the H-band, we see the effect caused by a difference in rest-frame wavelength of

∼ 200 nm which is in a similar range to that of our whole sample of galaxies. In the right

panel of Figure 2.2 we see that we recover the same Sérsic index whether we use the J-

or H-band, although we observe a large scatter particularly for high values of the Sérsic

index. This is expected if we notice that, for n & 4, an increase in Sérsic index does not

significantly change the intensity profile (see Figure 1.4). In the left panel of Figure 2.2

we observe a small offset between the effective radius obtained from the J- and H-band.

The reddest band (H) is more sensitive to the red central bulge while the J-band is more

sensitive to the blue disc, which explains the larger values of the effective radius in the

J-band. Nonetheless, as the difference in the effective radius obtained from both bands

is small and the Sérsic index is well recovered, we think that the spanning in redshift for

our sample of galaxies does not affect the observed structure and morphology. Therefore,

we can continue our study without having to consider the morphological K-correction.
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Figure 2.2: Comparison between effective radius (left) and Sérsic index (right) obtained from fit-
ting the surface brightness in the J-band and H-band with a single Sérsic profile at z = 1 with a
∆λ = 200 nm difference.
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2.3.4 Classification

Once we have the two models for each of our galaxy profiles, we need a method to choose

whether to use 1 or 2 component fits for each galaxy. This is critical for both determining

the evolution of 1-component galaxies, as well as for how multiple component galaxies

form and evolve over the epoch 1 < z < 3. In this work we investigate three different

methods of deciding whether a galaxy is better ‘fit’ as a 1 or 2 component system, and

compare the results of these methods to see how internally consistent they are. Our first

method consists in visually classifying galaxies into 1- or 2-component systems. Our

second method is based on an index called the Residual Flux Fraction (RFF ), and the

final method is based on a statistical test (F -test). Let us explain them in detail.

Visual inspection

The first method of determining whether a galaxy has one or two components consists of

visually inspecting all the sample galaxies, and their correspondent residual images from

both 1 and 2 component best fit models. In Figure 2.3a we show examples of the fitting

using one component for three different types of galaxies. For each model we show the

original image (left), the model image (middle), and the residual image (right) which is

obtained by subtracting the model to the original image. Analogously, in Figure 2.3b we

show the fitting using two components.

We have visually classified all the galaxies in our sample into one of three types (examples

in Figure 2.4) based on both the visual appearance of the galaxy and also the residuals left

over from the galaxy after the best fitting one and 2-component profiles are fit.

One component galaxies. These are disc-like or spheroid-like galaxies, which show no

evidence of needing a second component. Indeed, a single Sérsic profile fitting is

able to reproduce well the surface brightness of the galaxy as shown by the lack of

structures left in the residual image.

Two component galaxies. These are sometimes disc galaxies with a bulge component.

They are better fit with a composition of a Sérsic profile plus exponential profile.

They show less residual light from the 2-component models than with the single
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(a) 1-component model (b) 2-component model

Figure 2.3: Visual classification. Left: 1-component model (original image, model and residual).
Right: 2-component model (original image, model and residual). Top row: example of 1-component
best fit. Middle row: example of 2-component best fit. Bottom row: example of a peculiar galaxy.

one, although a significant amount of residual can be left due to spiral arms in the

disc.

Peculiar galaxies. These are disturbed galaxies or mergers. They show residuals from

both models, and the addition of another component does not improve the fitting.

There is a very small fraction of galaxies (∼ 3%) that are removed from our sample:

unresolved or unclassifiable (due to problems with the image) galaxies. Note that galaxies

classified as one or 2-component galaxies can display irregular or merger features, but

unlike peculiar galaxies, they are still well represented by either the single Sérsic model

or the Sérsic plus exponential model respectively, as these features do not dominate the

structure of the galaxy.

Residual Flux Fraction

The Residual Flux Fraction, or RFF (Hoyos et al. 2011) is defined as the fraction of

the signal contained in the residual image that cannot be explained by fluctuations of the

background. Hence, the smaller theRFF value the better the fitting. This index is defined
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Figure 2.4: Examples of galaxies visually classify as 1-component galaxies (top), 2-component galax-
ies (middle) and peculiar galaxies (bottom). The postage stamps are 6× 6 arcseconds in size.
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as follows

RFF =

∑
(j,k)∈A

|Ij,k − IGALFIT
j,k | − 0.8

∑
(j,k)∈A

σB j,k

FLUX AUTO
, (2.5)

where I is the actual galaxy image, IGALFIT is the model image created by GALFIT, σB is

the background RMS image and FLUX AUTO is the total flux of the galaxy calculated

by SExtractor. Finally, A represents the area in which we calculate this index. The 0.8

factor in the numerator guarantees that for a Gaussian noise error image, the expected

value of the RFF is 0 (see Hoyos et al. 2011, for details). It is important to note that the

RFF diagnosis does not work well for large areas (Hoyos et al. 2011). In those cases, as

the galaxy decays towards zero flux at large radius, outer areas will dominate the RFF

computation, making it small even when the residual is not good at the centre. Taking

this into consideration we have decided to use the area inside the 2.5Rkron radius of each

galaxy to calculate the RFF , where Rkron is the Kron radius obtained from SExtractor

(e.g., Zhao, Aragón-Salamanca & Conselice 2015).

To calculate the first term of the numerator in equation (2.5), we sum the absolute value

of the pixels inside the chosen area from the residual image (original image subtracted by

the model). If there is a nearby, but different, object inside this area we do not take into

account the pixels corresponding to that object, in order to reduce as much as possible

bad fittings from nearby objects affecting the RFF of the main object. To compute the

second term of the numerator we assume∑
(j,k)∈A

σB j,k = N〈σB〉, (2.6)

where 〈σB〉 is the mean value of the background sigma for the whole image, and N the

number of pixels in the area we are considering in the calculation of the RFF (excluding

those pixels belonging to nearby objects). We obtain the value 〈σB〉 directly from the sky

measures from SExtractor.

We compute the RFF for both the one and two component models (denoted as RFF1

and RFF2 respectively) for all the objects in our sample. Peculiar/irregular galaxies and

spirals have similar RFF values, namely the average value of RFF for the 1-component

model in spirals is RFF1 = 0.07 while for peculiars it is RFF1 = 0.08, making it difficult

to distinguish these two populations using just the RFF . To solve this problem we use

our visual classification (Section 2.3.4) to separate these two populations.
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Spheroid-like galaxies have small RFF1 (RFF1 . 0.5) and RFF2
∼= RFF1, as they are

well fit by a single Sérsic profile model. Meanwhile, galaxies that contain a bulge and

a disc will generally have a larger RFF1 (RFF1 & 0.5), due to the spiral arms and

RFF2 < RFF1, as the two-component fitting will be better than the single-component

model. Therefore they will occupy a different region in the plane of RFF2 vs. RFF1 (see

Figure 2.5).

We have also used the F -score technique (Hoyos et al. 2012) to find the border in the

RFF2 vs. RFF1 diagram that best separates these two populations (1-component and 2-

component galaxies). This method consists in finding the parameters of a function (the

border, that in our case will be a second order polynomial) that maximise the F -score, Fβ

(van Rijsbergen 1979), defined as

Fβ =
1 + β2pr

β2p+ r
, (2.7)

where r and p are the sensitivity or completeness of both populations and are given by the

equations

r =
#{True Population1}

#{True Population1}+ #{False Population2}
(2.8)

p =
#{True Population2}

#{True Population2}+ #{False Population1}
(2.9)

In these definitions #{True Population1} is the number of objects correctly classified as

Population1 by the method while #{False Population1} is the number of those objects

of the Population2 misclassified as belonging to Population1. We define analogously

#{True Population2} and #{False Population2}. Hence r measures the fraction of

the actual elements in Population1 correctly classified as Population1. Finally β is a

control parameter, specified by the user, that determines the relative importance of r and

p. We have chosen β = 1.0 because having a complete sample of the Population1 is as

important as having a complete sample of Population2.

To apply this method to our sample of galaxies we have performed the F -score technique

in a training sample. This training sample is formed by the galaxies that have been visually

classified most confidently as either 1-component (Population1) or 2-component systems

(Population2). This allows us to obtain the (second order polynomial) line that best

separates these two populations, from which we can then classify the rest of the galaxies
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in our sample according to this criterion. It is interesting to note that in our case, changing

the value of β does not significantly change the border line, as both populations of the

training sample are clearly separated in the RFF2 vs. RFF1 plane. This maximisation

has been performed with the Amoeba algorithm (Press et al. 1988), using a second order

polynomial as the border line. The result of this maximization is shown in Figure 2.5 and

can be expressed as

RFF2 = −0.023 + 1.40RFF1 − 0.94RFF 2
1 . (2.10)

This line gives the following values for the completeness of the two populations, for the

training sample: r = 0.95, p = 0.97.

As mentioned earlier, once we know this line, we can plot in the RFF2 vs. RFF1 plane

all our objects (see Figure 2.6) and classify them according to their position with respect

to the equation of line (2.10): as 1-component galaxies if they lie above the line or as 2-

component galaxies if they are under the line. In Figure 2.6 we plot the entire sample and,

just for comparison with the visual classification, we have plotted in blue circles those

objects that have been visually classified as 1-component galaxies and in red triangles

those classified as 2-component galaxies. There is overall a good agreement between the

two methods.

F -test

The F -test is a statistical test in which the statistic has an F -distribution under the null

hypothesis. An F -distribution is formed by the ratio of two independent χ2 variables

divided by their respective degrees of freedom.

We have performed the F -test following the method described in Simard et al. (2011),

who also use it for 1 vs. 2 component separation within SDSS data. In our study we have

two models: Sérsic profile (model 1) and a Sérsic+exponential profile (model 2). We

consider the χ2 for each model from the residual image, and take as degrees of freedom

the number of resolution elements nres minus the number of free parameters in the model.

The number of resolution elements can be calculated as follow

nres =
npixels

πθ2
, (2.11)
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Figure 2.5: F -score technique using RFF measures (see Section 2.3.4 for more details). Using a
training sample obtained by visual classification (red triangles: 2-component galaxies, blue circles:
1-component galaxies) we obtain the line (black solid line) that separates these two subsamples given
by equation (2.10). p and r are the completeness of the two subsamples. The dash line is the identity
function.
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Figure 2.6: RFF2 (left) and difference in RFF = RFF2 − RFF1 (right) versus RFF1, with the
classification of all the galaxies using equation (2.10) (black solid line), below which galaxies are
considered as having 2 components, and above the line, they are classified as 1-component galaxies.
Red triangles are galaxies visually classified as 2-component galaxies and blue circles as 1-component
ones.
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where npixels is the number of unmasked object pixels used in the fitting, and θ = 1.38 pix

is the H-band seeing half-width half maximum, in units of pixels. As in the RFF calcu-

lation, we compute the χ2 in the area inside the 2.5Rkron of each galaxy.

To know whether the χ2 from model 2 is significantly smaller than the χ2 from model

1, we have to perform a one tailed test. The hypothesis of the test can be formulated as

follows

• Null hypothesis H0: χ2
1 ≤ χ2

2 (the simpler model is correct).

• Alternative hypothesis H1: χ2
1 > χ2

2.

From the statistic of the test F = χ2
red,2/χ

2
red,1 the probability P of accepting the null

hypothesis (i.e. the probability that the more complex model is not required) can be cal-

culated. Following Simard et al. (2011) we set a 1σ threshold value P0 = 0.32 below

which we consider galaxies to be better fit by model 2 (Sérsic+exponential), and there-

fore, classified as 2-component galaxies. Meanwhile those with P > P0 are classified as

1-component galaxies.

Notice however that with this method, we cannot distinguish peculiars from 1-component

galaxies, as in both cases the more complex model is not required. As in theRFF method,

we have used the visual classification to separate the peculiar galaxies. Those can also

be separated by using the asymmetry index (e.g., Conselice et al. 2003), finding similar

galaxies (Mortlock et al. 2013).

2.4 Results
In this Section we compare how the selection of our galaxy sample into one or two com-

ponent types varies from one method to another. For our final results, we average the

properties for the three methods, to take into account the strengths and weaknesses of

each method. These final results include examining the fraction of 1- or 2-component

galaxies as a function of redshift and stellar mass, as well as the evolution of the sizes

of these components with redshift. In the Appendix A we present simulations to test the

robustness of our conclusions.
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2.4.1 Method comparison and basic trends

We first explore how the three methods select different galaxies as being 1-component

or 2-component systems. We demonstrate this in Figures 2.7 and 2.8 which show the

fraction of galaxies selected as 2-component galaxies by each method, as a function of

mass and redshift respectively, normalized by the total number of galaxies in each bin.

The first thing to take away from these figures is that the agreement between the three

methods is good, with the average of the three methods shown as the black stars in both

figures.

In more detail, we see that the fraction of 2-component galaxies increases with stellar

mass (Figure 2.7) by a factor of ∼ 2 from the lowest mass (19± 5%) to the highest mass

bin (43±6%). We explored the possibility that this trend was due to S/N instead of stellar

mass, but we observed that regardless of the S/N the trend of 2-component galaxies with

stellar mass was preserved, so we believe that this trend is real. This trend is also not a

result of redshift effects as we show in the Appendix A.

In a similar way, we see a trend in terms of the fraction of 2-component galaxies within

our M∗ > 1010M� sample at z < 3 (Figure 2.8). The fraction of 2-component galaxies

decreases with higher redshift for all the methods, from 35 ± 6% at z ∼ 1 to 8 ± 6% at

z ∼ 3. This is a significant change over a relatively quick ∼ 2 Gyr time-span. However,

some of this evolution could be due to redshift effects (see Appendix A), so this must be

a tentative conclusion at present.

Another thing to notice is that in terms of the fraction of 2-component galaxies evolving

with redshift, the RFF method appears to be roughly constant while the other two meth-

ods decline with higher redshift. This is likely due to our galaxies having some residual

light even at high redshift. This can arise from having two components at lower redshifts,

where indeed the RFF agrees with the F -test and visual methods. However, at higher

redshifts, what we are likely seeing is higher RFF values which are due to galaxy for-

mation processes such as residuals from merging or star formation (e.g., Conselice et al.

2003; Conselice, Rajgor & Myers 2008; Bluck et al. 2012). These signatures would not

as easily be seen in the other two methods.
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Figure 2.7: Fraction of 2-component galaxies as a function of stellar mass at redshifts 1 < z < 3,
selected by the three selection methods (visual classification: blue circles, F -test: red squares, and
RFF method: green triangles) as a function of the stellar mass. The black stars represent the mean
fraction in each mass bin. The yellow diamonds are the fraction of 2-component galaxies from the
high redshift simulated galaxies (see Appendix A). Error bars represent the random errors.
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Figure 2.8: Fraction of 2-component galaxies selected by the three selection methods (visual classifi-
cation: blue circles, F -test: red squares, and RFF method: green triangles) as a function of redshift.
The black stars represent the mean fraction in each redshift bin. The yellow diamond is the fraction of
2-component galaxies from the high redshift simulated galaxies (see Appendix A). Error bars represent
the random errors.

2.4.2 Number density evolution of galaxy components

Investigating the number density (number of galaxies normalized by the co-moving vol-

ume) of different galaxy selections allows us to determine at which epoch different types

of galaxies dominate, and how they evolve throughout the history of the Universe. We
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can also compare the rate at which the number density grows between different kind of

systems. In this work we explore how the number density of galaxies best fit with either 1

and 2 components evolve in terms of their number densities during the epoch 1 < z < 3.

We have split our galaxies into four categories: 1-component discs or disc-like galaxies

(n < 2.5), 1-component spheroids or spheroid-like galaxies (n > 2.5), 2-component

galaxies, and peculiar galaxies. In Figure 2.9 we plot the number density of galaxies

in five redshift bins for the different types of 1 and 2 component galaxies (number of

galaxies normalized by the co-moving volume in Mpc3 corresponding to that bin). In

black we plot the mean number density of the three methods.
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(a) 1-component disc-like galaxies.
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(b) 1-component spheroid-like galaxies.
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(c) 2-component galaxies.

Figure 2.9: Number density nd(z) as a function of redshift for each type of galaxy (disc-like (a),
spheroid-like (b) and 2-component galaxies (c)) for the three selection methods (visual classification,
F -test and RFF method). The points are coloured as in Figure 2.7. The dashed black lines are the
lines that best fit the mean values (note the log scale).
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Function
Disc-like
galaxies

Spheroid-like
galaxies

2-component
galaxies Total UDS

Linear a (10−4)
b (10−3)

−3.8± 0.4
1.1± 0.1

−2.5± 0.4
0.7± 0.1

−3.6± 0.6
1.0± 0.1

−8± 2
2.5± 0.4

Power-law α
γ (10−3)

−2.5± 0.3
5± 1

−2.7± 0.3
4± 2

−4.2± 0.8
20± 15

−2.9± 0.8
20± 17

Exponential z0

n0 (10−3)

1.1± 0.1
2.1± 0.5

1.0± 0.1
1.5± 0.4

0.6± 0.1
4± 3

1.0± 0.3
6± 4

Table 2.1: Parameters of the fittings to the mean number density of the different types of galaxies and
to the total density of UDS.

We fit the mean number density nd(z) of each type of galaxy using three different func-

tions:

Linear function f1(z) = az + b, (2.12)

Power-law function f2(z) = γ(1 + z)α, (2.13)

Exponential function f3(z) = n0e
(−z/z0). (2.14)

We show in Table 2.1 the result for all three fits, noting that the function that best fits

the data is the linear function. To compare the number density of the different types of

galaxies, we plot in Figure 2.10 all four number densities, and the total number density of

galaxies in the CANDELS-UDS (Mortlock et al. 2015). The dashed lines show the best

fit of the linear function, equation (2.12).

Already there are several trends which are visible on Figure 2.10. The first is the rise of

the 2-component galaxies. While they make up a small fraction of the galaxy population

at z ∼ 2.5, they rise by a factor of 30 in number density to become just as abundant as the

1-component galaxies. This reveals that this epoch of 1 < z < 3 is when 2-component

galaxies form and dominate the abundances of massive galaxies.

We also compare in Figure 2.10 our number densities for the individual galaxy types and

the total number density of all galaxies. The total number density of galaxies within the

UDS (Mortlock et al. 2015) is calculated as:

φTotal =

∫ M2

M1

φ(M ;φ∗,M∗, α)dM, (2.15)
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where M1 = 1010M� and M2 = 1012M�. The map φ(M) is the Schechter function

(Schechter 1976) given by

φ(M ;φ∗,M∗, α) = φ∗ln10
(
10M−M

∗)1+α
exp

(
−10M−M

∗)
, (2.16)

where φ∗ is the normalisation of the Schechter function, M∗ is the turn over mass in units

of dex, α is the faint end slope of the Schechter function and the variable M is the stellar

mass in units of dex. The parameters φ∗, M∗ and α depend on the redshift range, and the

values we use to obtain φTotal in each redshift bin are calculated in Mortlock et al. (2015).

From Figure 2.10 and Table 2.1 we see that the total number density of 1-component

disc-like galaxies evolves at a similar rate to that of the 2-component galaxies, but its

value is about 1.5 times larger. The number density of spheroid-like galaxies increases

slower than those of the other types of galaxies. We observe that for the whole redshift

range the number density of disc-like galaxies is the highest of the four types of galaxies.

The z & 2 spheroid-like galaxies have a higher number density than the 2-component

galaxies, but at z . 2 the number density of 2-component galaxies become greater than

the spheroid-like galaxies.

In Figure 2.11 we compare blue and red galaxies according to the UVJ selection (eq. 2.1)

for the four different types of galaxies. Peculiar galaxies are mostly blue at all redshifts,

with just a small number of them being red. For disc-like and 2-component galaxies, the

fraction of blue galaxies is greater than half. Interestingly, at redshift z ∼ 3 most of the

spheroid-like galaxies are blue, but as redshift decreases, the fraction of red spheroids

rapidly increases while blue spheroids decrease. By redshift z ∼ 1, the vast majority

(85%) of spheroid-like galaxies are red.

2.4.3 Total stellar mass density

By investigating the stellar mass density, we can determine which types of galaxies domi-

nates the stellar mass in the Universe at which epoch. This is closely related to the number

density evolution, but here we are investigating essentially whether the galaxies in each

selection are more massive on average than in the other selections.

In Figure 2.12 we plot the mass density ρ∗ of the different types of galaxies as a function

of redshift, and in black we plot the mean mass density of the three methods.
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Figure 2.10: Total number density evolution of the different types of galaxies in our sample (disc-like
galaxies: blue diamonds, spheroid-like galaxies: red hexagons, 2-component galaxies: green triangles,
and peculiar galaxies: purple squares). The yellow circles are the total number density of galaxies in
UDS calculated by equation (2.15). The dashed lines are the straight lines that better fit the mean
values (in log scale).
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Figure 2.11: Ratio of the number density of red galaxies and blue galaxies for the different types
of systems (disc-like galaxies: blue diamonds, spheroids-like galaxies: red hexagons, 2-component
galaxies: green triangles, and peculiar galaxies: purple squares).

We fit the mean mass density of each type of galaxy using the same functions as in Section

2.4.2 (linear function, power-law and exponential function). We show the result of the fits

in Table 2.2 for all three fits. In Figure 2.13 we plot the mass density for all four classes

of galaxies using the average selection, as well as the total mass density from the UDS.

The dashed lines show the best fit of the linear function, equation (2.12).
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The total mass density of galaxies in the UDS is calculated as

ρ∗,Total =

∫ M2

M1

M∗φ(M ;φ∗,M∗, α)dM, (2.17)

where M1 = 1010M�, M2 = 1012M�, and φ(M) is the Schechter function defined in

equation (2.16).

The mass density of the 1-component galaxies evolves at similar rates independently

of the Sérsic index selection (i.e. being discs or spheroids). The mass density of 2-

component galaxies have the highest increase over the whole redshift range, and its

contribution to the total mass density is smaller than that of 1-component galaxies at

z = 1.75− 3, but for z = 1− 1.75 the mass density of this type of galaxy becomes domi-

nant. The 2-component galaxies in fact dominate the mass density of massive galaxies at

these lower redshifts.

Overall, we find that the mass density for 2-component galaxies increases by a factor

of ∼ 100, which is roughly a factor of 3 higher than for its number density increase.

Therefore, we see a larger effect in the integrated mass density for our galaxies than

the increase in the number density. This implies that the galaxies which are driving this

increase are more massive at the lower end of the redshift range around z ∼ 1 than at

higher redshifts, relative to the 1- component galaxies. This implies that the most massive

galaxies preferentially become the 2-component systems at lower redshifts, while the 1-

component systems are relatively lower mass.

Function
Disc-like
galaxies

Spheroid-like
galaxies

2-component
galaxies Total UDS

Linear a (107)
b (108)

−1.0± 0.2
0.31± 0.04

−1.1± 0.02
0.32± 0.05

−1.8± 0.03
0.48± 0.06

−3.6± 0.8
1.1± 0.2

Power-law α
γ (108)

−2.5± 0.3
1.2± 0.5

−2.7± 0.3
1.6± 0.8

−4.2± 0.8
8.1± 0.4

−2.9± 0.8
11± 3

Exponential z0

n0 (108)

1.1± 0.2
0.5± 0.2

1.0± 0.1
0.7± 0.2

0.6± 0.1
2± 1

0.8± 0.3
3± 1

Table 2.2: Parameters of the fittings to the mean mass density of the different types of galaxies and to
the total density of UDS.
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(a) 1-component disc-like galaxies.
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(b) 1-component spheroid-like galaxies.
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(c) 2-component galaxies.

Figure 2.12: Mass density as a function of redshift for each type of galaxy in our sample (disc-like (a),
spheroid-like (b) and 2-component galaxies (c)) for the three selection methods (visual classification,
F -test and RFF method). The points are coloured as in Figure 2.7. The dashed black line are the
straight lines that best fit the mean values (black stars) (in log scale).

2.4.4 The size evolution of components

We explore the evolution in size of our galaxy sample, and their components, to deter-

mine if the inner and outer components grow together or not. As the effective radius Re

calculated from GALFIT corresponds to the major axis of an ellipse containing half of

the light, in order to compare with other results, we have calculated a circularized radius

Re,circ = Re

√
b/a, where b/a is the axis ratio. In Figure 2.14 we plot the median cir-

cularized effective radius of the 1-component galaxies, as well as the discs and bulges of

2-component galaxies, as a function of redshift (for the three different methods as well as

the average of the three methods).
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Figure 2.13: Mean mass density evolution of the different types of galaxies (disc-like galaxies: blue
diamonds, spheroids-like galaxies: red hexagons, 2-component galaxies: green triangles, and peculiar
galaxies: purple squares). The yellow circles are the total mass density of galaxies in UDS calculated
by equation (2.17).

First, we observe that there is a trend for the 1-component galaxies: on average they grow

in size at lower redshifts, although the evolution appears stronger in disc-like galaxies

than in spheroid-like galaxies. Between 1 < z < 3, the disc-like 1-component galaxies

grow on average from 1.3 kpc to 2.1 kpc i.e. an increase of 60%. On the other hand,

the 1-component spheroid-like galaxies grow on average from 1.05 kpc to 1.24 kpc i.e.

an increase of only 18%. Thus during this epoch the disc-like systems dominate the

growth. Note that our simulations of z = 1 galaxies to z = 2.75 show if anything this

increase in size may be more dramatic (see Appendix A). These results also show that

the 1-component disc-like galaxies are larger on average than 1-component spheroid-like

galaxies.

We find a very interesting trend when we examine the evolution of the inner ‘bulge’

component and outer ‘disc’ component of 2-component galaxies. We first note that the

discs in 2-component galaxies are larger in size than disc-like galaxies at all redshifts.

The discs of the 2-component galaxies increases in size on average from 1.6 kpc to 3.2

kpc i.e. an increase of a factor of 2. On the other hand, we find that the bulge components

of the 2-component systems increases very slightly from 0.9 kpc to 1.1 kpc on average.

What we are likely seeing therefore is an inside-out formation of 2-component galaxies

such that the inner component is in place before the outer component. This is in agree-
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(a) 1-component disc-like galaxies
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(b) 1-component spheroid-like galaxies
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(c) Discs of 2-component galaxies
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(d) Bulges of 2-component galaxies

Figure 2.14: Observed size evolution with redshift. Plotted are the median sizes of galaxies in our
sample: disc-like (a), spheroid-like (b), discs of 2-component galaxies (c) and bulges of 2-component
galaxies (d) for the three different selection methods (visual classification, F -test and RFF method).
The points are coloured as in Figure 2.7. In the y-axis we plot the median sizes of the galaxies. Notice
that the visual classification does not select any 2-component galaxies at the highest redshift bin, and
therefore, in the bottom plots there is not a blue point at high redshift. The error bars on the points
represent the standard deviation.

ment with previous studies such as van Dokkum et al. (2010) and Carrasco, Conselice &

Trujillo (2010) which study the evolution of massive galaxies since z ∼ 2 at fixed aper-

ture. Likewise, we find the inner component of our sample does not grow as significantly

as the outer component does. This is seen more clearly in Figure 2.15, where we plot the

ratio between the mean effective radius of the inner and outer component as a function

of redshift. Discs seem to grow earlier, and they increase at a higher rate relative to the

growth of the bulges until z ∼ 1.5, when bulges appear to rapidly grow in size. We only

have, however, one point showing this, which will need to be further confirmed. Never-

theless, in Figure 2.16 we observe that the ratio between the flux of these two components

remains fairly constant with redshift.
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Overall, what we find is that the stellar masses, as traced by the light distribution (as-

suming a similar mass to light ratio), of these components are increasing at a similar rate,

while at the same time the sizes of the outer components are growing faster than their in-

ner components. There are several ways to interpret this. One possibility to explain these

observations is through how the additional mass is distributed in the two components. For

the outer components, this new mass is added to the outer parts, increasing the size of the

disc component, but within the bulges the additional mass is still centrally concentrated.

This is one way in which the mass ratio can remain constant while the size ratio increases

with time. This is further investigated in Chapter 3.
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Figure 2.15: Evolution of the ratio between the sizes of discs and bulges of 2-component galaxies.
Notice that the visual classification does not select any 2-component galaxies at the highest redshift
bin, and therefore, there is not a blue point at high redshift.

It may be argued that the circularized effective radius Re,circ is not the most appropriate

quantity to measure the size of discs, as for flat disky objects, Re,circ will depend on

the inclination. In which case, the size could be better quantify by the effective radius

Re (major axis of an ellipse containing half of the light). However, we find that using

Re instead of Re,circ for our disky objects does not change our results. In the case of

1-component discs we observe the same growth of 60% over the redshift range, but the

sizes are about ∼ 1.4 times larger than the circularized radius. For discs of 2-component

galaxies, we observe an increase of a factor of 1.7 over the redshift range, which is still
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Figure 2.16: Evolution of the ratio between the flux of discs (FluxD) and bulges (FluxB) of 2-
component galaxies. Notice that the visual classification does not select any 2-component galaxies at
the highest redshift bin, and therefore, there is not a blue point at the highest redshift bin.

much stronger than the growth of the bulges at the same redshifts. In this case, the sizes

are on average about 1.6 times greater than using the circularized values.

In Figure 2.17 we plot the ratio between the sizes of the galaxy components (disc-like

galaxies, spheroid-like galaxies, discs of 2-component galaxies and bulges of 2-component

galaxies), and the sizes of galaxies within the nearby Universe at the same mass. These

nearby galaxy sizes were obtained by the size–mass relation from GAMA results (Lange

et al. 2015). We use the early-type relation to compare with spheroid-like galaxies, and

the bulges of 2-component galaxies, and the late-type relation for comparison with disc-

like galaxies and discs in 2-component galaxies.

• Early type Re(kpc) = c

(
M∗
M�

)η

• Late type Re(kpc) = d

(
M∗
M�

)λ
where c = 36.04× 10−5 kpc, η = 0.38, d = 25.26× 10−3 kpc and λ = 0.21.

We have over-plotted the data from Buitrago et al. (2008) (galaxies in the same redshift

range as our sample but with higher masses at M∗ > 1011M�) calculating the ratios in the

same manner. 2-component discs seem to remain the same over redshift while compared

with their low redshift counterparts, there may be a slight growth before z = 2.5, but
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Figure 2.17: Evolution of the ratio between the sizes of the galaxy components (disc-like galaxies,
spheroid-like galaxies, disc of 2-component galaxies and bulges of 2-component galaxies), and the
sizes of galaxies from the nearby Universe at the same mass 〈Re〉.

they remain constant at lower redshifts. Disc-like galaxies are smaller at high redshift

compared with disc-like galaxies of the same mass at the present time, in agreement with

Buitrago et al. (2008). Spheroid-like galaxies also seem to have grown in size over cosmic

time, but not as much as disc-like galaxies. The bulges of disc-like galaxies seem to have

grown with time, particularly after z = 2. We observe that size of spheroid-like galaxies

and bulge of 2-component galaxies is less than 40% of that of early-type galaxies in the

local universe. This implies a significant growth from z = 1 to present day for spheroid

dominated galaxies. Disc-like galaxies undergo a less dramatic growth over the same

epoch. These results are in agreement with previous studies, such as van der Wel et al.

(2014), where they observe a growth by a factor of∼ 2 since z = 1 for early-type galaxies

of similar masses, and only a moderate growth is seen for late-type galaxies.

2.5 Conclusions
We have carried out a detailed investigation of the light decomposition of galaxies within

the CANDELS UDS field using 1495 massive galaxies with M∗ > 1010M� at 1 < z < 3.

In this work we set out a new methodology for deciding whether a galaxy should be

considered a single or 2-component system using the observed H-band imaging, and then

we examined the evolution of the individual component’s sizes and mass as a function of

redshift and stellar mass.
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We have used three different methods to determine if a galaxy is better fit by a 1 or 2

component model for their surface brightness distributions. The three methods are: visual

morphology, the F -test, and by examining the residual flux fraction (RFF ). We find that

all three methods are largely in agreement with each other, and we calculate the mean

value of the various parameters we study derived within the 3 methods.

One major result is that the fraction of 2-component galaxies increases with higher stellar

mass for all three methods. In fact, on average there are ∼ 2 times more galaxies selected

as 2-component for the most massive galaxies than in the lowest mass bin. We also find

an evolution with redshift, such that the fraction of 2-component systems decreases from

about 35% to 8% from z = 1 to z = 3. However, this decrease with redshift might be

partially due to the degraded data at higher redshifts.

We find that disc-like galaxies have the highest relative number density at all redshifts,

while spheroid-like galaxies have the lowest increase in that epoch, and by z ∼ 2, 2-

component galaxies exceed both of them in number density. The contribution to the total

density due to 2-component galaxies becomes dominant at z < 1.75 in spite of their being

the lowest at z > 1.75. At redshift z ∼ 3 the majority of spheroid-like galaxies are blue,

but as redshift decreases, the number of red spheroid-like galaxies rapidly increases. The

other populations of galaxies remain mostly blue for all redshifts.

We also find that for 2-component galaxies there is an increase in the sizes of their outer

components, or ‘discs’ by about a factor of three from z = 3 to z = 1.5, while the inner

components or ‘bulges’ stays roughly the same size. This suggests that these systems are

growing from the inside out, whilst the bulges are in place early in the history of these

galaxies. This is also seen to a lesser degree in the growth of single ‘disc-like’ galaxies

vs. ‘spheroid-like’ galaxies over the same epoch.

We also carry out image simulations to determine how reliable our results are. We do

this by reproducing how our galaxies would look at higher redshifts (for more details

see Appendix A), we conclude that the decrease in size we observe within discs and

bulges for 2-component galaxies in Figure 2.14 must be real, as the simulations show

that we can accurately recover the size of the bulges in the simulated redshifted galaxies,

including the smallest ones. Discs are also well recovered except for the smallest ones

(ReD < 2 kpc), where we recover larger discs than the originals. However, this may
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hint that we are indeed observing small discs at the highest redshift bin. The simulations

where the F -test is used to find 2-component galaxies may induce us to think that the

decrease in the fraction of 2-component galaxies is due to simply redshift. However, the

visual classification, which is a reliable tool to distinguish patterns, only accounts for half

of the decrease, suggesting that the observed reduction is real (see Figure A.5). It thus

seems more reasonable to think that the F -test is not as reliable using the same threshold

P0 for all redshifts. This might be due to the fact that for high redshift, galaxy features

are blended with the noise.



Chapter 3

The star formation history of discs and

bulges

3.1 Introduction
By z = 1, as seen in Chapter 2, the dominant galaxy population is formed by systems that

have an inner and an outer component (or bulge and disc) (Bruce et al. 2012; Mortlock

et al. 2013; Margalef-Bentabol et al. 2016). However, it is still unclear how and when

these different types of galaxies form, and how they are related to each other. There are

in fact many different theories for the formation of bulges and discs. For example some

models predict that bulges form at high redshift due to disc instabilities and grow via

minor mergers (Hopkins et al. 2010). Disk formation may also occur due to gas accretion

around a bulge which formed early in the history of the universe, either through a rapid

collapse or from multiple mergers of galaxies. It is yet to be solved which component

forms first, and how these inner and outer components evolve together or separately. To

solve these problems it is vital to investigate the internal properties of galaxies which have

multiple components at high redshift and to trace the evolution of their properties through

cosmic time.

Furthermore, the bi-modality observed in morphology at low redshift in the galaxy pop-

ulation appears to translate to star-formation activity, with discs being blue and star-

forming, and bulges/spheroids red and passive (Strateva et al. 2001; Kauffmann et al.

2003). This bi-modality in morphology and star formation activity is also observed at
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higher redshifts (Brammer et al. 2009; Whitaker et al. 2011), but the separation is less

clear, and there is some evidence for a population of blue bulges and red discs (Bamford

et al. 2009; Conselice et al. 2011). Therefore a key question is how morphology and

star formation/quenching are related. Several mechanisms have been proposed to explain

this, such as morphological quenching (e.g., Martig et al. 2009), the presence of an AGN

(Croton et al. 2006; Bluck et al. 2011), or environment effects.

In this Chapter we compare the formation histories of different types of galaxies, as mea-

sured through their surface brightness profile shapes. Moreover, for those systems which

can be decomposed into two components we examine the evolution of the inner and outer

components as a function of redshift. We also explore how the rest-frame U − V colour

changes with redshift, and the role of stellar mass in producing evolution within separate

components. Finally, we investigate how the star formation activity of both the bulge and

the disc evolves with cosmic time, and how this affects the assembly of stellar mass in

galaxies.

With the CANDELS data from WFC3 and ACS we are now able to probe the compo-

nents of galaxies from the ultra-violet to the near-infrared. Studying galaxies and their

components at these different wavelengths allows us to probe the properties of bulges

and discs separately. We do this by modelling the spectral energy distributions (SEDs)

of the bulge and the disc, uniquely and distinctly, after decomposing the galaxy at all the

observed wavelengths. From this, we are able to trace the evolution of the stellar popu-

lations within these components, as well as measure the contribution to the total stellar

mass and SFR from each of the components (Bruce et al. 2014a,b).

In addition to evolving in morphology from peculiar to Hubble type systems we know that

galaxies become more massive as time passes. There are different ways in which a galaxy

can add stellar mass, such as through star formation bursts, or mergers, but it is not clear

how the inner and outer components of galaxies grow together. 2-component systems

seem to add mass in the outer parts of the galaxy while they grow in size (Margalef-

Bentabol et al. 2016). However, the detailed evolution of mass within these components

is still uncertain, and this is another issue we examine in this Chapter.

The structure of this Chapter is as follow. Section 3.2 is devoted to describe the data we

use. In Section 3.3 we describe how we calculate the structural parameters, stellar masses,
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rest-frame colours and SFRs. In Section 3.4 the main results of the Chapter are gathered,

and in Section 3.5 we discuss and summarize the results.

3.2 Data

3.2.1 Imaging

We examine a sample of galaxies in the CANDELS UDS field. Details about the CAN-

DELS UDS field are explained in Chapter 2. In addition to H band we also use the

near-infrared J band, and the visible bands i and V .

3.2.2 Sample of galaxies

We use the same sample of galaxies from Chapter 2. Redshifts and initial stellar masses

are computed as described in Mortlock et al. (2015) and Hartley et al. (2013). That sample

is selected from the WFC3 region of UDS, and comprise galaxies at redshifts 1 < z < 3

and M∗ > 1010M�. For this work, in addition to near infrared images (H-band and

J-band) from the WFC3 camera, we also use the V -band imaging and i-band from the

ACS camera. The regions that these two cameras map do not completely overlap, and

therefore the final sample for this work (1074 galaxies) only consists of galaxies with

both near-infrared and visible-light images.

Galaxies in our sample are classified as either, 1-component, 2-component or peculiar

galaxies. The classification is done following the method in Chapter 2, in which different

methods (Visual classification, F -test, RFF ) to classify galaxies into 1 or 2 components

are compared and investigated. As each method has different bias in selecting 2 compo-

nent galaxies, for this work we classify galaxies as a 2-component objects if at least two

methods agree in that classification, and as a 1-component galaxy otherwise. The peculiar

population is separated by visual inspection, as done in Mortlock et al. (2015). In Figure

3.1 we show our sample of galaxies in the mass and redshift space. 1-component galaxies

are further classified according to their Sérsic index, as disc-like galaxies (n < 2.5) or

spheroid-like galaxies (n > 2.5).
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Figure 3.1: The stellar mass distribution with redshift for our initial stellar mass selected sample
of galaxies (as calculated in Mortlock et al. 2015) versus redshift, for 1-component galaxies (green
circles), 2-component galaxies (purple squares) and peculiars (yellow triangles).

3.3 Method

3.3.1 Structural parameters

In Chapter 2 we obtained the structural parameters of each galaxy in our sample from

the Hubble WFC3 H-band images using GALFIT and GALAPAGOS. We fit the surface

brightness with two models. Model 1 consists of a single Sérsic profile, with n as a free

parameter, and represents well a 1-component galaxy. Model 2 describes a galaxy with

two components, represented by an inner Sérsic and an outer exponential profile. From

the best fit to model 1 systems we obtain the following parameters: position of the galaxy

within the image stamp (x, y), effective radius Re, Sérsic index n, AB-magnitude m, axis

ratio q and position angle PA. On the other hand, for model 2: position in the stamp (x, y),

effective radius of bulge and disc component (ReB, ReD), Sérsic index of the bulge nB,

AB-magnitude for bulge and disc (mB,mD), axis ratio of bulge and disc (qB, qD) and

position angle of both components (PAB, PAD). We exclude any fitting with unphysical

parameters: effective radius smaller than 0.5 pixels, or larger than the size of the image

stamp, q < 0.1, and n < 0.5 or n > 8, which implies that about 8% of the galaxies are

not well represented by either model 1 or model 2. These galaxies which are not fit are

either very compact objects, or considerably faint/small, and have an average redshift of

z = 2.
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3.3.2 Multiwavelengh study

To extend our study to a broader range in wavelength than previously done, we use the

other bands available from HST in the CANDELS/UDS field (J , i, V bands). In the red-

shift range of 1 < z < 3 the observed H-band samples the underlying stellar mass better

than bluer wavelengths, and therefore we adopt the structural parameters of Sérsic index

and radius obtained from fitting to the H-band for the other wavelengths to measure con-

sistent fluxes within the same physical area. Using GALFIT we fit the surface brightness

with models 1 and 2, with all the parameters in each model fixed to those of the best

fit determined by the H-band fit, but allowing the magnitude/s to vary as a free parame-

ters. This implies for model 1 keeping fixed the position on the stamp, the effective radius,

Sérsic index, axial ratio and position angle. For model 2 we fix the position on the stamps,

the effective radius of the disc and the bulge, the Sérsic index of the bulge, the axial ratio

and position angle for bulge and disc. The sky level for each object, in the different bands,

is calculated using GALAPAGOS (Barden et al. 2012). We run GALAPAGOS in each band

using the detections determined from the H-band, and obtain the local sky around all the

objects in our sample, as explained in Barden et al. (2012).

3.3.3 SEDs

Once we obtain a full SED for our components, the stellar masses are measured using

SMPY (Duncan et al. 2014), a template fitting code with SEDs derived from the synthetic

stellar population models of Bruzual & Charlot (2003). The model SEDs are generated

from a single stellar population. We use the initial mass function (IMF) of Chabrier

(2003). Nebular emission lines are added to the pure stellar component, and dust extinc-

tion in included in the templates using the extinction law of Calzetti et al. (2000). The

star formation history (SFH) is characterised by an exponentially declining model with

various ages, metallicities and dust extinctions.

SFR(t) ∝ SFR0 e
−t/τ , (3.1)

where the values of τ ranges between −10 to 10 Gyr (negative τ values represent ex-

ponentially increasing histories). Age ranges from 0.02 to 9.6 Gyr, dust attenuation is

allowed to vary from 0 ≤ AV ≤ 4, and metallicity fraction Z/H from 0.0001 to 0.05.
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Next, each SED template is redshifted in the range 1 ≤ z ≤ 3 in steps of ∆z = 0.02

and attenuation by intergalactic neutral hydrogen is applied following the prescription of

Madau (1995). Finally, the resulting grid of SEDs is integrated through the response filter

for each of the observed band, dimmed by the corresponding distance modulus for each

redshift. The fitting of our SEDs to the observed photometry is done using a Bayesian-

like approach. For a given stellar mass M and template type t, the normalized likelihood

is given by

L(M, t) =
e−

1
2
χ2(M,t)∑

t′

∫
dM ′ · e− 1

2
χ2(M,t)

. (3.2)

The sum in the denominator is performed over all the templates, and the χ2 value is given

by

χ2(M, t) =

Nfilters∑
j

(M · Fj(t)− F obs
j )2

σ2
j

, (3.3)

where Fj(t) is the template flux in the j filter, while Fj and σ2
j are the observed flux

and observed flux error, respectively, in the j. However, there are significant degenera-

cies in the fitting procedure, particularly between dust, age and metallicity (see Dunlop

et al. 2013 for a detail discussion), and various combinations of the free parameters can

produce equally acceptable fits. The main sources of uncertainty in stellar mass comes

from the degeneracies in the fitting and the lack of knowledge of the correct SFH. In ad-

dition, the uncertainty in stellar mass depends on the rest-frame wavelength coverage of

the photometry (Mobasher et al. 2015).

As we show in Appendix B, to be able to obtain reliable rest-frame colours, SFRs and

stellar masses from the SED fitting, we need photometry not only in the four HST bands

but also in the U band, K band and Spitzer channel 1 at 3.6nm (ch1). However, we

do not have high enough resolution images in these bands to perform our bulge to disc

decompositions for our sample of galaxies.

We therefore make use of the photometric catalogue from Galametz et al. (2013). The

photometry from this catalogue is performed with a different method, using different

apertures than in this work, and so, we cannot simply combine both catalogues. However,

it is a fair assumption that colours (in particular U − V , H −K, H − ch1) are the same
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in both catalogues, that is:

(Uthis work − Vthis work) = (UGalametz13 − VGalametz13)

(Hthis work −Kthis work) = (HGalametz13 −KGalametz13) (3.4)

(Hthis work − ch1this work) = (HGalametz13 − ch1Galametz13)

We then obtain the magnitudes we would derive if we would have measured the resolved

imaging on the missing bands - i.e. Uthis work, Kthis work and ch1this work, and incorporate

them to our photometric catalogue. In Appendix B we explore how our results from the

SED fitting improve by adding these three bands to our photometry.

For the 2-component systems we make another assumption, because the Galametz et al.

(2013) catalogue does not have bulge to disc decomposed photometry. We first estimate,

from a sample of nearby galaxies (see Appendix B for details), how the B/T changes

as a function of wavelength over a broad range, and use this information along with the

previously calculated magnitudes (Uthis work,Kthis work and ch1this work) to infer the mag-

nitudes for the bulge and disc component in K, ch1 and U band.

In Figure 3.2 we compare the stellar masses from the initial catalogue we selected our

sample from (Mortlock et al. 2015) to those masses calculated in this work, assuming all

galaxies have a single component. On average the stellar masses calculated in this work

are 0.2dex larger, which is within the nominal error budget of stellar mass measures (e.g.,

Mortlock et al. 2015). The systematic offset found in Figure 3.2 between the two mass

estimates could arise from using different fitting codes and free parameters as well as from

the difference in wavelength coverage. The large scatter may be cause by the errors in the

stellar masses due to degeneracies in the SED fitting. Through the rest of the Chapter we

use these new masses.

For the 2-component galaxies we have photometry for both the bulge and the disc, and

therefore we are able to perform SED fitting for each component separately allowing us to

measure stellar masses and SFRs within both components. In Figure 3.3 we consider the

2-component galaxies, and compare the stellar mass (left) and SFR (right) assuming that

their light is in a single component, to the sum of the stellar mass/SFR of each separate

component. We find a good correlation between the stellar masses measured between 1-



The star formation history of discs and bulges 59

and 2-component systems. There is also a good correlation between the star formation

measured, but with a higher scatter.
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Figure 3.2: Comparison between the stellar masses calculated in this work and in Mortlock et al.
(2015). This is assuming that the light profiles are in single Sérsic fits. The dashed line is a 1:1 relation
between the two measures of the stellar masses. The red line is the best fit line to the data.
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Figure 3.3: Comparison between the 2 and 1 component models for galaxies classified as 2- com-
ponent systems. Left: Total stellar mass of the galaxies as given by the mass of the bulge and disc
(MassB + MassD) from the 2-component model compared to the total mass of the galaxy obtain
from the 1-component model. Right: total SFR = SFRB + SFRD from the 2-component model
compared to the SFR obtained from the 1-component fitting.

3.3.4 Star formation rates

The rest-frame UV is a good SFR indicator, as it traces the presence of young and short

live O and B stars produced by recent star formation. Furthermore, the UV is the only star



The star formation history of discs and bulges 60

formation indicator which we can use to resolve the SFHs in galaxies (e.g., Ownsworth

et al. 2012). By applying a scaling factor of theUV luminosity, the SFR can be calculated,

however, this depends on the assumed IMF (e.g., Kennicutt 1983). The downside of

calculating the SFR from the UV luminosity is its susceptibility to dust extinction, and

therefore a dust correction has to be applied. We use a correction based on the UV slope,

which is explained below.

To calculate the SFR we obtain the rest-frame UV luminosities (at 2800Å) from the best

fit SED model of the stellar mass fitting, we then use the Kennicutt (1998) conversion

from 2800Å luminosity to SFR assuming a Chabier IMF:

SFRUV (M�yr−1) = 8.24× 10−29L2800(ergs s−1Hz−1). (3.5)

This gives the SFR before a dust correction is applied.

Dust correction

We use the UV slope as an estimate for the dust extinction. Meurer, Heckman & Calzetti

(1999) found a correlation between the UV slope β and the attenuation due to dust. Fol-

lowing the method described in Ownsworth et al. (2016) we use ten UV windows defined

by Calzetti, Kinney & Storchi-Bergmann (1994) to measure β by interpolating the flux

in these windows from the SED fitting. We then convert the slope into a dust correction

using the Fischera & Dopita (2005) dust model

A2800 = 1.67 · β + 3.71.

However, the UV slope can also be affected by the age of the stellar population. Galaxies

with old and passive stellar populations may have similar SEDs as highly obscured galax-

ies with young star-forming population. This means that passive galaxies can appear to

be highly dust obscured, and thus we would derive higher SFR than they actually have.

To solve this problem we treat differently the passive and star-forming galaxies as selected

by the UVJ diagram. We only use these dust corrections calculated by the UV slope for

galaxies selected as star-forming within the UVJ diagram. For the passive population

we assume that star-forming and passive galaxies have similar dust masses (e.g., Bourne

et al. 2012). We therefore assume that, on average, passive galaxies have the same dust

attenuation as star-forming ones within a range of redshift and similar stellar masses.
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3.4 Results
In the following section we discuss the properties of the inner and outer components of

our galaxy sample. We first describe the colours and the location of our components on

a UVJ colour-colour diagram to put some constrains on the passivity and star formation

presence within discs and bulges. We later discuss the directly measured SFRs of these

galaxy components, as well as the stellar masses, and how these properties change with

time.

3.4.1 Colours

Studying the colours of galaxies gives us information about the star formation activity of

each component. That is so because blue objects indicate star formation activity, while red

colour signifies that a galaxy is passive or dusty. The U , V and J rest-frame magnitudes

are calculated from the flux measured by the U , V and J Bessel filters in the best SED

model during the SED fitting. We divide our sample into star-forming and passive galaxies

using the rest-frame UVJ colours, where a galaxy is classified as red/passive if it satisfies

the following criteria (see Mortlock et al. 2013).
(U − V ) > 1.3

(V − J) < 1.6

(U − V ) > 0.88(V − J) + 0.49

(3.6)

and as blue otherwise.

Figure 3.4 shows where the 1-component galaxies in our sample lie in the UVJ diagram.

The majority of disc-like galaxies, 78 ± 6%, are in the star-forming region of the UVJ

diagram, while 67 ± 6% of spheroid-like galaxies are in the passive region. This is con-

sistent with the idea that galaxy morphology correlates with colour, and therefore star

formation activity, in such a way that disc-dominated galaxies are more likely to be blue

and star forming, while elliptical or spheroid-dominated galaxies are passive. However,

note that this is only for galaxies which are best fit as single components, which in the

nearby universe would be early-type ellipticals and pure disc galaxies.

We see something similar, but with some differences, when we look at the UVJ colours

of the disc and bulge components. As can be seen in Figure 3.5, the majority of both



The star formation history of discs and bulges 62

0.0 0.5 1.0 1.5 2.0 2.5
V-J

0.0

0.5

1.0

1.5

2.0

2.5

U
-V

Disc-like galaxies
Spheroid-like galaxies
2-comp. galaxies

Figure 3.4: UVJ diagram for 1-component galaxies. The box in the left top corner represents the
passive population (equation (3.6)).

bulges and discs are within the star-forming region (68± 9% and 90± 11% respectively).

However, a significant fraction of star-forming bulges, 30%, are in the dusty region of

the diagram, while only 17% of star-forming discs lie in that region. The inner parts of

two-component galaxies are therefore red due to the dust according to the UVJ diagram,

rather than because of an old stellar population. The fraction of passive and star-forming

objects are summarized in Table 3.1.

Star-forming Passive

1-comp. discs 78± 6% 22± 3%

1-comp. spheroids 43± 5% 67± 6%

2-comp. discs 90± 11% 10± 3%

2-comp. bulges 68± 9% 32± 5%

Table 3.1: Fraction of galaxy components that are passive and star forming, according to the UVJ
selection given by equations (3.6).

We furthermore study the rest-frame U − V colour as a function of stellar mass and

redshift (Figure 3.6). We find that there is a trend with stellar mass for all types of galaxies

and components, such that the rest-frame U − V colour becomes redder at higher stellar

masses as seen in Figure 3.6. There we plot the rest-frame U − V colour as a function of

stellar mass for 1-component galaxies (top panels) and for 2-component galaxies (bottom

panels). On the left side we show the effect of the Sérsic morphology, and on the right
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Figure 3.5: UVJ diagram for bulges (top) and discs (bottom) of 2-component galaxies. The box in
the left top corner represents the passive population (equations (3.6)), and in the right top corner we
find the dusty region. The colour bar represents the UV slope β.

we investigate the relation between the U − V colour and stellar mass as a function of

redshift.
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Figure 3.6: Rest-frame U − V colour as a function of stellar mass. On the top panels we show the 1-component galaxies separated by Sérsic index (left), where blue
diamonds are galaxies that have n > 2.5 (i.e. spheroid-like) and blue circles are for galaxies with n < 2.5 (disc-like); and by redshift (right), where blue squares are
galaxies at z < 2, and red triangles are galaxies at z > 2. On the bottom panels we show the 2-component galaxies. Left: U − V colour of bulges and discs as a function
of the stellar mass of the component. Right: bulges and discs of 2-component galaxies separated in two redshift bins.
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For the 1-component galaxies, the structure of a galaxy, as measured through the fitted

Sérsic index, has a small effect on the colour over all redshifts. That is, we find the

U − V colour to be similar between disk-like and spheroid-like systems, but there are

some differences. In Figure 3.7 (top panel) it appears that spheroid-like single component

galaxies have slightly redder colours that disc-like galaxies at all redshifts, however this

is the case only for galaxies with logM∗ < 11 (as seen in Figure 3.6). This apparent

discrepancy arises from the fact that in Figure 3.7 the colours of galaxies with different

masses are averaged, and galaxies with logM∗ < 11 are more numerous than the most

massive ones.
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Figure 3.7: Rest-frame U − V colour as a function of redshift. Top panel: 1-component galaxies
separated by Sérsic index, where blue circles are disc-like galaxies (n < 2.5), and red diamonds are
spheroid-like ones (n > 2.5). Bottom panel: 2-component galaxies, with bulges represented as red
pentagons and discs as blue diamonds.
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Nonetheless, the colour of disc-like and spheroid-like galaxies is comparable and, there-

fore, 1-component galaxies must have similar SFHs at similar stellar masses (Figure 3.7).

We also observe that the colour changes with redshift significantly, particularly for galax-

ies with logM∗ < 11; lower mass galaxies become redder with time. The most massive

galaxies are also the reddest and do not seem to become bluer with decreasing redshift.

This shows that the most massive galaxies establish their red colour earlier than lower

mass galaxies.

For the 2-component galaxies we also observe a difference in the evolution of colours

according to the stellar mass of the components. The most massive bulges and discs

(logM∗ > 11) have similar colours which do not change with redshift (Figure 3.6). Less

massive bulges and discs (logM∗ < 11) change in colour in different ways through cos-

mic time. Although they may have a similar initial formation, as seen by their compara-

ble colours at z > 1.75, at lower redshifts (z < 1.75) bulges become redder than discs.

Therefore, low redshift bulges are redder than high redshift bulges, showing little new star

formation. There is however no significant evolution of disc colour with redshift, for a

given mass, which implies a continuous star formation, as seen in Figure 3.7, where we

also observe how bulges become redder and therefore more passive in Figure 3.7.

In Figure 3.7 we overplot the U − V colour evolution tracks derived from Bruzual &

Charlot (2003) single stellar population models formed with a burst in star formation at

different redshifts (z = 2.5, 3, 4, 5, 6). The average of the U − V colour for bulges of

2-component galaxies is consistent with a galaxy that had a single star formation burst at

z = 2.5. The discs of 2-component galaxies have bluer colours than any of the model

tracks, which implies that they must have undergone continuous star formation activity.

An analogous result holds for 1-component galaxies.

3.4.2 Star formation rates of inner and outer components

We know that there is a tight relation between stellar mass and SFR for star-forming

galaxies, sometimes called the ‘main-sequence’ Noeske et al. (2007), with SFR increasing

with stellar mass. For 1-component galaxies, we find that the SFR increases with stellar

mass (Figure 3.8). In Figure 3.8 we show the star-forming main-sequence for disc-like

and spheroid-like galaxies. For 2-component galaxies, a main-sequence is seen in the
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star-forming discs, while the star-forming bulge have a wider range of SFR for a given

stellar mass.
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Figure 3.8: SFR as a function of stellar mass for 1-component galaxies (top) and 2-component galaxies
(bottom), separated by their position on theUVJ diagram (i.e. passive or star forming). The black lines
are the SFR-mass sequence for star-forming galaxies found by Whitaker et al. (2012) at z = 2.

This shows that the production of the main-sequence is driven by the formation of discs,

and that the observed correlation between stellar mass and star formation for 2-component

systems is driven by the formation of their outer portions, or discs. This is likely because

the discs contain most of the gas which is converted into stars through star formation.
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We also examine how the ratio of star formation in the inner and outer components

changes with redshift and mass. The ratio of SFR of bulges and discs is on average

lower than unity at all masses (Figure 3.9). This implies that the majority of galaxies tend

to have higher SFRs in their discs than their bulges.
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Figure 3.9: Ratio between SFR of bulges and discs, as a function of the stellar mass of the galaxy
(MassB +MassD). The inner part of the symbols represents the bulge and the outer disc. Red colour
indicates that a certain component is passive while blue indicates that it is star forming. Blue circles
are galaxies in which both the bulge and the disc are star forming, red diamond are galaxies that are
passive. A square represents a galaxy with a passive bulge and a star-forming disc. Finally, a triangle
indicates a star-forming disc and passive bulge. Green stars are the median value in stellar mass bins.
The error bars show the dispersion of the data.

Figure 3.10 shows the ratio of SFR of bulges and discs with redshift. High redshift bulges

have high SFR but, as redshift decreases, they become more passive while their discs

become more star forming. This is seen as well with the ratio of sSFR (Figure 3.11)

thus the effect is not one of a differential in mass between the components. Furthermore,

the 1-component galaxies show a trend of sSFR (specific SFR) with stellar mass (Figure

3.12, top panels). This trend does not change significantly with morphology. However,

we observe a difference with redshift: high redshift objects have a stepper relation of

sSFR with stellar mass. In particular the sSFR of the most massive galaxies increases

with decreasing redshift between z = 3 to z = 1. Bulges appear to have a lower sSFR

than discs (Figure 3.12, bottom panels). However, this is only seen in low redshift bulges,

which have very low sSFR values. High redshift bulges have as high sSFR as high redshift

discs. The sSFR of discs does not change with redshift.
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Figure 3.10: Ratio between SFR of bulges and discs, as a function of redshift. Colours as in Figure
3.9. Green stars are the average over redshift bins. The error bars show the dispersion of the data.
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Figure 3.11: Ratio between sSFR of bulges and discs, as a function of redshift. Colours as in Figure
3.9. Green stars are the average over redshift bins. The error bars show the dispersion of the data.
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Figure 3.12: sSFR as a function of stellar mass. On the top left panel we represent the 1-component galaxies divided by morphology (disc-like galaxies as blue circles and
spheroid-like ones as red diamonds). On the right top panel we further split these two types of galaxies into two redshift bins and, analogously, for the bulges and discs of
the 2-component objects in the bottom panels. The large symbols are the average sSFR values in each mass bins.
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3.4.3 Stellar masses of components

The ratio of stellar mass between the bulge and the disc is on average constant with time

(see Figures 3.13 and 3.14). This shows that whilst the masses of both of these compo-

nents must be changing with time due to star formation, the growth in both of them goes

roughly together. It is easy to see how this occurs for the star-forming outer portions, but

the account for the mass assembled in the inner portion, or bulge, is not so direct as it

does not have a constant high SFR. We discuss this later in the discussion section about

how this process may occur.

As Figure 3.14 shows, there is a relatively good agreement between the masses of the

bulges and discs over cosmic time. There is an increase in the average stellar mass, using

our selection, between z = 2.5 and z = 2, and a levelling off of the stellar mass for the two

components at later times. If we investigate this as a function of co-moving density using

the derivation for our sample from Ownsworth et al. (2016), we find that from z = 2.5

to z = 1 the stellar mass of the bulges increases slightly on average, while there is some

decrease in the stellar mass of the bulge. This may however be due to other morphological

transformations.
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Figure 3.13: Ratio between stellar mass of the bulges and discs as a function of redshift. The green
stars indicate the mean values in redshift bins for all 2-component galaxies. The open star symbols
represent the average values for a constant number density selection. Colours are as in Figure 3.9. The
error bars show the dispersion of the data.
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Figure 3.14: Stellar mass of bulges (red pentagons) and discs (blue diamonds) as a function of redshift.
The big filled symbols are the average stellar mass in redshift bins for all the 2-component galaxies.
The big open symbols are the average for a constant number density selection (see text).

3.4.4 Presence of AGN

To identify active galaxies we cross match our galaxy sample with the Chandra X-ray

catalogue from Kocevski et al. (2017 in prep.). We find that AGNs are more common in

spheroid-like galaxies, or 2-component galaxies, with 11 ± 2% of spheroid-like galaxies

and 13 ± 3% of 2-component galaxies having an AGN, while only 3 ± 1% of disc-like

galaxies have an AGN. This shows that the presence of the bulge is correlated with the

presence of an AGN, even at high redshift.

In Figure 3.15 we compare the SFR of galaxies which have an AGN to those that do not

have AGN activity. On the top panel we see that 1-component galaxies with AGN have

higher SFR. The difference is stronger for the spheroids. In the bottom panel we show the

SFR of the bulge and the disc components for galaxies with and without AGN. We again

observe that galaxies with AGN have higher rates of star formation in both components.

Is it possible that the higher SFR observed is due to the AGN contaminating the host

galaxy light (Nandra et al. 2007; Simmons & Urry 2008), as AGNs are generally bright

in the ultraviolet, which could affect the determination of the SFR from the UV slope.

However, in the 2-component galaxies we observe that the SFR of AGN is higher both

in the inner and outer component, although it is expected that only the inner component

would be affected by the AGN contamination.



The star formation history of discs and bulges 73

−0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
SFR

0.00

0.05

0.10

0.15

0.20

0.25

0.30
1-component spheroids

Non-AGN
AGN

−0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
log(SFR)

0.00

0.05

0.10

0.15

0.20

0.25

0.30
1-component discs

Non-AGN
AGN

−3 −2 −1 0 1 2 3
SFR

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35
Bulge of 2-component galaxies

Non-AGN
AGN

−3 −2 −1 0 1 2 3
SFR

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35
Discs of 2-component galaxies

Non-AGN
AGN

Figure 3.15: Comparison between the SFR of galaxies with and without the presence of AGN. The
top panels show the distribution of log(SFR) for the 1-components spheroids (left) and discs (right),
for galaxies with AGN (solid yellow) and without AGN (strip lines green). The analogous for 2-
component galaxies is shown in the bottom panels for bulges (left) and discs (right).

3.5 Conclusions
In this Chapter we investigate the properties of the inner and outer portions of galaxies to

determine how their formation occurred. To do this we investigate the technical aspects of

performing this analysis, using simulations and determining that the SFRs and the stellar

masses of both the inner and outer components can be retrieved by assuming that the

inner to outer light ratios and properties are similar at the two ends of our ViJH fitting (see

Appendix B). We show that, when examining the bulge to disc ratio for nearby galaxies,

this approach is valid, i.e. that the bulge to disc ratio does not change significantly with

wavelength. This is likely even truer at higher redshifts where the visual morphologies of

galaxies and their measured structures do not change as much as for nearby galaxies (e.g.,

Conselice, Bershady & Jangren 2000; Taylor-Mager et al. 2007).
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We then decompose our galaxies into inner and outer portions and derive the colours, stel-

lar masses, and SFRs for these components. We show that, when we compare the sum of

the SFR and stellar mass for the 2-component systems to the 1-component measurement,

we obtain a strong correlation. This shows that our method of decomposition is reliable

and consistent (see also Margalef-Bentabol et al. 2016).

When we examine the location of our systems in a UVJ diagram we find that the vast

majority of discs and around 2/3 of bulges fall into the star-forming region of the UVJ

space. Therefore, a higher fraction of the bulges are passive. However, what we do find

is that many of these star-forming inner components are found in the UVJ part of the

diagram occupied by dusty star-forming systems. Thus, whilst these inner components,

or forming bulges, are red, they are not necessarily old because a significant fraction at

z > 1 are found in the dusty star-forming region of the UVJ space. Nonetheless, the SFR

and sSFR of these bulges are not as high as for discs or outer components.

We find also that massive (logM∗ > 11) galaxies and galaxy components establish their

rest-frame colour by z = 3 and are the reddest objects amongst our sample. Besides,

these objects do not show evolution in colour with redshift, remaining red and passive.

Moreover, we find a significant difference between the location in the UVJ space of best-

fit single profiles (see Margalef-Bentabol et al. 2016) for systems that are disc-like and

those that are spheroid-like. The disc-like objects have a similar fraction of star-forming

galaxies to the 2-component systems, at 78 ± 6%, whereas those systems that are more

spheroid-like have a star formation fraction of only 43 ± 5%. This shows that the 2-

component galaxies have a similar broad SFH to 1-component disc-like galaxies.

We also find that on average the ratio of stellar mass of the bulge and the disc remains

constant with redshift, while the ratio of SFR decreases with decreasing redshift (Figure

3.10). Besides, discs become more star forming than bulges. This supports the idea that

galaxies form inside out (Dullo & Graham 2013; Graham, Dullo & Savorgnan 2015; de la

Rosa et al. 2016), possibly with mass accreting into the disc inducing its star formation.

This is consistent with the gas accretion model for how star formation is triggered in these

galaxies (Dekel et al. 2009; Conselice et al. 2013). The majority of the star formation in

these galaxies is occurring within the discs, precisely at the location where we would

expect it to be.
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Finally, since we find that the stellar mass ratio between bulges and discs is similar over

cosmic time, there must be a conversion of mass from the disc (or outer component) into

the bulge (or inner component). This is due to the fact that if we integrate the SFR, and

account for mass loss due to stellar evolution, we find that the mass of the inner compo-

nents would grow by a factor of 0.3dex, whilst the outer components would decrease in

stellar mass by 0.2dex.



Chapter 4

High redshift spirals

4.1 Introduction
Spiral structures are present in many discs with different morphologies, ranging from

grand-design, in which prominent and well-defined spiral arms can be traced over large

parts of the disc, to flocculent pattern, with fragmented spiral arms that have a more

limited spacial extent. Different mechanisms are believed to be responsible for the mor-

phology of spiral galaxies. The formation of grand design spirals can be explained by

the density wave theory (Lin & Shu 1964; Bertin et al. 1989). This theory suggests that

the spiral pattern is a wave that moves through the disc causing its stars and gas to clump

up along the wave, moving with a velocity that is independent of the rotation of the disc.

The flocculent arms are believed to be produced by local instabilities (Toomre 1990; Sell-

wood & Kahn 1991). Other studies also suggest that spiral structure can be driven by

tidal effects due to an interaction with a companion galaxy or the presence of a central bar

(Dobbs & Pringle 2010).

In the local universe, spiral galaxies are relatively common and they comprise one of

the main broad categories of the Hubble sequence (Sandage 1961). However, they are

very rare at high redshift, and only two grand-design spiral galaxies at z > 2 have been

confirmed spectroscopically: HDFX 28 at z = 2.011 (Dawson et al. 2003, which may

instead be a major merger resembling a spiral) and Q2343-BX442 at z = 2.18 (Law et al.

2012), proving that such structures can be detected at high redshift, although Q2343-

BX442 is relatively massive (logM∗ = 10.78) and bright (H = 22.04 AB). Therefore,
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the current limit on instrumentation could be responsible for the low number of spiral

galaxies detected at high redshift compared to lower redshifts (z < 2). However, the

scarcity of spirals galaxies at z > 2 could have a physical explanation: at z > 2 discs

are dynamically hot (Genzel et al. 2006; Law et al. 2009), which produces more often

clumpy structures than spirals arms (Elmegreen et al. 2005). Minor mergers could also

be responsible for the design of spiral patterns, as suggested by numerical simulations

(Bottema 2003; Dobbs et al. 2010). This may explain why spiral galaxies are rare, as

they need the galaxy to be massive enough to stabilize the disc, and also the presence of

a merger whose perturbation induces the formation of a spiral.

In the previous Chapters we show that 1 < z < 3 is the epoch when 2-component systems

start to form and dominate, but there are different types of disc according to their mor-

phology, in particular, discs with or without spiral arms. Another fundamental question in

galaxy evolution is therefore when modern spirals appear. These objects are quite com-

mon in the local universe, but are difficult to study at high redshift due to redshift effects

producing lower resolution and S/N. It has been found that at high redshift (z ∼ 2) star-

forming galaxies become increasingly irregular and clumpy (Elmegreen & Elmegreen

2005; Elmegreen et al. 2009). These clumpy galaxies may transition into spirals, after

the dispersion of the clumps to form the discs (Elmegreen et al. 2009). It is debated the

impact that spirals have on the star formation of the disc. Spirals may enhance the star

formation, as they are site of high density of gas and young stars, at least in the local

universe (Engargiola et al. 2003; Calzetti et al. 2005). However, there are some stud-

ies which suggest that the spiral arms do not affect the overall star formation in the host

galaxy (Elmegreen 2002; Moore et al. 2012).

In this Chapter we investigate the properties of spiral discs and their evolution through

cosmic time. We also compare this with the evolution of smooth discs without spiral

arms. The structure of this Chapter is as follow: in Section 4.2 we describe the data used

in this work. Section 4.3 is devoted to describing how we select the different types of

galaxies for our study. In Section 4.4 the main results of the Chapter are gathered, and in

Section 4.5 we discuss and summarize the results.



High redshift spirals 78

4.2 Data
Galaxy Zoo is an online citizen science project that started in July 2007, with a data

set of around a million galaxies from the Sloan Digital Sky Survey (SDSS), in which

volunteers were asked to classify the galaxies into ellipticals, mergers and spirals. In later

phases, more detail morphological classification was achieved, by asking volunteers more

complex questions such as the number of spiral arms or the size of the galaxies’ bulges.

For this work we use the classifications collected during the fourth release of Galaxy

Zoo (Simmons et al. 2017). The 4th phase of Galaxy Zoo includes all detections with

H 6 25.5 from COSMOS, GOODS-S and UDS in the CANDELS Survey, comprising

49 555 images, and it provides detailed quantitative visual morphologies, including the

overall galaxy’s appearance and more specific features (such as the presence of spiral

arms, a clumpy appearance or strength of the bulge). The images shown for classification

are colour composites of ACS-i, WFC3-J and WFC3-H filters for the blue, green and red

channels, respectively.

The CANDELS UDS data and image are explained in Chapter 2. For a detailed discussion

of the CANDELS UDS region photometry see Galametz et al. (2013).

The GOODS-S CANDELS field contains photometry from the following bands (Guo

et al. 2013)

• U (Blanco/CTIO).

• U (VLT/VIMOS, Nonino et al. 2009).

• F435W , F606W , F775W , F814W , F850LP (HST/ACS, GOODS and CAN-

DELS; Giavalisco et al. 2004 and Koekemoer et al. 2011).

• F098M (HST/WFC3, ERS; Windhorst et al. 2011).

• F105W , F125W , F160W (CANDELS+HUDF09; Koekemoer et al. 2011).

• Ks (VLT/ISAAC, Retzlaff et al. 2010).

• Ks (VLT/Hawk-k, Fontana et al. 2014).

• 3.6µm, 4.5µm (Spitzer/IRAC, GOODS+SDES; Ashby et al. 2013).
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• 5.8µm, 8.0µm (Spitzer/IRAC, GOODS).

The COSMOS CANDELS field comprises the following photometry (see Nayyeri et al.

2017)

• u∗, g∗, r∗, i∗, z∗ (CFHT/Megacam, CFHTLS; Gwyn 2012).

• B, g+, V, r+, i+, z+ (Subaru/Suprime-cam, COSMOS; Taniguchi et al. 2007).

• F606W , F814W (HST/ACS, CANDELS; Koekemoer et al. 2011).

• F125W , F160W (HST/WFC3, CANDELS; Koekemoer et al. 2011).

• IA484, IA527, IA624, IA679, IA738, IA767, IB427, IB464, IB505, IB574,

IB709, IB827,NB711,NB816 (Subaru/Suprime-cam, COSMOS; Taniguchi et al.

2015).

• Y , J , H , Ks (VLT/VISTA, UltraVISTA; McCracken et al. 2012).

• J1, J2, J3, H1, H2, K (Mayall/NEWFIRM, NMBS; Whitaker et al. 2011).

• 3.6µm, 4.5µm (Spitzer/IRAC, SEDS; Ashby et al. 2013).

• 5.8µm, 8.0µm (Spitzer/IRAC, S-COSMOS; Sanders et al. 2007).

4.2.1 Redshifts and stellar masses

We use the official catalogues of redshifts (spectroscopic redshifts are used when avail-

able) and stellar masses from CANDELS in order to have consistent measurements within

the different fields. The UDS and GOODS-S photometric redshifts were determined using

the method from Dahlen et al. (2013), which combines redshift probability distribution

from several studies using a Bayesian approach, and thus improving the precision and

reducing the number of catastrophic outliers. Stellar masses are drawn from the catalogue

presented in Santini et al. (2014) using these photometric redshifts. For the COSMOS

field, the photometric redshifts and stellar masses used for this work are determined in

Nayyeri et al. (2017).

In Santini et al. (2014) stellar masses are estimated by fitting the photometry with a library

of stellar synthetic SEDs from the stellar population of Bruzual & Charlot (2003). Star



High redshift spirals 80

formation histories are parametrized as exponentially declining laws, and a Chabier IMF

is used. Redshifts are fixed to the photometric or spectroscopic when available, from

Dahlen et al. (2013).

Photometric redshifts in Nayyeri et al. (2017) are calculated following the method from

Dahlen et al. (2013). The redshift estimate for each galaxy is the median redshift from

different methods. The confidence intervals are measured by combining the intervals from

such different methods. These methods included various fitting codes using minimum χ2

and MCMC along with varying SFH. The dispersion of zphoto. vs. zspec. is δz/(1 + z) =

0.025 for the photometric redshifts. Stellar masses in Nayyeri et al. (2017) are calculated

as the median stellar mass reported by different SED fitting methods, with the redshift

fixed to the photometric redshifts or spectroscopic when available.

4.3 Method
Galaxy Zoo uses a tree based structure for collecting information on morphological fea-

tures. The CANDELS decision tree first asks the classifier to choose between the broad

categories of smooth and rounded, feature or disc and star or artefact (T00 in Figure

4.1). If the classifier has indicated in the first task that the galaxy has features or a disc,

then there are follow up questions about more complex features (inclination of the disc,

presence of spiral patterns or clumps). In Figure 4.1 we show part of the Galaxy Zoo de-

cision tree (Simmons et al. 2017), in particular the branches that lead to the classifications

relevant for this work: spiral galaxies, clumpy spirals, smooth discs and edge-on discs.

Selecting a sample of galaxies can be done by choosing quantitative thresholds for dif-

ferent questions. However, for all the tasks below T00 in the tree, it is important to

consider the responses to the task above it in this analysis. For a particular question,

each possible answer has a vote-fraction f assigned to it, and the sum of the vote fraction

of all possibles answers to one question adds to one; for example, if we consider T00,

fsmooth + ffeatures + fartifact = 1. To reduce the influence of less reliable classifiers,

Simmons et al. (2017) apply a weighting method to obtain the final vote-fractions f .

After visually inspecting a subsample of galaxies, we choose the following thresholds to

select the different types of discs.
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T00: Is the galaxy smooth and
rounded with no sign of a disc?

Smooth Feature or disc

T02: Does the galaxy have
mostly a clumpy appearance?

Yes

T04: Do the clumps ap-
pear in a spiral pattern?

Yes

CLUMPY SPIRAL

No

No

T09: Could this be a
disc viewed edge-on?

Yes

EDGE-ON DISC

No

T12: Is there any
sign of spiral arms?

Yes

SPIRAL DISC

No

SMOOTH DISC

Star or artefact

Figure 4.1: Simplified version of the decision tree of Galaxy Zoo CANDELS, which include the
questions that leads to one of the classifications of interest for this work (blue boxes): spiral disc,
clumpy spirals, smooth discs and edge-on discs.
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• Spiral discs:

ffeatures > 0.3 ∧ fclumpy < 0.5 ∧ fEdge−on < 0.5 ∧ fSpiral−pattern > 0.5.

• Clumpy spirals:

ffeatures > 0.3 ∧ fclumpy > 0.5 ∧ fclumpy−spiral > 0.5.

• Smooth discs:

ffeatures > 0.3 ∧ fclumpy < 0.5 ∧ fEdge−on < 0.5 ∧ fSpiral−pattern < 0.5.

• Edge-on discs:

ffeatures > 0.3 ∧ fclumpy < 0.5 ∧ fEdge−on > 0.5.

We also require that fartifact < 0.3 and that the number of classifiers in the final question

for each disc type is at least 10. Finally, we limit our sample to galaxies with logM∗ > 10.

Simmons et al. (2017) discuss that some of the galaxies classified as smooth in the first

question may be in fact discs without any distinctive feature, as visually it can be difficult

to distinguish an elliptical galaxy from such types of smooth discs. Simmons et al. (2017)

propose to select those smooth discs by looking at the relative bulge and disc strength, i.e.

using a cut in the bulge to total fraction (B/T < 0.5) from a bulge to disc decomposition

of the surface brightness. Bulge to disc decomposition has been performed within the

UDS and COSMOS CANDELS fields (Häußler et al. 2013). By adding these smooth

discs to the visually classified smooth discs we will have a more complete sample.

In Figure 4.2 we compare the smooth discs selected visually and by a cut inB/T . Visually

smooth discs are larger in size and more compact (higher Sérsic index, n), and they have

greater stellar masses.

In Figure 4.3 we compare the B/T of the smooth discs selected visually and by a cut in

B/T . As expected, the majority of the visually classified smooth discs also have B/T <

0.5, although there is a small fraction (15%) that have B/T > 0.5. It is possible that these

galaxies are a misclassification from elliptical galaxies.

For comparison to the spirals, in the next section we still use the visually classified smooth

discs. However, the main results for the spirals and clumpy spirals remain the same even

when including these smooth discs.
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Figure 4.2: Comparison between smooth discs selected visually (strip lines green) and smooth galax-
ies withB/T < 0.5 (solid yellow). The top panels show the distribution of Sérsic index n and effective
radius Re. The bottom panel shows the distribution of stellar mass.
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Figure 4.3: Distribution of B/T for smooth discs selected visually (strip lines green) and smooth
galaxies with B/T < 0.5 (solid yellow).

4.4 Results

4.4.1 Fractions

We first investigate how the fractions of the different types of discs vary as a function

of redshift, as shown in Figure 4.4. The fraction of galaxies classified as spiral discs

increases with decreasing redshift. However this could be due to redshift effects, which

may cause the spiral pattern to be more visible at lower redshifts. Galaxies classified

as smooth discs (selected visually) and edge-on disc increase similarly with decreasing

redshift, while the fraction of clumpy spirals increases at higher redshift.

To investigate to what extent the trends observed with redshift are due to redshift effects

and not due to a real physical evolution, we have artificially redshifted all the galaxies

at z ∼ 0.5 from the UDS region to z = 1, and from z ∼ 1 to higher redshifts (z =

1.5, 2, 2.5), using the Ferengi code from Barden, Jahnke & Häußler (2008), in the same

way as in Chapter 2. We then simulate how we would observe galaxies if they were at a

higher redshift. The procedure, as explained in Appendix A, modifies the angular size and

the surface brightness (dimming) due to cosmological effects, and also takes into account

the brightness increase of high-redshift objects. In Figure 4.5 we show some examples of

galaxies classified as spirals at z ∼ 1 and their simulated redshifted images at different

redshifts. We then visually inspect this sample of galaxies and classify them as spirals

(either ’normal’ spirals or clumpy spirals) or non spirals at each redshift. In Figure 4.6
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we show that the surface brightness of galaxies classified as spirals in the simulations

at z = 2.5 (high redshift simulated galaxies, HRS) matches the real spirals observed at

z ∼ 2.5 (high redshift original galaxies, HRO), which indicates that our simulated spiral

galaxies are comparable to the real spirals at high redshift.
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Clumpy spirals
Smooth discs (Visual)
Smooth discs (B/T < 0.5)
Edge-on discs

Figure 4.4: Fraction of different types of discs as a function of redshift. Green circles are spiral pattern
discs, red squares are discs with a clumpy spiral structure, yellow triangles are edge-on discs, blue
diamonds are discs with no spiral pattern and purple diamonds are smooth galaxies with B/T < 0.5.

In Figure 4.7 we show the fraction of spirals that is still classified as such in the simu-

lations at different redshifts. It is clear that the ability to classify spirals decreases with

increasing redshift and, in fact, it does so rapidly from z = 1 to higher z. It is thus pos-

sible that we are missing some spirals at high redshift because current instrumentation is

not able to resolve spiral structures, meaning that some spirals may have been classified

as smooth discs.

The observed evolution of the spiral fraction (Figure 4.4) is caused partially by redshift

effects. In Figure 4.8, after taking into account these effects, we observe that there is an

increase in the number of galaxies classified as spirals or clumpy spirals from z = 1.5

to z = 0.5. And at z ∼ 2.5 there may be at least twice as many spiral galaxies than

what we observe. In Figure 4.9 we show the evolution of the number densities for the

different types of galaxies. Galaxies classified as either spirals or clumpy spirals increase

in number density by a factor of 14± 2, from z = 2.5 to z = 0.5 with the majority of the

increase happening from z = 1.5 to z = 0.5.
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Figure 4.5: Redshifted spiral galaxies. Left panels show the original galaxies at redshift z ∼ 1. The
next panels show the galaxies after being artificially redshifted at z = 1.5, 2, 2.5, respectively.
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Figure 4.6: Surface brightness comparison between simulated galaxies at z = 2.5 classified as spirals
( HRS), and observed spiral galaxies at z ∼ 2.5 ( HRO).
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Figure 4.7: Fraction of recovered spiral galaxies. Fraction of spiral galaxies that, after being artificially
redshifted at different redshifts, are still classified as spirals. We select the spiral galaxies at z = 0.5
and artificially redshifted them to z = 1, and calculate the fraction of these galaxies that still are
classified as spirals. Then we select the spiral galaxies at z = 1 and after being artificially redshifted
to z = 1.5, 2, 2.5, we calculate the fraction at each redshift that still shows spiral patterns.
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Figure 4.8: Fraction of spirals and clumpy spirals (blue circles) that changes after taking into account
the redshift effects (green squares).
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Figure 4.9: Number density evolution for different types of discs (for galaxies with logM∗ > 10).
Green circles are spiral discs, red squares are discs with a clumpy spiral structure, yellow triangles
are edge-on discs, blue diamonds are discs with no spiral pattern, black stars show spirals and clumpy
spirals together, and purple diamonds show the number density of spirals and clumpy spirals after
correcting for redshift effects. The dashed black line is the number density of disc-dominated galaxies
in the local universe. It is inferred from the fitted Schechter function for disc-dominated galaxies done
by Kelvin et al. (2014) in the GAMA survey.
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In Figures 4.10 and 4.11 we show some of the galaxies at 2 < z < 3 that are classified by

Galaxy Zoo as spirals and clumpy spirals respectively.

Figure 4.10: Examples of galaxies classified as spiral discs at 2 < z < 3. The postage stamps are
6× 6 arcseconds in size.

Figure 4.11: Examples of galaxies classified as clumpy spirals at 2 < z < 3. The postage stamps are
6× 6 arcseconds in size.
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4.4.2 Stellar mass comparison

In Figure 4.12 we show the stellar mass of the different types of discs as a function of

redshift. On average, the smooth discs visually classified have the highest stellar masses,

however, this may be due to a bias selection (the smooth discs visually classified are the

most massive among the smooth discs). In fact, the average stellar mass of the smooth

discs classified according to their B/T is significantly lower. Taking that into considera-

tion, the stellar masses of all kind of discs do not seem to differ much, on average, from

each other.
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Figure 4.12: Stellar mass as a function of redshift for the different types of discs. Points are coloured
as in Figure 4.4. Purple diamonds are the average stellar mass for smooth galaxies with B/T < 0.5.

4.4.3 UVJ diagram

Using the CANDELS photometry explained in Section 4.2 and the SMPY code (Duncan

et al. 2014), we compute the rest-frame U , V and J Bessel magnitudes (see Chapter 3 for

more details on the SED fitting templates). We use the rest-frame UVJ colours to divide

our sample in to red/passive and blue/star-forming systems. As in Chapter 3, a galaxy is

classified as red/passive if it satisfies the following criteria(U − V ) > 1.3

(V − J) > 1.6

(4.1)
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and the redshift dependent criteria
(U − V ) > 0.88× (V − J) + 0.69 z < 0.5

(U − V ) > 0.88× (V − J) + 0.59 0.5 < z < 1.0

(U − V ) > 0.88× (V − J) + 0.49 z > 1.0

(4.2)

and blue/star-forming otherwise.

Figure 4.13 shows where our sample of galaxies lie in the UVJ diagram. The majority

of the galaxies are in the star-forming region of the diagram. About 1/3 of smooth discs

and edge-one galaxies are in the passive region, but hardly any clumpy or spiral galaxies

are found there. However, some of the galaxies classified as passive may be dusty star-

forming galaxies. In Table 4.1 we summarize the fraction of passive and star-forming

galaxies.

Star-forming Passive

Spiral discs 92± 5% 8± 1%

Clumpy spirals 97± 13% 3± 2%

Smooth discs 65± 6% 35± 2%

Edge-on discs 63± 5% 37± 4%

Table 4.1: Fraction of galaxies with different disc classifications that are passive and star forming at
all redshifts, according to the UVJ selection from equation (4.2).

We study the rest-frame colourU−V as a function of redshift in Figure 4.14, which shows

that spiral discs and clumpy spirals are bluer, and smooth discs and edge-on galaxies

become redder than spiral galaxies by z ∼ 0.5.

4.4.4 Structure

To study the structural parameters of the three Galaxy Zoo CANDLES fields, we utilize

the Sérsic indices and effective radius measured by van der Wel et al. (2012), in which

the structural parameters are obtained from the H-band CANDELS image using GALFIT

(Peng et al. 2002). Figure 4.15 (top panel) shows that the Sérsic index of spiral discs

and clumpy spirals is lower at all redshifts than for smooth discs (this is still the case

when including the smooth discs as selected by B/T < 0.5). The spiral discs and clumpy

spirals have on average n < 2.5 although there is a slight increase in n with decreasing
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Figure 4.13: Rest-frame U − V versus V − J diagram in redshif bins. The top panel shows galaxies
at z < 0.5, the middle one galaxies at 0.5 < z < 1, and the bottom panel at z > 1. Green circles
shows spiral discs; red squares, clumpy spirals; blue diamonds, smooth discs and yellow triangles,
edge-on discs. The black dashed line shows the separation between passive and star-forming galaxies
according to equation (4.2).
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Figure 4.14: Rest-frame U − V as a function of redshift. The points are coloured as in Figure 4.13.

redshift. The Sérsic index of the smooth discs also increases at lower redshift and by

z = 0.5 they have on average n > 2.5 (n > 2 when including also the smooth discs

selected by B/T < 0.5).

The effective radius does not change significantly over cosmic time (bottom panel of

Figure 4.15). All types of disc have on average similar sizes (although if we include the

smooth discs selected byB/T < 0.5, then the smooth discs are smaller than spiral objects

at all redshifts). However, it is established that galaxies grow in size with decreasing

redshift, the absence of size evolution observed here is probably due to redshift selection

effects, as at high redshift, the spirals classified by visual inspection will most likely be

the biggest, while the spiral pattern of smaller galaxies may not be distinguishable at high

redshift.

The analysis of the concentrations C, asymmetries A and clumpiness S is also useful to

investigate the structure of galaxies. Those parameters, known as CAS parameters, are

computed in Mortlock et al. (2015) using theH-band image in the CANDELS UDS field.

The asymmetry is found by subtracting a 180 degrees rotated image from its centre of

the galaxy to the original image plus a background subtraction:

A = min

(∑ |I0 − I180|∑
I0

)
−min

(∑ |B0 −B180|∑
I0

)
, (4.3)

where I0 is the original image and I180 is the image after rotating it 180 degrees. B0 is the

original background image and B180 is the background image rotated it 180 degrees. The

sum is performed over all the pixels within a matching region of the original and rotated
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Figure 4.15: Evolution of the structural parameters, Sérsic index and effective radius, for the different
types of discs. Points are coloured as in Figure 4.13. The big symbols are the median values at
different redshift bins, and the error bars are the error on the median values. Note that we do not show
the edge-on discs, as the Sérsic index and effective radius will not describe them accurately.

images. The minimization on each term is done to locate the centre of the galaxy that

minimize the asymmetry.

The concentration parameter measures how concentrated the light is in a central region

compared to a larger, less concentrated region. It strongly correlates with the Sérsic index
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n, which is also a measure of the light concentration in a galaxy:

C = 5× log
r80

r20

, (4.4)

where r80 and r20 are the radii containing 80% and 20% of the galaxy’s total light re-

spectively (Bershady, Jangren & Conselice 2000). Elliptical galaxies are the most con-

centrated systems and the concentration of stellar light decreases for later Hubble types

(Bershady, Jangren & Conselice 2000). The quantitative values of C range roughly from

2 to 5 with most systems having C > 4 being ellipticals, while disc galaxies have values

between 3 and 4. The lowest values correspond to objects with low central surface bright-

ness and low internal velocity dispersion (Graham, Trujillo & Caon 2001; Conselice,

Gallagher & Wyse 2002).

The clumpiness (or smoothness) describes the fraction of light in a galaxy that is con-

tained in clumpy distributions. It is measured as follow:

S = 10×
∑ (I0 − Iσ0 )−B0

I0

, (4.5)

where Iσ0 is the original image after reducing the resolution by a smoothing filter (Ber-

shady, Jangren & Conselice 2000; Conselice et al. 2003). The sum is performed over the

whole pixels of the image.

The clumpiness parameter S correlates with the star formation activity, as star-forming

galaxies tend to have clumpy structures and, thus, high values of S.

In Figure 4.16 we show the evolution of the CAS parameters for the different types of

discs. Clumpy spirals have the highest asymmetry indices A, although spiral discs also

have very high A at the highest redshifts. Smooth discs have slightly lower asymmetry

values. However, they have the highest values of concentration indices C. Overall the

concentration increases with decreasing redshift. The clumpiness decreases with decreas-

ing redshift for all types of discs.

We study the relation between CAS parameters in Figure 4.17 (relation between clumpi-

ness and asymmetry) and Figure 4.18 (relation between asymmetry and concentration).

The CAS parameters can be used to determine morphological types of galaxies. In Figure

4.18 the blue and red lines classify galaxies into late types (above the red line), intermedi-

ate types (between the red and blue lines), and early types (below the blue line). We find
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Figure 4.16: Evolution of the concentration C (top), asymmetry A (middle) and clumpiness S (bot-
tom) for our sample of disc galaxies. Points are coloured as in Figure 4.13. The big symbols are the
median values at different redshift bins.
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Figure 4.17: Asymmetry (A) versus clumpiness (S). The dotted line represents the relationship be-
tween A and S found for the normal Frei galaxies in Conselice (2003). Points are coloured as in Figure
4.13.
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Figure 4.18: Concentration (C) versus asymmetry (A). The blue and red dotted lines are the cuts
derived from local galaxies from Bershady, Jangren & Conselice (2000). The blue line separates early
and intermediate types and the red line, intermediate and late types. Galaxies above the black line
(A > 0.35) are considered to be mergers. Points are coloured as in Figure 4.13.

that according to this selection the majority of spirals and clumpy spirals are late type,

with some galaxies above the black line (A > 0.35) which indicates that they are likely to

be mergers (Conselice, Chapman & Windhorst 2003).
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4.4.5 Star formation activity

SFRs are calculated using the photometry from CANDELS explained in Section 4.2 and

using the same method as in Chapter 3 (by applying the Kennicutt (1998) conversion from

the rest-frame UV luminosity to SFR, and then correcting for dust using the UV slope).
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Figure 4.19: SFR and sSFR (in log scale) as a function of redshift for the different types of discs.
Points are coloured as in Figure 4.13. The big symbols are the median values at different redshift bins,
and the error bars show the error on the median values.

From Figure 4.19 we observe that the spirals and clumpy spirals have the highest SFRs

and sSFRs at all redshifts. The median value of SFR for these galaxies remains mostly

constant with redshift at about SFR = 40 ± 3 M�yr−1 for spirals and SFR = 50 ±
7 M�yr−1 for clumpy spirals. At z > 1.5 the SFR of smooth discs is as high as for the

spirals, however this could be caused by that fact that some of these galaxies could be
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spirals but, due to redshift resolution effects, they are classified as smooth discs. The

average SFR for smooth discs is SFR = 19± 43 M�yr−1.

A main-sequence of star-forming galaxies is observed at z < 1.5 (top panel of Figure

4.20), and it appears to be formed mostly by spirals and clumpy spirals, and low mass

smooth discs. At z > 1.5 the majority of the disc galaxies are consistent with the main-

sequence of star-forming galaxies (bottom panel of Figure 4.20). Clumpy spirals have the

highest SFR at all masses. High mass spirals have lower SFR at lower redshifts, although

they are still more star forming than smooth discs.

We notice that edge-on discs have the lowest SFRs. However, this is probably an underes-

timation in the SFR due to dust, which makes particularly difficult to obtain reliable SFRs

in these edge-on galaxies.

4.5 Conclusions
We have used the CANDELS Galaxy Zoo classification to look for spirals at different

redshifts in the UDS, GOODS-S and COSMOS fields. Within this classification scheme,

spirals have been visually classified up to redshift z ∼ 2.5. It is however possible that

some spiral galaxies at z > 2 are instead misclassified as smooth discs due to redshift

effects, as lower resolution at high redshift causes the spiral pattern to blend with the rest

of the galaxy. In terms of number densities, spirals increase by a factor of 14± 2 from the

highest redshifts to the lowest, after correcting for redshift effects. The greatest increase

occurs at z ∼ 1.5.

Spirals and clumpy spirals have low Sérsic index at all redshifts (n < 2.5), which indi-

cates a flatter surface brightness profile, linked with disky morphologies. Smooth discs

(without spiral arms) become more compact (with higher Sérsic index) as redshift de-

creases. On average both have similar sizes that do not seem to evolve with redshift. This

however could be the result of redshift effects. Spiral patterns are more visible in larger

galaxies and, therefore, at the highest redshifts the galaxies classified as spirals may be

the largest in size. The difference in structure between spirals and smooth discs is also

observed in the CAS parameters. Spirals and clumpy spirals have lower concentration

parameters than smooth discs, which may be an indication that smooth discs are more

evolved. Spirals and clumpy spirals have higher asymmetry values. In particular, clumpy
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Figure 4.20: SFR (in log scale) as a function of stellar mass for the different types of discs. The top
panel shows galaxies at z < 1.5 and the bottom panel at z > 1.5. Points are coloured as in Figure
4.13. The big symbols are the median values at different stellar mass bins, and the error bars show the
error on the median values. The dashed black line and purple line are the SFR-mass relation at z = 2
and z = 1.5, respectively, found by Whitaker et al. (2012).

spirals have on average the highest asymmetries and remain constant with redshift, while

the asymmetry for spirals and smooth discs tend to be lower with decreasing redshift.

The high values of asymmetry at high redshift can be explained on one hand by the more

clumpy and irregular morphologies of spirals as opposed to those in the local Universe,

and, on the other hand because, as redshift decreases, spirals become more symmetric

and less clumpy. The trends found for the concentration and asymmetry (Figure 4.16) are
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consistent with Bluck et al. (2012), that report a rise of asymmetry with redshift while the

concentration decreases.

The SFR of spirals and clumpy spirals is the highest at all redshifts among discs galaxies,

and does not change significantly with redshift. Yet, there is a decrease in the star for-

mation of spirals with redshift for the most massive galaxies (logM∗ > 11). This trend

with mass is also observed for the smooth discs. Massive galaxies shut down their star

formation before lower mass galaxies for smooth discs and spiral galaxies. This is not

the case however for clumpy spirals, that have the highest SFR at all masses. At high

redshift (z > 1.5) the main-sequence of star-forming galaxies is formed by all types of

discs, while at lower redshift it is formed mostly by spirals and clumpy spirals. This is

in agreement with the position these galaxies occupy in the UVJ diagram. Spirals and

clumpy spirals lie in the star-forming region of the diagram at all redshifts. Smooth discs

are preferentially in the star-forming region as well, but about 32% of these galaxies are

in the passive region, especially at z < 1.

Although it could be expected that spirals and clumpy spirals have the highest stellar

masses, we find that on average all kind of discs have similar stellar masses. Therefore,

there is no benefit of having a large mass to produce spiral structure.



Chapter 5

Summary and future work

Bulges and discs

One of the main goals of this thesis is to investigate the formation and evolution of discs

and bulges. To that end we have studied massive galaxies (logM∗ > 10) in the epoch

when most of the morphological transformation in galaxies happens (1 < z < 3), and

when galaxies start transitioning into Hubble types (Mortlock et al. 2015). To study the

bulge and disc components we have performed bulge to disc decomposition at different

wavelengths, which allow us to study in detail the properties of these components sepa-

rately. In Chapter 2 we find that the 2-component systems (with a bulge and a disc) form

during this epoch (1 < z < 3), and start to dominate in terms of number density. Further-

more,the most massive galaxies are the ones that will become these 2-component systems

at lower redshifts. Galaxies with relatively lower mass appear to remain 1-component

systems (either disk-like or spheroid-like galaxies).

In Chapters 2 and 3 we find evidence that supports the idea that these galaxies form inside-

out, with the bulge being in place earlier and the disc growing in size around it, possibly

due to mass accretion. This process increases the size of the disc at the same time as it

induces star formation in these outer parts of the galaxy.

In Chapter 3 we show that bulges and discs must have different SFHs, with bulges being

consistent with a single star formation burst at z = 2.5, while discs show evidence of

a more continuous star formation activity. We find that the majority of discs in the 2-

component galaxies lie in the star-forming region of the UVJ diagram. A higher fraction
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of bulges are in the passive region, but still around 2/3 are in the star-forming region.

However, some of the star-forming bulges lie in the dusty region of the diagram which

indicates that they may be red due to dust instead of being passive. Overall, the fraction

of the 2-component galaxies that lie in the star-forming region of the diagram is similar

to that of the 1-component disc-like galaxies. This may be an indication of a similar SFH

for these disc-dominated galaxies, and different to the spheroid-like ones.

The majority of star formation within these galaxies is occurring in the disc. Although

at z > 2 bulges are as star forming as discs (with both SFR and sSFR as high as discs),

the disc components become more star forming in comparison to the bulges as redshift

decreases. This difference is mostly due to bulges becoming redder at lower redshift. This

is also observed in the spheroid-like population: at z > 2.5 the majority of spheroids are

blue, but as redshift decreases, the number of red spheroid rapidly increases.

We observe that stellar mass plays an important role in the formation of galaxies. In

Chapter 3 we show that the most massive (logM∗ > 11) bulges, discs and 1-component

systems established their final colours earlier in the Universe than lower mass systems.

They are already the reddest objects at the highest redshifts, and remain red and pas-

sive. Finally, we find that the formation of a central inner component likely triggers the

formation of the central massive black holes in 2-component galaxies.

Spiral galaxies

Another main goal of this thesis is to study the role of spiral features in the properties of

discs and, in particular, at high redshift. In Chapter 4 we study the differences between

spiral galaxies (either ‘normal’ spirals or clumpy spirals) and discs that show no signs of

spiral features (smooth discs). We show that these two types of galaxies show different

morphological properties in terms of Sérsic index and CAS parameters. Spiral galaxies

have lower Sérsic index and lower concentrations than smooth discs. This suggests that

smooth discs may be more evolved than spirals. Spiral galaxies have higher asymmetry

values than smooth discs, however their values decrease at lower redshift. This highlights

that at high redshift spirals have more clumpy and irregular morphologies and, as redshift

decreases, they become more symmetric and less clumpy.
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In Chapter 4 we find a connection between the spiral structure and star formation activity,

with spiral galaxies being more star forming than smooth discs at any given mass. In

particular, the most star-forming objects at all redshifts and stellar masses are the clumpy

spiral galaxies, with an average SFR of SFR = 50±7M�yr−1. However, we also observe

a decrease in SFR with redshift for the most massive spirals (logM∗ > 11), while lower

mass spirals at z < 1.5 have similar SFR than equal mass spirals at z > 1.5.

Future Work

To advance in this field and understand the formation of bulges and discs we need high

resolution data at higher redshifts (z > 3). Higher resolution will allow us to better

discern the redshift effects observed in this thesis, and also to probe the first epoch of disc

and bulge formation within the Universe. This would be possible thanks to space based

telescopes, such as the James Webb Space Telescope (JWST), or the use of Adaptive

Optics (AO) in the next generation of ground telescopes, like the E-ELT.

A different approach would be taking advantage of Integral Field Units (IFUs). Thanks

to IFUs and AO on large ground based telescopes it is possible to observe the kinematics

of galaxies at high redshift on large samples of galaxies. Studying the kinematics of the

different types of galaxies (e.g., spirals galaxies and smooth discs) will give further insight

into how structurally distinct these galaxies are.



Appendix A

Simulations of high redshift galaxies

A.1 Details of the simulations
Many of the results presented in Chapter 2 originate from some mixture of redshift effects

as well as real changes to the 1- and 2-dimensional structure of massive galaxies. It is

important to separate these two effects to determine the real evolution of galaxies. As

such, we artificially simulate redshifted galaxies using the Ferengi code from Barden,

Jahnke & Häußler (2008). From our whole galaxy sample, we take a subsample of 357

objects with redshifts z < 1.4 that we denote LRO (low-redshift original galaxies). For

those LRO galaxies, we create new images of how we would observe the same galaxies

if they were at redshift z = 2.75 in the same CANDELS field, to determine the maximal

effects of redshift. We denote this new sample HRS (high-redshift simulated galaxies).

This procedure modifies the angular size and the surface brightness (dimming) due to

cosmological effects, but also takes into account the brightness increase of high-redshift

objects. We now compare the structures of the HRS galaxies with their corresponding

LRO ones, as well as with the actual galaxies we examine in the main work of Chapter

2 in the redshift range of 2.5 < z < 3, that we denote HRO (high-redshift original

galaxies).

To demonstrate that our simulated galaxies are a fair comparison to the actual high redshift

galaxies we first compare the surface brightness distribution for both samples. In Figure

A.1 we show the surface brightness of the HRS sample compared with the HRO sample,
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which shows that there is a good overlap between the two and therefore that, at least in

the respect of magnitude and size distributions, these two samples can be compared.
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Figure A.1: Comparison of the surface brightness of theHRS (high-redshift simulated) galaxies (red)
with the HRO (high-redshift original) galaxies at redshift 2.5 < z < 3 (green).

A.2 Results
Once we have our simulated subsample of HRS galaxies we apply the same method

described through Chapter 2 to determine whether each galaxy should be classified as 1-

or 2-component system. The process for this can be summarized as:

• We fit the surface brightness with a Sérsic function with a free n for a 1-component fit.

• We fit the surface brightness with a Sérsic + Exponential function as a 2-component fit.

• We use our three methods to classify the galaxies as 1- or 2-components: the visual

classification, F -test and RFF method.

A comparison of Sérsic index n, magnitudeMag and effective radiiRe between theHRS

and LRO for 1-component galaxies is shown in Figure A.2. These quantities behave as

expected after the simulation recovering, on average, their values. Notice for instance that

although the Sérsic index is not as well preserved for high values, the classification due

to such an index is preserved, namely 80% of galaxies with n > 2.5 for LRO still have

n > 2.5 after the simulation.



Simulations of high redshift galaxies 107

0 1 2 3 4 5 6 7 8
n − LRO

0

1

2

3

4

5

6

7

8

n
−
H
R
S

20 21 22 23 24 25
Mag − LRO

20

21

22

23

24

25

M
a
g
−
H
R
S

0 1 2 3 4 5 6 7 8
Re (Kpc) − LRO

0

1

2

3

4

5

6

7

8

R
e

(K
p
c)
−
H
R
S

Figure A.2: Comparison between the results from the fitting for the HRS galaxies versus the LRO
sample, for the Sérsic index (top left), magnitude (top right), and effective radii (bottom). The effect
on the HRS magnitudes due to luminosity evolution and surface brightness dimming, introduced in
the simulations, is removed to better compare with the LRO. The yellow stars represent the mean
values for the HRS galaxies.

After applying the three methods to classify the galaxies as 1- or 2-components, in Table

A.1 we summarize the difference in the fraction of 2-component galaxies in theHRS with

respect to the LRO and the HRO.

LRO galaxies HRS galaxies HRO galaxies

Visual 0.38 0.17 0.00

F -test 0.50 0.04 0.21

RFF 0.36 0.10 0.31

Table A.1: Fraction of 2-component galaxies selected by the three methods for different subsample of
galaxies.
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An analogous comparison of the magnitude and effective radii between the HRS and

LRO for 2-component galaxies is shown in Figures A.3 and A.4. Notice however that

while in Figure A.2 we considered the whole sample LRO vs. HRS, now only the ones of

LRO classified as 2-component (together with the corresponding ones of HRS) are taken

into account. Thus we obtain for each method two symbols for the magnitude (one for

each of the two components), and two for the effective radii.

Even though there is some scatter in the plots of Figure A.4, and the errors are in some

cases large, the mean values of the effective radii in HRS galaxies, for both components,

are generally in agreement with the measures obtained for the LRO ones. For smaller

values of the outer component in the LRO, the simulations show that we would measure

larger effective radii at hight redshift, which suggests that the small values of sizes we

obtain for the HRO must be real.

Figure A.5 also shows that the fraction of HRS 2-component galaxies (yellow diamond)

is similar (although slightly higher) to that of the HRO (black star at z ∼ 2.75), which

might imply that most of the evolution we see in that fraction with redshift may not be

real but due to resolution and depth issues at high redshift. This shows the difficulty of

carrying out a study of structure at high redshift. However, if we consider only the visual

method, we observe that the evolution could be real. It is interesting to notice that while

for the HRO the visual classification fails to select any 2-component galaxies, it selects

almost 20% in the HRS.

In Figure A.6 we plot the fraction of 2-component HRS galaxies as a function of mass.

As in Figure 2.7 we observe that the fraction increases with higher masses in a similar

manner, but is about 2 times lower than for the original galaxies (notice that in the HRO

we detect about half of the galaxies selected as 2-components in the LRO sample). As we

detect a larger fraction of 2-component galaxies in the original sample than in the HRS

galaxies, this implies that the high fraction we have found at higher masses must be real.
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Figure A.3: Magnitude of the disc-like outer (left) and bulge-like inner (right) component of high-
redshift simulated versus low-redshift original galaxies for each method (top panel: visual classifica-
tion, middle panel: F -test and bottom panel: RFF method). The effect on the HRS magnitudes due
to luminosity evolution and surface brightness dimming, introduced in the simulations, is removed to
better compare with the LRO. The yellow stars represent the mean value of the magnitudes for the
HRS galaxies.
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Figure A.4: Effective radii of the disc-like outer (right) and bulge-like inner (left) component of
high-redshift simulated versus low-redshift original galaxies for each method (top panel: visual classi-
fication, middle panel: F -test and bottom panel: RFF method). The yellow stars represent the mean
value of the effective radii for the HRS galaxies.
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Figure A.5: Comparison of the fraction of 2-component galaxies between observations and simula-
tions. The bigger blue circles, red squares and green triangles represent the fractions of 2-component
galaxies, from the whole sample, as function of redshift. The black stars show the mean values of the
three methods (same as Figure 2.8). The smaller blue circle, red square and green triangle represent
the fractions of 2-component HRS galaxies for each method, and the yellow diamond is the mean
between the Visual and RFF method.
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Figure A.6: Fraction of 2-component galaxies as a function of mass for the HRS simulated galaxies.
The points are coloured as in Figure 2.7.
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Extended photometry

The photometry obtained for Chapter 3 consists of the four HST bands (two visible bands,

denoted V and i, and two near-infrared ones, denoted J andH). We investigate the effects

that using only these four bands have in the results of the SED fitting. To this end, we use

the galaxy photometry from Galametz et al. (2013) for the same galaxies in our sample.

The 17 bands used for this photometry are described in Section 3.2, and include the 4 HST

bands used in Chapter 3. We discuss the comparison in derived properties between using

the 4 HST bands, and using the photometric catalogue from Galametz et al. (2013). We

show the results of this comparison on the left side of Figure B.1, where we observe that,

due to not having rest-frame IR fluxes from Spitzer, the J rest-frame magnitude is not

well recovered, however, U and V are. We then show, on the right panels of Figure B.1,

that by adding only K and ch1 bands, we are able to recover the rest-frame magnitude J

as well as when using the 17 photometric bands.

In Figure B.2 we show that using just the 4 HST bands, we obtain systematically lower

SFRs than using all 17 bands. This is due to not having photometry in the ultraviolet,

which makes it more difficult to constrain the UV slope in the SED fitting. We find that

adding the U band to the 4 HST bands we recover the same SFR as with 17 bands. We

also note that by adding K and ch1, apart from U , does not change the recovered SFR

rates.

Finally we show in Figure B.3 that including U , K and ch1 to the 4 HST bands, we

also obtain results of the stellar mass consistent with those obtained using 17 bands. We
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Figure B.1: On the left panels, we compare the computed rest-frame magnitudes obtained using 4
HST bands (H , J , i, V ) and 17 bands from Galametz et al. (2013). On the right panels we show how
the rest-frame magnitudes change by adding K and ch1 band to the 4 HST bands (H , J , i, V ), in
comparison with those obtained from the 17 bands photometry.

conclude that using UV iJHK and the Spitzer ch1 bands are sufficient to obtain reliable

results in terms of rest-frame colours, stellar masses and SFRs from SED fitting. We thus

derive what these colours are from the assumptions we make in §3.3.3.

In order to estimate the flux of the components (bulge and disc) in theK, U and ch1 bands,

we first examine a volume limited sample of nearby galaxies (z < 0.3,Mr < −21.2) from

GAMA (Liske et al. 2015) for which a bulge to disc decomposition is available. These

sample if formed by the blue galaxies containing a bulge and a disc component (Vulcani
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et al. 2014; Kennedy et al. 2016). Figure B.4 shows how the B/T change as a function

of rest-frame wavelength for this sample of nearby galaxies.
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Figure B.2: On the left panels, we compare the SFR obtained using 4 HST bands (H , J , i, V ) and
17 bands from Galametz et al. (2013). On the right panels we show how the SFR changes by adding
the U band to the 4 HST bands (H , J , i, V ), in comparison the those obtained from the 17 bands
photometry.

9.0 9.5 10.0 10.5 11.0 11.5 12.0
log Mass (17 bands)

9.0

9.5

10.0

10.5

11.0

11.5

12.0

lo
g

M
as

s
(4

ba
nd

s)

9.0 9.5 10.0 10.5 11.0 11.5 12.0
log Mass (17 bands)

9.0

9.5

10.0

10.5

11.0

11.5

12.0

lo
g

M
as

s
(4

ba
nd

s
+

U
,

K
,

ch
1)

Figure B.3: On the left panels, we compare the stellar mass obtained using 4 HST bands (H , J , i, V )
and 17 bands from Galametz et al. (2013). On the right panels we show how the stellar mass changes
when the U , K and ch1 bands are added to the 4 HST bands (H , J , i, V ), in comparison to those
obtained from the 17 bands photometry.

For each 2-component galaxy in our high redshift sample we calculate the rest-frame

magnitudes that correspond to the observed H and K bands, which will be different for

galaxies at different redshifts. We then determine the ratio of B/T between these two

rest-frame wavelengths by interpolating from the relation observed in Figure B.4. We

plot these results in Figure B.5 (red circles) and find that this ratio is about 0.85 for all our
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galaxies. We can compute the B/T in the K band as follows:

(B/T )K = 0.85(B/T )H .

We can therefore calculate the flux of the bulge and disc component in the K-band. Anal-

ogously, for ch1 we obtain:

(B/T )ch1 = 0.65(B/T )H .

To confirm whether the relation of B/T with wavelength from nearby galaxies can be

applied to high redshift ones, we compare the ratio of (B/T ) between H and J bands

from our surface brightness fittings to those obtained from the low redshift sample from

Figure B.4. We find that in both cases

(B/T )J ∼ 0.9(B/T )H

(blue diamonds and purple stars in Figure B.5).

Figure B.4 shows that the relation ofB/T with wavelength flattens towards the ultraviolet

and, therefore, we assume that the B/T in the U band will be the same as in the V band

for all redshifts:

(B/T )U = (B/T )V .

We use these corrections to obtain photometry for the disc and bulge components in the

U , K and ch1, and use them in addition to the photometry from our 4 HST bands (V , i,

J , H) to perform SED fittings.
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Figure B.4: B/T flux ratio as a function of wavelength for a sample of blue nearby galaxies from the
GAMA survey.
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Figure B.5: B/T ratio between the rest-frame magnitudes of our 2-component galaxies corresponding
to H and K (red circles), H and ch1 (green squares) and J and H (blue diamonds). The B/T ratio
is calculated by interpolation of Figure B.4 for the corresponding rest-frame magnitudes in each case.
The purple stars are the average ratio between theB/T obtained in theH and J bands from our surface
brightness fitting.
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from modern surveys.

Hopkins A. M., Beacom J. F., 2006. ApJ, 651, 142. On the Normalization of the Cosmic
Star Formation History.

Hopkins P. F., Bundy K., Hernquist L., Wuyts S., Cox T. J., 2010. MNRAS, 401, 1099.
Discriminating between the physical processes that drive spheroid size evolution.

Hoyos C., den Brok M., Verdoes Kleijn G., Carter D., Balcells M., Guzmán R., Peletier
R., Ferguson H. C., Goudfrooij P., Graham A. W., Hammer D., Karick A. M., Lucey
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Sánchez Á. R., Loveday J., Norberg P., Phillipps S., Popescu C. C., Prescott M., Sansom
A. E., Tuffs R. J., 2014. MNRAS, 444, 1647. Galaxy And Mass Assembly (GAMA):
stellar mass functions by Hubble type.
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J., Hopkins P. F., Huang J.-S., Jha S. W., Johnson A., Kartaltepe J. S., Khostovan A. A.,
Kirshner R. P., Lani C., Lee K.-S., Li W., Madau P., McCarthy P. J., McIntosh D. H.,
McLure R. J., McPartland C., Mobasher B., Moreira H., Mortlock A., Moustakas L. A.,
Mozena M., Nandra K., Newman J. A., Nielsen J. L., Niemi S., Noeske K. G., Papovich
C. J., Pentericci L., Pope A., Primack J. R., Ravindranath S., Reddy N. A., Renzini A.,
Rix H.-W., Robaina A. R., Rosario D. J., Rosati P., Salimbeni S., Scarlata C., Siana B.,
Simard L., Smidt J., Snyder D., Somerville R. S., Spinrad H., Straughn A. N., Telford
O., Teplitz H. I., Trump J. R., Vargas C., Villforth C., Wagner C. R., Wandro P., Wech-
sler R. H., Weiner B. J., Wiklind T., Wild V., Wilson G., Wuyts S., Yun M. S., 2011.
ApJs, 197, 36. CANDELS: The Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey–The Hubble Space Telescope Observations, Imaging Data Products, and
Mosaics.

Kormendy J., Kennicutt, Jr. R. C., 2004. ARA&A, 42, 603. Secular Evolution and the
Formation of Pseudobulges in Disk Galaxies.

Lacey C., Cole S., 1993. Merger Rates in Hierarchical Models of Galaxy Formation,
In: Observational Cosmology, 192, eds Chincarini G. L., Iovino A., Maccacaro T.,
Maccagni D.

Lang P., Wuyts S., Somerville R. S., Förster Schreiber N. M., Genzel R., Bell E. F.,
Brammer G., Dekel A., Faber S. M., Ferguson H. C., Grogin N. A., Kocevski D. D.,
Koekemoer A. M., Lutz D., McGrath E. J., Momcheva I., Nelson E. J., Primack J. R.,
Rosario D. J., Skelton R. E., Tacconi L. J., van Dokkum P. G., Whitaker K. E., 2014.
ApJ, 788, 11. Bulge Growth and Quenching since z = 2.5 in CANDELS/3D-HST.

Lange R., Driver S. P., Robotham A. S. G., Kelvin L. S., Graham A. W., Alpaslan M.,
Andrews S. K., Baldry I. K., Bamford S., Bland-Hawthorn J., Brough S., Cluver M. E.,
Conselice C. J., Davies L. J. M., Haeussler B., Konstantopoulos I. S., Loveday J., Moffett
A. J., Norberg P., Phillipps S., Taylor E. N., López-Sánchez Á. R., Wilkins S. M., 2015.
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